
SSAT/SAGES 3oint Symposium 

Special Problems in Minimally Invasive Surgery 
of the Foregut. Part III: Special Problems 
With Antireflux Procedures 

MODERATOR: Tom R. DeMeester, M.D., Los Angeles, Calif. 

The number of laparoscopic antireflux procedures 
continues to rise yearly. This increased volume has 
added to the accumulated experience of surgeons in- 
terested in gastroesophageal reflux disease. Out of 
this experience has come the reconfirmation that cer- 
tain key abnormalities greatly increase the complex- 
ity of surgical therapy for this disease. These abnor- 
malities include (1) acquired esophageal shortening, 
(2) enlargement of the esophageal hiatus, (3) coexist- 
ing esophageal motility disorders, (4) delayed gastric 
emptying, and (5) previous esophageal surgery. 

Three of these issues were addressed at the 
SSAT/SAGES Joint Symposium. Dr. Donald Low 
defined the short esophagus and identified it as a ma- 
jor factor contributing to a recurrent hiatal hernia af- 
ter surgical repair. He discussed how to recognize the 
presence of a shortened esophagus and how to man- 
age it when encountered. He concludes that esopha- 
geal shortening is real, has a frequency of 15 %, and 
is one of the most important determiners of surgical 
outcome. In my assessment, it is one of the best nar- 
ratives on this highly debated subject. 

Dr. John Hunter provided a delightful discussion 
concerning the patient with recurrent gastroesopha- 

geal reflux disease. He states that the taxonomy of 
failed repairs can be symptomatic or anatomically 
based-that is, how much the postoperative anatomy 
deviates from the ideal repair. The clarity with which 
the subject is discussed makes it a “must read” for all 
esophageal surgeons. 

Dr. Lee Swanstrom gave a short, concise presenta- 
tion on the management of patients with gastro- 
esophageal. reflux disease complicated by esophageal 
and/or gastric dysmotility. He states that mild delays 
in gastric emptying are of little concern in patients 
undergoing fundoplication, and serious symptomatic 
delays are rather easily corrected by near-total gastric 
resection. The surgical principles to follow when en- 
countering an esophageal motility abnormality in pa- 
tients with gastroesophageal reflux disease are clearly 
outlined by Dr. Swanstrom and are an excellent guide 
for all esophageal surgeons. 

Together these reports summarize the current 
strategies in the management of complex problems 
associated with surgical therapy of gastroesophageal 
reflux disease and are well worth reading. 

Presented at the Forty-First Annual Meeting of The Society for Surgery of the Alimentary Tract, San Diego, Calif., May 2 l-24,2000. 
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Management of Patients With Gastroesophageal 
Reflux Disease and Esophageal or Gastric Dysmotility 

Lee L. Swanstrom, M.D. 

Dysfunction of the normal peristalsis of the upper 
gastrointestinal tract can exacerbate and sometimes 
cause symptoms of gastroesophageal reflux disease 
(GERD), and certainly complicates the surgical treat- 
ment of this disease. The antegrade movement of 
food, prevention of acid reflux, and clearance of the 
refluxed gastric contents depends on the complex re- 
lationship of swallowed alkaline saliva, consistent an- 
tegrade peristalsis of the esophagus, a functioning 
lower esophageal sphincter or “valve,” and a gastric 
reservoir that produces normal volumes and empties 
normally. 

GASTRIC DYSMOTILITY 

Delayed gastric emptying (DGE) can have multi- 
ple etiologies (Table I), all of which can contribute to 
a scenario where an overly full or slowly emptying 
gastric reservoir may “overcome” the normal protec- 
tive function of the lower esophageal sphincter and 
esophagus, thereby causing GERD. A common anal- 
ogy is that of a plugged sink drain, which will lead to 
overflow of the sink with normal use. Symptoms of 
DGE can range from severe and disabling to none 
whatsoever (Table II). It is always indicated, however, 
to ask about such symptoms during the preoperative 
evaluation of all patients with GERD. DGE should 
be suspected in patients with reflux whose primary 
presenting complaint is one of the symptoms of DGE 
or when preoperative pH testing documents severe 
reflux but motility tests show normal esophageal f&c- 
tion and a normal lower esophageal sphincter. Diag- 
nosis of DGE is best made by imaging studies, al- 
though endoscopy is also a mandatory part of the 
evaluation in order to rule out mechanical or acute 
causes of obstruction (see Table I). 

Plain abdominal x-ray films or a barium upper gas- 
trointestinal series are relatively nonspecific tests that 
can sometimes document gastromegaly, obstructing 

lesions, or a bezoar. They may also confirm total ob- 
struction or show peptic ulcer disease. Various tests 
have been devised to both diagnose and quantify the 
degree of DGE. These include carbon 144abeled 
meals with spirometry breath tests (the amount of 
tracer exhaled decreases as the food moves into the 
duodenum) and radionuclide scintigraphy. The quan- 
titative radionuclide gastric emptying study has be- 
come the diagnostic “gold standard” because of its 
ease and validity. This examination involves the in- 
gestion of a standardized meal that has been labeled 
with a radionuclide tracer (99Tc or sulfur colloid), 
which can then be scanned in real-time with a scinti- 
graphic gamma camera. The resulting time for 50% 
gastric emptying can then be compared to established 
normal values. The test meal can be either solid or 
liquid, or even a dual study with different tracers for 
the solid and liquid components. This dual-labeled 
study can be the most sensitive in differentiating fine 
motor disorders from mechanical blockage. 

When reflux is due to DGE, its treatment depends 
on the determined cause of the DGE disorder plus or 
minus the correction of LES problems. Mechanical 
obstruction of the stomach will obviously require a 
mechanical correction, which could involve endo- 
scopic dilatation of strictures or the dysfunctional py- 
lorus, stent placement for malignant obstruction, sur- 
gical drainage procedures (pyloroplasty, pyloromy- 
otomy, gastrojejunostomy, or even gastric resection). 
DGE due to motility disorders can usually be helped 
with medical therapy, and this should always be at- 
tempted before resorting to surgery. Pharmacologic 
treatments work either by decreasing gastric secretions 
(lowering the “reservoir”) or by stimulating gastric 
peristalsis (Table III). If the patient’s GERD symptoms 
fail to improve on medical therapy or the patient 
shows evidence of progressive failure (uncontrollable 
esophagitis, weight loss, pulmonary complications, 
etc.), surgical correction can and should be considered. 

From the Department of Surgery, Oregon Health Sciences University, and the Department of Minimally Invasive Surgery, Legacy Health 
System, Portland, Ore. 
Correspondence: Lee L. Swanstrom, M.D., 501 N. Graham St., Ste. 120, Portland, OR 97227. e-mail: lswanstr@lhs.org 
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Table I. Causes of delayed gastric emptying 

Mechanical 
Tumor infiltration 
Chronic scarring of the pylorus 

Gastric volvulus 
Continued to inflammation of the pylorus 

Intrinsic 
Diabetic gastropathy 
Scleroderma 
Gastrointestinal ileus 

Idiopathic 

Table II. Symptoms related to delayed gastric emptying 

None 
Bloating 
Chronic vomiting 
Weight loss 
Gastric bezoar 

Table III. Pharmacologic treatment of delayed gastric 
emptying 

Medication Mechanism of action 

Histamine antagonists 
Proton pump inhibitors 

Cisapride 
Metaclopramide 
Erythromycin 

Decreased gastric reservoir 
volume or treatment of acute 
inflammatory conditions 

Increased gastric peristalsis 

SURGICAL INTERVENTIONS FOR 
GASTROESOPHAGEAL REFLUX 
DISEASE RELATED TO DELAYED 
GASTRIC EMPTYING 

As mentioned, surgery is ideal for mechanical 
causes of DGE. If the cause of the obstruction can be 
identified, it can usually be corrected with a surgical 
repair or bypass, which should improve the patient’s 
reflux symptoms. The exception is obstruction due to 
malignancy, which typically has a poor prognosis and 
should be treated with the least morbid palliative in- 
tervention possible. Surgery for DGE related to motil- 
ity disorders has a lower overall success rate. These pa- 
tients often have complex motor disorders of the en- 
tire gastrointestinal tract, which can compromise sur- 
gical attempts to improve gastric emptying. 

There are three cardinal principles to be followed 
for the treatment of esophageal motility disorders: (1) 
relief of any existing outlet obstruction; (2) avoiding 
the creation of an outflow restriction; and (3) estab- 
lishing a competent antireflux mechanism. To a cer- 
tain degree these principles are contradictory. Treat- 
ment of outlet obstructions by dilatation, stenting, or 
myotomy can cause or exacerbate gastroesophageal re- 
flux, which can then lead to peptic strictures-perhaps 
the most difficult of the outflow restrictions to treat. 
Likewise the most competent and effective antireflux 
surgery, the Nissen fundoplication, is thought to 
achieve success by the creation of a hypercompetent 
outflow (and reverse flow) mechanism. This resistance 
can be roughly calculated by multiplying the length 
by the mean resting pressure of the high-pressure 
zone, although preservation of receptive relaxation 
during swallowing also plays a large role in ease of 
esophageal emptying. Because of this dilemma it has 
become almost dogma that patients with esophageal 
pump failure, as defined by poor motility (Table IV), 
should undergo a partial fundoplication. Partial wraps 
are known to create a lower mean resting pressure, 
which gives them less outflow resistance. This also 
yields decreased reverse flow characteristics. This ac- 
counts for their perception as a “more physiologic” 
(patient friendly) antireflux mechanism. Many reports 
describe not only low rates of postoperative dysphagia 
but also minimal gas bloat and inability to belch and 
vomit following partial wraps. 

It has long been demonstrated that the addition of Although laparoscopic partial wraps may have a 
a fundoplication will increase gastric emptying to low side effect profile, this comes at the price of less 
some degree. The risk of relying on this phenomenon reflux control because of the relative weakness of the 
is that one may create a scenario of chronic “gas bloat reflux barrier. This phenomenon has been docu- 

syndrome” if the increase is insufficient to overcome 
the emptying problem. We would recommend that 
patients with reflux who are determined to have a 
mild degree of DGE by objective studies (i.e., less 
than one standard deviation over the norm) simply 
undergo a fundoplication and patients with a more se- 
vere degree of DGE undergo a gastric emptying pro- 
cedure. These patients often respond symptomatically 
to the addition of a pyloroplasty (or pyloromyotomy) 
without vagotomy. The mechanism behind this suc- 
cess is not well known as postoperative emptying 
studies in the past have shown only moderate im- 
provement in the t1,2 emptying times. The most logi- 
cal explanation is that the emptying procedure com- 
bined with a fundoplication both stimulates antegrade 
gastric motility and provides a preferred path of least 
resistance to improve emptying time overall. 

TREATMENT OF ESOPHAGEAL 
MOTILITY DISORDERS 
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Table IV. Defining characteristics of poor esophageal 
motility 

Failed peristalsis 
>50% simultaneous contractions 
~50% dropped peristalsis 

Ineffective peristalsis 
Contraction amplitudes ~30 mm Hg in two or more 

segments 
Painful peristalsis 

Diffuse esophageal spasm: Disordered contractions of high 

amplitude (> 150 mm Hg) 
Nutcracker esophagus: Normal but hypertensive 

peristalsis (> 1.50 mm Hg) 

mented by Bell et al., who showed adequate early re- 
flux control when comparing the Rosetti and Toupet 
repairs, but significantly less postoperative augmen- 
tation of the lower esophageal sphincter following the 
partial wrap. In their report, the Rosetti repair in- 
creased the lower esophageal sphincter pressure from 
7.8 to 26.9 mm Hg, but the Toupet ftmdoplication 
only showed an increase from 8.6 to 18.6 mm Hg. 
Horvath et al. have further noted that as many as 48% 
of patients at 2-year follow-up had objective evidence 
of reflux in spite of endoscopically intact fundoplica- 
tions. This was a matter of particular concern in that 
many of these patients (SO%) were totally asympto- 
matic in spite of abnormal 24-hour pH studies. It was 
also noted that the failure rate was highest in patients 
with more severe or complicated disease. 

The one exception to the apparent compromise 
between reflux prevention and esophageal outflow re- 
striction is the use of partial wraps (Dor or Toupet) 

following Heller myotomy for achalasia. Many stud- 
ies have shown dramatic reductions in dysphagia with 
this procedure and the reported incidence of reflux, 
by pH testing or symptoms, is very low. 

CONCLUSION 

Knowledge of the presence of gastric or esophageal 
motility disorders is important to the surgeon treating 
GERD for a variety of reasons. Appropriate treatment 
of either condition remains controversial but almost 
certainly affects the patient’s long-term success and 
risk of side effects or morbidity. The best esophageal 
surgeons will take all aspects of the patient’s physiol- 
ogy into account when counseling them preopera- 
tively and while performing antireflux procedures. 
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Approach and Management of Patients With 
Recurrent Gastroesophageal Reflux Disease 

John G. Hunter, M.D. 

Gastroesophageal reflux disease (GERD) is the 
most common gastrointestinal disease for which in- 
dividuals take medication. Omeprazole is the most 
frequently prescribed prescription drug in the United 
States, yet this is the tip of the iceberg. Most patients 
suffering from heartburn treat themselves with over- 
the-counter products such as antacids and H,-recep- 
tor blockers. Nonetheless, it is estimated that one in 
ten Americans have frequent symptoms of GERD. 

Since the development of laparoscopic fundoplica- 
tion, more individuals with severe GERD have cho- 
sen to undergo surgical correction of GERD rather 
than continuing on lifetime medical therapy. As with 
open surgery, the most popular laparoscopic opera- 
tions are total fundoplication (Nissen) and partial 
(270-degree) esophagogasuic fimdoplication. Whether 
performed as an open procedure or laparoscopically, 
these operations have an initial success rate of greater 
than 95% in stopping reflux symptoms. When per- 
formed through a laparotomy or thoracotomy, some- 
where between 9% and 30% of patients develop re- 
current symptoms or new troublesome symptoms that 
result as a side effect of fundoplication.1,3 Reported 
failure rates with laparoscopic fundoplication range 
from 2% to 17% depending on how failure is de- 
fined.4,8 That these failure rates are indeed lower than 
those reported for open fundoplication probably re- 
flects the fact that laparoscopic fundoplication is a rel- 
atively new technique, not that laparoscopic fundo- 
plication is intrinsically better. 

The taxonomy of failure can be symptom based 
(e.g., heartburn, dysphagia, gas bloat) or it may be 
anatomically based, using a description of how the cur- 
rent anatomy deviates from the ideal. From a mecha- 
nistic and therapeutic standpoint, the latter definition is 
preferable. The anatomy of failure includes four com- 
mon types of fundoplication failure previously de- 
scribed with open surgery. These are (1) slipped or mis- 
placed fundoplication, (2) disrupted fundoplication, (3) 

herniated fundoplication, and (4) fundoplication that is 
too tight or too long? To this list of four can be added 
two new anatomic problems-the “two-compartment 
stomach” and the twisted fundoplication.1° 

EVALUATION OF PATIENTS WITH 
RECURRENT OR NEW SYMPTOMS OF 
GASTROESOPHAGEAL REFLUX DISEASE 
Early Postoperative Symptoms 

The management of patients with new or recurrent 
symptoms after an operation for GERD is dependent 
on the time of presentation. In the early postopera- 
tive period (less than 3 months), the presence of cer- 
tain symptoms is extremely common and no treat- 
ment other than reassurance is necessary. 

The most common postoperative symptom is solid 
food dysphagia. Because distal esophageal edema 
(with or without hematoma) and transient esophageal 
dysmotility are common sequelae of fundoplication, 
it is no wonder that most patients have difficulty swal- 
lowing solid foods after a loose, floppy fundoplication 
is performed. We generally recommend that the pa- 
tient stay on a full liquid diet for a week after surgery 
and then maintain a soft diet for the next 3 weeks fol- 
lowing the operation. This protocol has dramatically 
reduced the incidence of postoperative food im- 
paction, nausea, and vomiting seen when a regular 
diet is begun too soon after the operation. When pa- 
tients complain of postoperative dysphagia, we urge 
them to return to a liquid diet until swallowing is easy, 
and then advance to a soft diet. If a patient has diffi- 
culty tolerating a full liquid diet, early intervention 
may be necessary. Options for early intervention in- 
clude esophageal dilation and/or placement of a gas- 
trointestinal feeding tube. We have used nasal enteric 
tubes and gastrostomy tubes when early postoperative 
dysphagia or nausea becomes so severe as to cause 
weight loss and dehydration (Fig. 1). 

From the Department of Surgery, Oregon Health Sciences University, Portland, Ore. 
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Fig. 1. Evaluation of the patient with new dysphagia following laparoscopic Nissen fundoplication. 

The second early postoperative symptom of no 
great consequence (usually) is the development of 
chest pain or recurrent reflux symptoms. During the 
first 3 months after surgery, the patient must be reas- 
sured that it is unlikely that he or she is experiencing 
reflux if no postoperative events such as retching have 
occurred. A “boatload” of reassurance may be neces- 
sary, and occasionally a barium swallow may be needed 
to reassure the patient that the fundoplication is in- 
tact. A trial of proton pump inhibitors is often begun 
but is rarely effective for these early postoperative dif- 
ficulties. The best management of these early postop- 
erative complaints is patience, not reoperation. 

Recurrent Symptoms 

When recurrent or new symptoms of GERD de- 
velop in the late postoperative period (greater than 3 

months), investigation is warranted. For individuals 
who return with symptoms identical to those for 
which they underwent surgery, a diagnostic trial of 
antireflux medication is appropriate. In addition, we 
generally order a barium swallow, as we have deter- 
mined that at least 90% of all fundoplication abnor- 
malities can be seen with this study.‘O If the barium 
swallow is normal, it is unusual for patients to respond 
to proton pump inhibitor therapy. The most frequent 
explanation for the recurrence of symptoms is that the 
symptom reported is the result of a problem distinct 
from gastroesophageal reflux. Because respiratory 
symptoms and atypical gastroesophageal reflux symp- 
toms are so often intertwined, it may take the perfor- 
mance of a fundoplication to determine once and for 
all which supraesophageal symptoms are related to re- 
flux and which are not. Frequently the typical symp- 
toms of reflux (heartburn, dysphagia, regurgitation) 
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Fig. 2. Evaluation of the patient with recurrent reflux symptoms following laparoscopic Nissen 
fundoplication. 

will be eliminated by fundoplication, but the supra- 
esophageal symptoms in the same patient (globus, 
cough, hoarseness, wheezing) will not be eliminated 
by antireflux surgery. The best preoperative predic- 
tors of supraesophageal symptom relief after a fundo- 
plication are the response of the symptom to proton 
pump inhibition and/or the correlation of supra- 
esophageal symptoms with reflux events on a 24-hour 
pH study. 

If preliminary evaluation with a postoperative bar- 
ium swallow does not reveal any abnormalities, and a 
trial of medical therapy fails, further investigation is 
unlikely to bear fruit but should be done nevertheless. 
In 10% of our patients referred for postoperative 
symptoms, esophagogastroduodenoscopy (EGD) re- 
vealed an anatomic problem missed by barium swal- 
10w.l~ The most common anatomic problem discov- 
ered on EGD, when the barium swallow looked nor- 
mal, was a slipped or misplaced Nissen fundoplication. 
Although the gastroesophageal junction may be diffi- 
cult to define on barium swallow, an EGD demon- 
strating the presence of gastric folds above a fundopli- 
cation indicates a Nissen valve that has been misplaced 
or slipped onto the stomach. Also, a partially disrupted 
fundoplication will be visible on EGD in the retro- 

flexed position, demonstrated by a gastroesophageal 
junction that is patulous (does not hug the scope), but 
this finding may be missed on barium swallow. When 
the results of EGD are normal and the barium swallow 
is normal, the 24-hour pH study (the fourth test) is al- 
most always normal, as well (Fig. 2). 

Persistent Postoperative Dysphagia 

In contradistinction to the patient with recurrent 
reflux symptoms, the patient with new-onset dyspha- 
gia represents a different problem. The management 
of the patient with early dysphagia is discussed above. 
In the patient with dysphagia that persists past 3 
months, we confirm that an anatomic abnormality ex- 
ists by performing a video barium swallow with a 12.5 
mm barium pill. If the pill passes the gastroesophageal 
junction readily, one must suspect that the dysphagia is 
a result of an esophageal motility disturbance or is of 
psychogenic nature. Thus the normal barium swallow 
is followed by an esophageal motility study in patients 
with significant dysphagia. If the barium swallow 
demonstrates an anatomic abnormality near the gas- 
troesophageal junction, a motility study is necessary, 
but only in preparation for a “redo” operation. The 
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decision to reoperate at this point must be individual- 
ized based on the patient’s nutritional status and the 
severity of the dysphagia. A patient who is still con- 
fined to liquids 3 months postoperatively, or a patient 
who is losing weight because of dysphagia, should be 
offered early elective reoperation. If the solid food dys- 
phagia is mild or moderate, dietary restrictions are few, 
and weight loss is not present, we prefer a conserva- 
tive course of management for the first year postoper- 
atively. If, at that time, the barium tablet still hangs in 
the distal esophagus and the patient is bothered by the 
dietary restrictions that are necessary, a second opera- 
tion is offered. The last scenario is one in which the 
postoperative barium swallow demonstrates an obvi- 
ous anatomic problem, such as a slipped or herniated 
fundoplication. Most of these problems will require 
reoperation. Although esophageal dilation may be 
beneficial for early postoperative dysphagia, it is rarely 
helpful in late dysphagia (see Fig. 1). 

ANATOMIC FAILURE OF NISSEN 
FUNDOPLICATION 
Fundoplication Herniation 

The most frequent anatomic problem we have en- 
countered in our patients following laparoscopic 
fundoplication has been herniation of the fundopli- 
cation across the diaphragm.lO This has occurred in 
four settings. The first is the patient who strains or 
retches in the early postoperative period. Occasion- 
ally the patient will feel something pop, and usually 
patients have severe chest pain after herniation of the 
fnndoplication. This is a surgical emergency and 
should be confirmed with water-soluble contrast ra- 
diography, followed by rapid return to the operating 
room for a laparoscopic or open reduction of the her- 
niated stomach. 

The second scenario is the patient who has a sim- 
ilar event, remote from the time of surgery. Although 
these patients may develop severe acute pain after 
herniation of the fnndoplication, it is more usual for 
the event to be followed by heartburn, new onset of 
dysphagia, or development of postoperative chest 
pain resulting from gas or food distending the medi- 
astinal portion of the herniated fundoplication. These 
patients should be evaluated by means of a barium 
swallow test and esophagogastroscopy. Depending 
on the length of time between the first operation 
and the development of the recurrence, we will per- 
form esophageal motility and/or gastric emptying 
studies to further define the foregut physiology be- 
fore reoperation. 

The third scenario is more insidious yet. It involves 
the patient who has a slow onset of recurrent or new 

symptoms (chest pain, dysphagia, heartburn) in the 
absence of a precipitating event. Reflection on the 
preoperative status of these patients usually demon- 
strates the presence of a paraesophageal hernia, 
esophageal stricture, or Barrett’s esophagus before the 
first operation. In these patients the herniation has oc- 
curred because esophageal foreshortening was not de- 
tected and adequately treated at the first operation or 
because the hiatus has stretched to allow cephalad mi- 
gration of the stomach. Elective re-repair should in- 
clude a Collis gastroplasty when esophageal fore- 
shortening is discovered intraoperatively, along with 
re-repair of the esophageal hiatus. 

The fourth group of patients who have herniation 
of their fundoplications and the vast majority of pa- 
tients with small herniations are asymptomatic. Nearly 
half of the patients who develop fundoplication herni- 
ation will be truly asymptomatic. This group most 
commonly includes patients whose first operation was 
for a paraesophageal hiatal hernia.il If the patient is 
asymptomatic, is not anemic, and has no evidence of 
ulceration in the herniated fundoplication, we will 
usually not recommend a reoperation. 

In summary, patients with acute herniation need an 
emergency operation, those with an “event-induced” 
recurrence should undergo elective reoperation, those 
with a recurrence secondary to esophageal foreshort- 
ening should undergo Collis gastroplasty and repeat 
fnndoplication, and those with asymptomatic occur- 
rence need not undergo reoperation. 

Slipped Nissen Fundoplication 

Patients with a “slipped” Nissen fundoplication 
represent a different challenge. Those with a gastric 
pouch above the fundoplication that is either long or 
bulbous will suffer the most severe symptoms of re- 
flux and regurgitation. Not only is food trapped in 
this pouch during swallowing, it serves as a trap for 
acid-rich refluxate immediately below an incompe- 
tent sphincter. These patients are extremely grateful 
when the fundoplication is placed in the correct lo- 
cation on the esophagus. The challenge with this de- 
formity is to determine whether the fundoplication 
slip is related to a repair under tension around a short 
esophagus or represents a gastroesophageal junction 
that was never reduced into the abdominal cavity. Re- 
operation in patients with a misplaced fundoplica- 
tion often reveals a virgin segment of mediastinal 
esophagus just above the gastroesophageal junction, 
evidence that the esophagus was never adequately 
mobilized during the first operation. The operative 
principles for management of this problem will be 
discussed later. 
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Disrupted Fundoplication, Twisted 
Fundoplication, and Two-Compartment 
Stomach 

The disrupted fundoplication is perhaps the eas- 
iest to diagnose and repair. The operative evalua- 
tion of these patients will usually include a 24-hour 
pH study as well as esophageal motility testing, bar- 
ium swallow, and EGD. In the absence of erosive 
esophagitis or Barrett’s esophagus, it is important to 
document gastroesophageal reflux with a pH study 
before reoperating on a patient with a disrupted 
fundoplication. 

The new defects, which are unique to laparoscopic 
surgery, are the twisted fundoplication and the two- 
compartment stomach. The twisted fundoplication 
results from failure to mobilize the greater curvature 
of the stomach from the spleen and diaphragm 
(Rosetti-Nissen). A portion of the anterior wall of the 
stomach is pulled from the left around the esophagus 
to the right and sutured in this position. This creates 
tension at the gastroesophageal junction, which can 
result in rotation of the distal esophagus and a spiral- 
type deformity seen in retroflection of the endo- 
scope. This deformity is usually associated with 
symptoms of dysphagia and severe postoperative gas 
bloat. This defect is very resistant to esophageal dila- 
tion and requires reoperation to correct it. Occa- 
sionally individuals who undergo this Rosetti modifi- 
cation of the Nissen fundoplication will have an ad- 
ditional problem-the two-compartment stomach. 
This occurs when a point on the greater curvature 
too far from the fundus is pulled up to the gastro- 
esophageal junction to form the fundoplication. The 
result is a two-compartment stomach; the fundic 
compartment resides against the posterior left hemi- 
diaphragm and the distal compartment (the antrum) 
lies below the septation. The proximal compartment 
is filled preferentially and will create early satiety, up- 
per gastric distress, nausea, and retching. The hyper- 
competent valve will usually prevent vomiting in 
these patients. They are extremely uncomfortable 
and require urgent reoperation once the diagnosis is 
made. Barium swallow and upper endoscopy usually 
reveal the septated nature of the stomach, and the di- 
agnosis is not difficult. 

Bloating, Nausea, and Epigastric Pain 

A small subset of patients who undergo laparo- 
scopic Nissen fundoplication will be plagued by per- 
sistent bloating, nausea, and epigastric pain postop- 
eratively. These patients fall into two groups: those 
with functional problems and those with delays in 
gastric emptying, which may be a result of inadver- 

tent vagal injury. In the early postoperative period, 
treatment with antiemetics is the best therapy. 
When nausea persists beyond the usual j-month 
postoperative period, however, investigation is war- 
ranted. Initially we believed that these symptoms 
might represent gastritis, but found little benefit 
from proton pump inhibition and little EGD evi- 
dence of gastritis in these patients. If the EGD is 
normal, it is usually sufficient to treat these patients 
with antiemetic medications including ondanse- 
tron, Phenergan, and the prokinetic agent metaclo- 
promide. In contrast, when the EGD demonstrates 
food in the stomach after a 12-hour fast, one must 
postulate that gastroparesis has occurred postoper- 
atively or was overlooked on the preoperative eval- 
uation. Significant amounts of food in the stomach 
is strong evidence of gastroparesis. There is proba- 
bly little need for a gastric emptying study in these 
patients, but we generally perform this study to 
quantify the amount of gastric retention. If gastric 
emptying cannot be normalized on prokinetic 
agents (and it rarely is), we recommend that pyloro- 
plasty be performed. If the patient is losing weight, 
a feeding jejunostomy is added. Following these two 
procedures, we prefer to wait for a year to deter- 
mine whether gastric emptying will return. If there 
is no appreciable improvement in gastric emptying 
after a 12-month follow-up period, subtotal gas- 
trectomy with Roux-en-Y gastrojejunostomy is ap- 
propriate (Fig. 3). 

Reoperation for Failed Fundoplication 

In addition to our study mentioned earlier, there 
have been a number of others that have addressed 
redo laparoscopic fundoplication.i2-ls Some sur- 
geons attempt all redo fundoplications laparoscopi- 
tally, some will perform all redo fundoplications 
through a thoracotomy, and some perform all redo 
fundoplications through a laparotomy. We generally 
tailor our redo operations according to the method 
used for the previous operation(s). That is, when the 
first operation was performed through a thoracot- 
omy or with laparoscopy, our preferred approach is 
a laparoscopic approach. When the first operation 
was performed through a laparotomy, our preferred 
operative approach is through a laparotomy. When 
we have approached this latter group through a tho- 
racotomy, the intra-abdominal adhesions make redo 
surgery difficult. When we have performed the redo 
operation in this latter group with laparoscopy, we 
have found, as did the Austrian investigators,14 that 
intra-abdominal adhesions made the laparoscopic 
procedure quite lengthy. Whether the redo opera- 



456 Hunter 
Journal of 

Gastrointestinal Surgery 

A. Early (pirrt 3 Man&a)- A&an&&x 
+Bmium Smliow 

Fig. 3. Evaluation of the patient with severe bloating, nausea, and retching following laparoscopic Nis- 
sen fundoplication. 

tion is performed laparoscopically or through a lap- 
arotomy, the principles are the same. 

Exposure for Laparoscopic Redo 
Fundoplication 

We use the same five-trocar technique that was 
used for the primary operation. Because there will fre- 
quently be adhesions between the fundoplication and 
the liver, it may be necessary to adjust the liver re- 
tractor several times as the adhesions are taken down. 
Adhesiolysis is best performed with electrosurgical 
scissors or ultrasonic shears. Dissection then proceeds 
by identifying the diaphragmatic crura. This is gen- 
erally easiest on the left side of the fundoplication. If 
the short gastric vessels have been previously mobi- 
lized, it is easy to follow the left hemidiaphragm down 
to its base. The right diaphragm is best approached 

by identifyin g th e caudate lobe of the liver and pro- 
ceeding superiorly and to the left until the right crus 
is encountered. If the hepatic branch of the vagus has 
not been divided during the first operation, it is usu- 
ally necessary to do so at the second operation to fa- 
cilitate dissection and repair. If the short gastric ves- 
sels were not taken down during the first operation, 
this is performed. A 360-degree dissection of the di- 
aphragmatic crura allows a Penrose drain to be placed 
behind the esophagus. This drain is held in place with 
clips or with an endoloop. The surgeon should note 
that if the fundoplication has become herniated, the 
Penrose drain will be around the stomach and not 
around the esophagus. Inferior traction on the drain 
allows the surgeon to reduce the herniated fundopli- 
cation back into the abdomen. Again, the dissection 
is kept close to the stomach to avoid causing a pneu- 
mothorax. If a pneumothorax does occur, generally 



Vol. 5, No. 5 
2001 

the inn-a-abdominal pressure is decreased to 8 to 10 
mm Hg, and dissection proceeds without physiologic 
difficulty. Once the fundoplication has been reduced 
from the chest, the next step is to take the old fundo- 
plication apart. This is performed with sharp dissec- 
tion by identifying the stitches on the anterior por- 
tion of the fundoplication and dividing them sharply. 
The fundus of the stomach is then peeled to the left 
and to the right from the midposition to take down 
the fundoplication circumferentially. Again sharp dis- 
section without the use of electrosurgery or a har- 
monic scalpel is preferred to ensure that the vagal 
nerves are not damaged in the course of this dissec- 
tion. Generally, the vagal trunks will be found within 
the prior fundoplication. The posterior vagus can 
usually be preserved if it was previously left inside the 
fundoplication, but it is more difficult to preserve if it 
was left outside the fundoplication. The anterior va- 
gus nerve should and can be preserved if it has not 
been encased in scar tissue at the level of the di- 
aphragm. Once the fundoplication has been entirely 
taken down, an assessment of inn-a-abdominal length 
is performed by pulling the crura together with a 
grasper and letting go of the drain. If 2 cm of tension- 
free esophagus exists in the abdomen, the esophagus 
is not foreshortened and a Collis procedure need not 
be done. If the gastroesophageal junction lies within 2 
cm of the closed hiatus, a Collis gastroplasty is per- 
formed as previously described.16 Occasionally pa- 
tients appear to have adequate intra-abdominal length 
but will have had a herniated fundoplication twice 
previously without known diaphragmatic stressors. 
Under these circumstances we advocate performing a 
Collis gastroplasty regardless. 

I am often asked whether a pyloroplasty is indi- 
cated when neither vagal trunk can be identified be- 
cause of one or two previous operations. We gener- 
ally do not recommend this, as many vagotomized 
stomachs will empty reasonably normally, and py- 
loroplasty can then be used for those patients who de- 
velop difficulties with poor gastric emptying postop- 
eratively. It has been extremely rare that we have 
found the need to return at a later date for pyloro- 
plasty. Last, the topic of second and third revisional 
operations frequently arises. We have reported that 
the results of redo fundoplications deteriorate with 
each successive operation. lo Whereas success for the 
first operation ranges between 90% and 95%, second 
operations are successful between 80% and 90% of 
the time, and third operations are successful between 
50% and 66% of the time. Because fourth operations 
are rarely successful at all, many individuals suggest 
that esophageal resection be performed after three 
failed ftmdoplications. This is generally our policy 
when all other conservative measures have failed. 
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In conclusion, the revolution in laparoscopic antire- 
flux surgery has created a huge new area for thought 
and investigation-the failed laparoscopic Nissen fun- 
doplication. With careful and thorough preoperative 
evaluation, most of these patients may undergo re- 
repair using meticulous laparoscopic technique with 
good to excellent outcome. 
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The Short Esophagus-Recognition 
and Management 

Donald E. Low, M.D. 

Before one can adequately confront the question of 
whether the short esophagus exists, a generally ac- 
cepted definition of the entity must be established. I 
believe the short esophagus to be “a relative shorten- 
ing of the expected length of the esophagus associated 
with intramural and periesophageal scarring and fi- 
brosis, which inhibits the easy reestablishment of nor- 
mal length during esophageal surgical procedures.” In 
reality, although other medical practitioners may ac- 
knowledge its existence, it is clinically important pre- 
dominantly to surgeons who must routinely recognize 
the presence of esophageal shortening and potentially 
modify their treatment approach in acknowledgment 
of its potential effect on standard antireflux operations. 

with the establishment of a working definition, it 
is certainly safe to say that if the short esophagus 
does not exist as a true clinical entity, it is undoubt- 
edly one of the most cited myths in the surgical lit- 
erature. What is apparent from a perusal of publica- 
tions on the subject of esophageal surgery is that 
most surgeons who have significant experience with 
esophageal operations have acknowledged its exis- 
tence and importance in antireflux procedures for 
more than 50 years. This recognition has taken on 
renewed emphasis within the past decade because of 
the increased number of surgeons involved in an- 
tireflux surgery and the acceptance of the laparo- 
scopic approach as the standard in the vast majority 
of antireflux operations. 

In the middle part of this century, new technical ap- 
proaches were suggested for acquired short esophagus. 
These approaches included esophageal resection, 
repositioning of the esophagogastric junction through 
the dome of the left diaphragm, and stricturoplasty of 
areas involved in esophageal stricture and fibrosis 
(Thal procedure). These efforts culminated in Collis’ 
1957 publication of the description of the gastroplasty 
procedure to create a gastric tube extension or neo- 
esophagus in patients with esophageal shortening to 
facilitate locating the new esophagogastric junction 

within the abdominal cavity. This procedure saw fairly 
wide acceptance within the surgical antireflux com- 
munity and experienced a wide application in con- 
junction with the most commonly applied antireflux 
procedures of the time, specifically the Belsey Mark 
IV operation’ and the Nissen fundoplication.2 

Gozzetti et a1.3 reviewed a series of patients thought 
to have a short esophagus and hypothesized that acid 
gastroesophageal reflux produced significant mural 
damage, specifically esophagitis and stricture forma- 
tion affecting the submucosal layers and resulting in 
shortening of the esophagus. Interestingly, they sug- 
gested that pancreaticobiliary reflux could produce 
the same degree of submucosal fibrosis (possibly by 
increasing the penetration of H+ ions) without evi- 
dence of mucosal injury.3 

Possibly the best demonstration of the existence of 
the short esophagus is expressed in a careful examina- 
tion of the most common reasons for failure of an- 
tireflux procedures reported in collective series. Be- 
tween 59% and 90% of patients with failed antireflux 
operations will demonstrate a recurrent hiatal hernia 
involving displacement of the esophagogastric junc- 
tion, or in fact the entire antireflux procedure, into 
the chest (Table I). This pattern of failure demon- 
strates that there are forces in certain patients that in- 
crease the likelihood of hiatal hernia recurrence. One 
component of these failures is the inability to achieve 
a tension-free reduction of the esophagogastric junc- 
tion into the abdomen at the time of the initial oper- 
ation. This common pattern of failure is additional 
testimony to the existence of the short esophagus and 
its ability to affect outcome when unrecognized in pa- 
tients undergoing antireflux surgery. 

PREDICTING THE PRESENCE 
OF ESOPHAGEAL SHORTENING 

Following the acceptance of the short esophagus as 
a real clinical entity, the next important issue would 
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Table I. Etiology of failure in surgical procedures for 
GERD 

Reference No. of patients 
Recurrent hiatal 

hernia (%) 

Low et a1.4 116 77 
Soper and DunneganS 20 90 
Kimber et aL6 66 87 
Horgan et al.’ 48 59 
Hunter et aL8 100 84 

Table II. Factors associated with the presence of 
clinically important short esophagus in patients 
undergoing antireflux surgery 

Factor Predictahilitv 

Esophageal stricture 
and hiatal hernia (>5 cm) 

Esophageal stricture 

++t 

++ 

Hiatal hernia (>.5 cm) 
Barrett’s esophagus 
Grade N esophagitis 

+/- 
+/- 
+/- 

Fig. 1. Large hiatal hernia with proximal stricture. During bar- 
ium swallow, this hernia did not move or reduce, indicating it 
is “fixed” within the chest. 

be the inability to identify these patients preopera- 
tively. The clinical findings most commonly seen as 
precursors to esophageal shortening are esophageal 
stricture and the presence of large “fixed” hiatal or 
paraesophageal hernias. Of lesser importance, but still 
thought to play a role is a history of severe (type III or 
IV) esophagitis or Barrett’s esophagus (Table II). 

The incidence of revisional surgery has been 
shown to be significantly increased in patients with 
esophageal stricture following standard Belsey and 
Nissen repairs.9J0 Gastal et al.” have shown that the 
combination of a large hiatal hernia and an esopha- 
geal stricture is particularly significant and as a result 
have recommended routinely operating on these pa- 
tients through an open transthoracic approach when 
these factors coincide. These same investigators were 
able to document a manometrically measurable de- 
crease in esophageal length in these patients, although 
they could not identify a threshold value below which 
esophageal shortening could be reliably identified. 
PearsonI not only noted a significant decrease in 
esophageal length but also documented decreases in 
esophageal peristaltic amplitude in the distal esopha- 
gus, which he interpreted to be consistent with intra- 
mural fibrosis. 

In our experience, the patients in whom the greatest 
caution should be exercised are those who demonstrate 
strictures and large hiatal hernias (i.e., 2.5 cm), which 

remain “fixed” or nonreducing during repositioning of 
the patient from the supine to the upright position at 
the time of the barium swallow tests (Fig. 1). 

Previous publications have predicted the need for 
esophageal lengthening procedures in 14% to 2 8 % of 
all patients with GERD. However, at the time of sur- 
gery only 4% to 16% required modifications of the 
standard technique (i.e., gastroplasties) indicating that 
the actual findings during the procedure and surgical 
experience will be the ultimate judge of which patients 
will require esophageal lengthening procedures or al- 
ternative techniques to maintain good results.i1J3J” 

MANAGEMENT OF PATIENTS WITH 
SHORT ESOPHAGUS 

The management of patients with short esopha- 
gus seems to settle into two distinct groups, specifi- 
cally, those who undergo a gastroplasty and those 
who are managed without esophageal lengthening. 
The basic premise of the management of all these pa- 
tients involves extensive mobilization of the esopha- 
gus, meticulous closure of the esophageal hiatus, and 
anchoring the repair securely within the abdominal 
cavity with careful avoidance of any physiologic is- 
sues, which will increase intra-abdominal pressure 
postoperatively such as retching, vomiting, or exces- 
sive coughing. 
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Although most surgeons agree that 6 to 8 cm of 
esophagus can be routinely mobilized laparoscopi- 
tally, some would recommend a thoracic approach to 
allow mobilization to be completed up to the level of 
the aortic arch.11712 However, the decision on the ap- 
proach and type of repair should be based on the ulti- 
mate ability to provide enough esophageal mobiliza- 
tion to allow reduction of the esophagogastric junc- 
tion into the abdomen for at least 1 to 2 cm and for it 
to remain in position without tension. If this cannot 
be accomplished, a gastroplasty or a more firmly an- 
chored repair should be contemplated. In addition, 
notwithstanding the technical approach, a very con- 
servative approach to postoperative management, 
specifically, routine use of antiemetics, prolonging the 
use of nasogastric suction, and more judicious rein- 
troduction of normal foods, should be considered in 
patients with documented esophageal shortening. 
This is due to the tendency of these patients to 
demonstrate early anatomic failure with any signifi- 
cant degree of postoperative retching or vomiting. 

If tension-free reduction of the esophagogastric 
junction into the abdominal cavity cannot be 
achieved, management should be a choice between a 
gastroplasty and a Hill antireflux operation. There are 
currently three technical descriptions for the applica- 
tion of gastroplasty with laparoscopic antireflux oper- 
ations.13,15,16 One technique described by Swanstrom 
et a1.16 provides for the passage of an endoscopic sta- 
pler through the right side of the chest to perform a 
gastroplasty while the antireflux procedure is carried 
out using a standard laparoscopic approach. Another 
method advocated by Johnson et al.13 involves a com- 
pletely laparoscopic approach, but one involving a 
minilaparotomy incision to facilitate the insertion 
of a circular stapling device, which along with a linear 
endoscopic stapler makes the gastroplasty easier to 
perform. These early reports obviously include learn- 
ing curves, but also entail significantly longer opera- 
tive times and lengths of hospital stay (in the report by 
Johnson et al., a mean procedure length of 4 hours 
and 54 minutes and a mean length of hospital stay of 
3 days). 

Just as important as understanding the technical as- 
pects of laparoscopic gastroplasty is understanding all 
of the potential ramifications of gastroplasty proce- 
dures and the effect the procedure itself can have on 
clinical outcome. This was specifically addressed in a 
supplementary paper by Jobe et all4 in which they re- 
ported on the follow-up of 15 patients undergoing 
thoracoscopic/laparoscopic Collis gastroplasties. Of 
the 14 patients available for long-term follow-up, stan- 
dard parameters suggested excellent results (i.e., mean 
length of stay 2 days, return to work 8 days, and 100% 
of patients considering their operations successful at a 
mean long-term follow-up of 14 months). However, 

within this same group, two patients (14%) reported 
significant postoperative heartburn, and two (14%) re- 
ported prolonged postoperative dysphagia. Endo- 
scopic follow-up of this entire group demonstrated in- 
tact repairs and good flap valve formation in 100%. 
However, five patients (36%) has documented postop- 
erative esophagitis and seven (50%) had abnormal 24- 
hour pH tests postoperatively. The presence of 
esophagitis and an abnormal 24-hour pH test is ex- 
plained by the postoperative documentation of gastric 
mucosa proximal to the fundoplication in 100% of pa- 
tients. Seven of these patients demonstrated positive 
Congo red staining proximal to the repair and six 
(43%) showed loss of distal esophageal peristalsis 
within the neoesophagus segment decreasing esopha- 
geal clearance and increasing the tendency for postop- 
erative dysphagia. Jobe et a1.14 concluded that “Collis 
gastroplasty allows a tension-free fundoplication to be 
performed to correct a shortened esophagus. It results 
in an effective antireflux mechanism, but can be com- 
plicated by the presence of acid secreting gastric mu- 
cosa proximal to the intact fundoplication and a loss 
of distal esophageal motility. These patients require 
close objective follow-up and maintenance of acid sup- 
pression therapy.” Although Collis gastroplasty re- 
mains a recognized and important aspect of the man- 
agement of short esophagus, surgeons applying this 
technical adaptation to the standard Belsey, Nissen, 
and Toupet repairs need to keep these important fac- 
tors in mind postoperatively. 

Conversely, our practice in managing patients who 
are suspected preoperatively of having a short esoph- 
agus involves the routine application of an open Hill 
procedure. From 1960 to the present, a total of 3 170 
antireflux operations have been performed at Virginia 
Mason Medical Center. Twenty percent of these pa- 
tients had esophageal strictures or grade IV esophagi- 
tis, and 18% were redo procedures. In this entire op- 
erative experience of more than 3000 operations, we 
have never performed a gastroplasty. This has been 
possible due to the fact that the Hill antireflux opera- 
tion remains the only procedure to be based on not 
only reconstruction of the gastroesophageal flap valve 
but also firmly and reliably anchoring the repair 
within the abdominal cavity. The vast majority of rou- 
tine procedures performed at Virginia Mason Med- 
ical Center are carried out laparoscopically. For the 
small subset of patients who are still undergoing an 
open repair, which over the past 4 years has encom- 
passed 80 operations, the mean operative time is 92 
minutes and the mean hospital length of stay is 3.9 
days. Even though this subgroup contains all patients 
with large hiatal hernias and a history of esophageal 
strictures, and in many cases patients who are obese, 
this patient population has demonstrated a failure rate 
of less than 5% (i.e., requiring medications postoper- 
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atively) and no documented incidences of anatomic 
failure. 

With the regular application of regional anesthetic 
techniques facilitating early mobilization, we have 
seen dramatic increases in hospital lengths of stay and 
times to return to work with the open Hill procedure 
applied in these highly selected patients. We have 
previously reported the largest long-term follow-up 
of the open Hill procedure with 88% of patients 
demonstrating satisfaction at a mean of 17.8 years’ 
follow-up. l7 We have also reported on one of the 
most extensive experiences of antireflux surgery in 
patients with esophageal strictures.‘* We believe that 
this experience is more than sufficient to justify the 
continued application of an open procedure to main- 
tain the anatomic integrity of the esophageal gastric 
junction and distal esophagus and to avoid some of 
the issues clearly demonstrated by Jobe et a1.14 This 
philosophy is supported in a qualified manner by 
Johnson et a1.13 in their discussion of laparoscopic 
Collis gastroplasty13 in which they point out in the 
discussion: “Another very acceptable approach is to 
convert to an open Collis-Nissen procedure when 
esophageal shortening is discovered intraoperatively. 
It is more important that the operation be performed 
correctly than a laparoscopic access be maintained.” 
We would agree with this statement wholeheartedly, 
but advocate consideration of the Hill procedure over 
a gastroplasty. 

CONCLUSION 

Esophageal shortening is a real and clinically im- 
portant issue for surgeons performing antireflux sur- 
gery. The ability to identify these patients preopera- 
tively is based predominantly on experience; however, 
particular awareness and appropriate preparations 
should be made for patients demonstrating esopha- 
geal strictures and large fixed hiatal hernias. Manage- 
ment should include extensive mobilization of the 
esophagus to facilitate a tension-free reduction of the 
esophagogastric junction into the abdominal cavity 
with subsequent meticulous closure of the esophageal 
hiatus and anchoring of the repair within the ab- 
domen. If tension-free reduction cannot be achieved, 
surgeons should be prepared to proceed with a pro- 
cedure involving Collis gastroplasty or an operation 
such as the Hill procedure, which involves reliable an- 
choring within the abdominal cavity. 

It is currently estimated that approximately 1.5% of 
patients presenting for antireflux surgery will have 
some degree of esophageal shortening, and various es- 
timates indicate that 20% to 70% of this population 
will require specialized surgery because of the inabil- 
ity to establish a tension-free reduction of esophago- 
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gastric junction. Based on projections that 20,000 to 
40,000 antireflux procedures will be performed in the 
United States in the year 2000, calculations would 
show that between 1200 and 2500 patients will re- 
quire specialized operations for esophageal shorten- 
ing. Surgeons should be making every attempt to 
identify these patients preoperatively and have the 
flexibility to manage them appropriately at the time 
of antireflux repair. 
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Original Articles 

Laparoscopic Fundoplication for Symptomatic 
but Physiologic Gastroesophageal Reflux 

Reginald C. FE Bell, M.D., Philip Hanna, M.D., Sandy Bmcbaker, B.S. 

Esophageal pH monitoring identifies some patients who have physiologic amounts of esophageal acid ex- 
posure but have a strong correlation between symptoms of esophageal reflux events. These patients with 
symptomatic physiologic reflux probably have enhanced sensory perception of reflux events and may be 
difficult to control with acid-suppressive therapy. Little is known about the role of fundoplication in such 
patients. Patients with no endoscopic evidence of gastroesophageal reflux disease and a normal 24-hour 
pH composite score (~22.4 in our laboratory), but a symptom index (SI = number of symptoms with pH 
<4/total number of symptoms) greater than 50% were offered laparoscopic fundoplication if acid-sup- 
pressive therapy was unsatisfactory. This group comprised 18 (4%) of 459 patients undergoing fundo- 
plication at our institution. Heartburn, dysphagia, and reflux symptoms were scored on a scale of 0 to 10 
with patients on and off medicine preoperatively, and at a mean of 7.2 months (range 1 to 32 months) 
postoperatively. The 18 patients with symptomatic physiologic reflux (6 males and 12 females) had heart- 
burn as a major complaint. Preoperative response to proton pump inhibitors for heartburn was 72% 
and for all symptoms was 60%. The group had a mean pH composite score of 14 (range 4 to 22). The 
symptom used to calculate the symptom index was heartburn in 12 patients, regurgitation in three, chest 
pain in two, and cough in one. An average of 18 symptoms (range 2 to 56) were recorded. The mean 
symptom index was 82 % (range 50% to 100%). A Nissen fundoplication was performed in nine patients 
and a Toupet fundoplication in nine. Surgery was successful (>90%) in alleviating reflux symptoms in 14 
patients and partially successful (>75%) in three of the remaining four patients. Gas bloat and dyspha- 
gia were seen in one patient each. Fundoplication is effective at relieving reflux symptoms in carefully se- 
lected patients with symptomatic physiologic reflux, with minimal side effects. (J GASTROINTEST SURG 

2001;5:462-467.) 

KEY WORDS: GERD, physiologic reflux, fundoplication, symptom index 

Gastric fundoplication controls symptoms and re- 
flux in patients who have excessive esophageal expo- 

sure to gastric juice. Twenty-four-hour pH monitor- 
ing is the accepted standard for documenting both the 
presence of acid gastroesophageal reflux and deter- 
mining how well a patient’s symptoms correlate with 
acid reflux events. Symptom correlation may be quan- 
titated as a symptom index, which is the number of 
times a patient’s symptom coincides with acid reflux 
divided by the number of times that symptom is re- 
ported. A symptom index above 50% has been shown 
to correlate with excessive acid exposure on 24-hour 
pH monitoring.‘,* 

Although the majority of patients with acid-induced 
heartburn have excessive amounts of esophageal acid 
exposure, occasional patients will exhibit an excess 
sensitivity to acid despite having normal amounts of 
acid exposure on 24-hour pH testing, the so-called 
“acid-hypersensitive esophagus.“3 These patients with 
symptomatic but not excessive gastroesophageal re- 
flux may be diagnosed when a positive symptom in- 
dex is found despite physiologic levels of esophageal 
acid exposure and absence of visible esophagitis on 
endoscopy. 

Patients with symptomatic physiologic reflux 
(SPR) exhibit the typical symptoms of gastroesopha- 
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geal reflux disease (GERD)-heartburn, reflux, and 
dysphagia-but may exhibit bloating and dyspeptic 
symptoms more frequently. Medical therapy for pa- 
tients with symptomatic physiologic reflux has been 
demonstrated to be successful in controlling typical 
symptoms. 

Surgery has traditionally been reserved for patients 
with esophagitis or abnormal amounts of esophageal 
acid exposure on 24-hour pH testing. It has not been 
clear what role if any gastric fundoplication would 
have for patients with SPR. This study evaluates the 
functional outcome of a group of patients with SPR 
undergoing laparoscopic fundoplication. 

MATERIAL AND METHODS 

Data for patients undergoing laparoscopic fnndo- 
plication by a single surgeon from 1992 to 2000 were 
prospectively entered into a computerized database. 
Retrospective analysis of this database revealed 18 pa- 
tients who met the criteria listed below for sympto- 
matic physiologic reflux, and these patients are the ba- 
sis of this study. 

Twenty-Four-Hour pH Testing 

All patients underwent 24-hour pH testing preop- 
eratively. Proton pump inhibitors were discontinued 
for a minimum of 5 days, and typically 7 to 10 days, 
before pH testing. Ambulatory outpatient testing was 
performed with an antimomy catheter for a minimum 
of 20 hours (Sandhill Scientific, Inc., Highlands 
Ranch, Colo.). Computer analysis of pH recordings 
was performed according to the scoring system of 
Johnson and DeMeester.5 The normal value deter- 
mined according to the Sandhill Scientific computer 
algorithm for the Johnson-DeMeester scoring system 
is a composite score less than 22.4. (This normal value 
is different from frequently published reports of less 
than 14.7; these reports use a slightly different com- 
puter scoring system incorporated by the Synec- 
tics/Medtronics devices.) 

The symptom index was determined by taking the 
number of times the major symptom coincided with a 
pH of less than four and dividing it by the number of 
times the major symptom was recorded.2 All patients 
in this study had a composite score of less than 22.4 
and a symptom index of greater than or equal to 50%. 

termine LES pressure and LES length. A defective 
LES was present with any one of the following mano- 
metric findings: LES pressure less than 10 mm Hg 
measured in midrespiration at the point of maximal 
pressure, LES length less than 2 cm, or LES intra-ab- 
dominal length less than 1 cm. This follows the defi- 
nition of Zaninoto et al.,6 recognizing that the lower 
normal limit for LES pressure (ninety-fifth percentile) 
measured at midrespiration at the respiratory inver- 
sion point is 6 mm Hg and at midrespiration in the 
zone of maximal pressure is 10 mm Hg.’ 

Upper Endoscopy 

Complete upper endoscopy was performed by 
the referring gastroenterologist with attention to 
the following: (1) grade of esophagitis (following the 
criteria of Ollyo et al.8); (2) presence of hiatal her- 
nia; (3) presence of Barrett’s esophagus; (4) presence 
of a stricture or need for dilation; and (5) presence 
of gastric or duodenal acid-peptic disease (ulcera- 
tion, erosions, gastritis). All patients in this study 
were free of visible esophagitis, stricture, Barrett’s 
esophagus, or a hiatal hernia larger than 2 cm on pre- 
operative upper endoscopy. 

Symptom Assessment 

Heartburn, dysphagia, and reflux symptoms were 
scored on a scale of 0 to 10 by an impartial nurse in- 
terviewer (S.B.). Patients were asked about the sever- 
ity of these symptoms preoperatively both on med- 
ication and off medication (prior to the 24-hour pH 
test), and at postoperative follow-up. Patients rated, 
as a percentage, the best ever and the current relief of 
heartburn provided by proton pump inhibitors. A 
similar percentage rating was given for the response 
of global reflux symptoms to medication. 

Surgical Treatment 

Laparoscopic fundoplication was performed ac- 
cording to techniques previously described by us and 
others.9 Both techniques of a Nissen 360-degree fun- 
doplication and a Toupet 2 70-degree fundoplication 
were used in these patients. The choice of surgical 
technique reflected evolution of our surgical technique 
and was not based on preoperative motility findings. 

Esophageal Manometry Statistical Analysis 

Complete esophageal body and lower esophageal Data were collected prospectively on a comput- 
sphincter (LES) studies were performed with a minia- erized database (Microsoft Access, Microsoft, Seat- 
ture solid-state transducer manometry catheter (Sand- tle, Wash.). Statistical analysis was performed on 
hill Scientific). Stationary techniques were used to de- SYSTAT 7.01 (SPSS Inc., Chicago, Ill.). Specific tests 
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used are reported with the results; Pearson’s chi- 
square, t test, and Kruskal-Wallis nonparameteric 
analysis were used as appropriate. 

RESUITS 
Preoperative 

Eighteen (4%) of 459 patients undergoing surgical 
fundoplication met the above-mentioned criteria for 
SPR. The group had a mean pH composite score of 
14 (range 4 to 22). Had we used the original criteria 
for the acid-hypersensitive esophagus-less than 
4.2% total time with a pH <4 with a positive symp- 
tom index3-we would have identified 24 such pa- 
tients. Because our decision regarding surgery had 
been based on the composite score, and this criterion 
proved more restrictive, we stayed with the composite 
score in the selection of patients for this study. Three 
of the study patients had more than 4.2% but less 
than 7% of the time with a pH of 4. An average of 18 
symptoms (range 2 to 56) were recorded during the 
24-hour period. The mean symptom index was 82% 
(range 50% to 100%). The specific symptoms with 
their indexes are listed in Table I. 

The study group included twelve women and six 
men. All patients had heartburn as a major complaint, 
and all had been tried on either single-dose’* or dou- 
ble-dose6 proton pump inhibitor therapy to control 
their symptoms. The mean best percentage relief of 

heartburn provided by proton pump inhibitors was 
72% (range 20% to 100% relief of heartburn), and 
for all symptoms was 60% (range 20% to 100%). 
Four patients had a defective LES as defined above. 
One patient had defective peristalsis (mean amplitude 
in the lower esophageal body during 10 wet swallows 
of less than 30 mm Hg). 

Postoperative 

All operations were completed laparoscopically, 
and there were no operative or postoperative compli- 
cations. Seventy-two percent of patients were dis- 
charged within 24 hours of surgery. Clinical follow- 
up was accomplished in all patients at a mean of 7.2 
months (range 1 to 32 months) after surgery. 

Table II and Figs. 1 and 2 show the effects of sur- 
gery symptoms. Heartburn (see Fig. 1) postopera- 
tively was better than it had been with no medication 
in 17 patients (94 / ) '0 and resolved completely in 14 
patients (78%). In addition, heartburn was better con- 
trolled by surgery than by medication in 15 patients 
(83 %). 

Regurgitation (see Fig. 2) was eliminated in 15 
(89%) of 17 patients who experienced this symptom 
preoperatively. Additionally, surgery controlled re- 
gurgitation significantly better than medication alone. 

Dysphagia, which was not a major preoperative 
symptom, did not change significantly with surgery. 

Table I. Patients with component score, symptoms, and symptom index in 18 patients undergoing fundoplication 

Patient 

1 

2 

3 

4 

5 

6 

7 

8 

9 

10 

11 

12 

13 

14 

15 

16 

17 

18 

Johnson-DeMeester % of Symptom No. of No. of reflux 
component score total time recorded for symptoms episodes associated 

(normal <22) pH<4 symptom index reported (S) with symptoms (R) 

13 4 Chest pain 18 12 

7 1 Chest pain 12 7 

15 4 Cough 9 7 
12 3 Heartburn 22 21 

16 3 Heartburn 9 9 
13 4 Heartburn 19 16 

13 3 Heartburn 6 4 

10 3 Heartburn 18 16 
20 4 Heartburn 24 21 
15 2 Heartburn 6 6 
10 4 Heartburn 2 2 

21 6 Heartburn 2 1 
8 2 Heartburn 56 27 

20 5 Heartburn 7 6 
4 Unknown Heartburn 39 39 

14 Unknown Regurgitation 10 10 
18 3 Regurgitation 9 8 
22 5 Regurgitation 5s 34 

Symptom 
index 

@x100 
(S) 

67 

58 

77 

94 

100 

88 

66 

94 

87 

100 

100 

50 

48 

85 

100 

100 

88 

62 
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Fig. 1. Changes in heartburn severity with medication and with fundoplication. 
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Off Medication Off Medication Postoperatively 

Fig. 2. Changes in severity of regurgitation with medication and with fundoplication. 

Table II. Mean symptom scores before and after surgery 

Preoperative 

Off On 
Symptom score 

Postoperative 
medication medication (no medication) 

Heartburn 7.5 (6.8-8.2) 2.8 (1.6-4.0) 1.2 (0.03-2.3) 
Regurgitation 4.5 (3.2-5.9) 1.2 (0.03-2.3)*t 0 (0)*-t 
Dysphagia 1.7 (0.9-2.5) 2.7 (1.4-4.0) 1.7 (0.7-2.8) 

Values are mean (95% confidence interval); paired t test. 

*P ~0.01 vs. preoperative off medication. 

tP ~0.05 vs. preoperative on protein pump inhibitor medication. 
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No patient developed significant de novo dysphagia 
postoperatively. Patients rated the effectiveness of sur- 
gery relative to the best results of medication at re- 
lieving their reflux symptoms. Surgery worked an av- 
erage of 87% better than medication at relieving re- 
flux. (One patient reported control equal to that 
achieved with medication, and one patient reported 
that medication had been more effective than surgery.) 

All patients reported an ability to belch after sur- 
gery. Side effects of surgery included excess bloating 
in one patient and excess gas/meteorism in one pa- 
tient. All (100%) of the patients stated that they were 
satisfied or very satisfied with the results of surgery. 
All but two said that their symptom control was bet- 
ter after surgery than it had ever been on medication. 

Three patients continued to take proton pump in- 
hibitors but report very little improvement in their 
residual symptoms on proton pump inhibitors. Four 
patients, three with some persistent symptoms after 
fundoplication, agreed to postoperative 24-hour pH 
testing. The composite scores were normal (0, 1, 4, 
and 16, respectively) in all four patients; however, only 
the patient with a score of 16 had a positive symptom 
index for heartburn. 

DISCUSSION 

Surgical fundoplication in GERD has typically 
been reserved for patients with either erosive or com- 
plicated esophagitis, or excess amounts of gastro- 
esophageal reflux defined by 24-hour pH testing. The 
latter criterion, initially thought to be a marker for in- 
creased risk of esophageal injury,loJ l has proved to be 
more important as esophagitis has become a less fre- 
quent finding on upper endoscopy because of patient 
pretreatment. With improved medical therapy, pa- 
tients are more commonly considering surgery for 
persistence of symptoms, even though their esophagi- 
tis may have healed. Surgery for GERD is shifting 
from disease control to symptom control. That shift 
from disease control to symptom control has come 
about partly because of minimally invasive (laparo- 
scopic) techniques. Milder forms of GERD, includ- 
ing patients with upright reflux and patients with 
physiologically normal sphincter, are now considered 
potential surgical candidates.12 

Patients with symptomatic physiologic reflux rep- 
resent perhaps the mildest form of GERD as an inju- 
rious disease process. By definition there is no esoph- 
ageal injury and there is only a physiologic amount of 
acid exposure in the esophagus. These patients exhibit 
clinical characteristics, chronicity of disease, and long- 
term requirement for medical therapy similar to pa- 
tients with abnormal esophageal acid exposure:13 

There is probably a spectrum of syrnptomatology ex- 
tending to functional dyspepsia, but patients with 
SPR are distinguishable by the presence of a strong 
symptom association on 24-hour pH testing.3,14115 
Traditional criteria for recognizing reflux may not de- 
tect all reflux,16 but we stayed with traditional criteria 
for this analysis. 

Patients with SPR frequently respond well to acid- 
suppressive medication. A double-blind crossover 
trial between omeprazole and placebo showed a sig- 
nificant decrease in the frequency and severity of re- 
flux symptoms only in a subgroup of patients with 
GERD-type symptoms who had a positive symptom 
index.4 Multivariate analysis of factors predicting 
outcome after fundoplication has shown that typical 
symptoms, a good response to acid-suppressive med- 
ication, and an abnormal 24-hour pH test are strong 
predictors of success. l7 It was therefore with some 
trepidation that we offered fnndoplication to patients 
with symptomatic physiologic reflux when their 
symptom control was inadequate on medication. We 
did not know whether reflux surgery would work in a 
situation where cumulative acid exposure was nor- 
mal. We suspected that the major mechanism of re- 
flux in these patients was during transient LES relax- 
ations, and reports on the effect of fundoplication on 
transient LES relaxations were promising. 18,19 We 
therefore limited our selection to patients who had 
typical symptoms and at least initially a good re- 
sponse to medical therapy. From a clinical perspec- 
tive, the results have been very encouraging. 

The limitations of this study are the relatively small 
size of the cohort, the short follow-up (mean of 8 
months), and the lack of postoperative 24-hour pH 
testing in most patients. The limited number of pa- 
tients reflects the rarity of this process, as it accounted 
for only 4% of almost 500 patients undergoing lapa- 
roscopic fundoplication. The utility of a short follow- 
up is justified because the long-term durability of the 
Nissen and Toupet fundoplications in patients with 
only modest amounts of reflux has been well demon- 
strated. We do not believe the results reflect a placebo 
effect, but longer term follow-up will be needed to 
confirm this. We did ask all patients to undergo post- 
operative 24-hour pH testing. Unfortunately, as has 
been reported in other studies of patients undergoing 
antireflux surgery, postoperative testing is difficult to 
accomplish in asymptomatic patients, especially in a 
managed care environment. 

CONCLUSION 

Patients with symptomatic but physiologic gastro- 
esophageal refluxcomprise a small portion of patients 
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with symptomatic GERD. They are diagnosed on the 
basis of a symptom index of greater than 50% in the 
absence of an excess amount of acid exposure and in 
the absence of any abnormality on upper endoscopy. 
If they also have typical symptoms of GERD and have 
had a reasonable (>50%) response of their symptoms 
to medication, our results indicate that these patients 
respond well to laparoscopic fundoplication. 
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Hepatitis B or C Virus Serology as a Prognostic 
Factor in Patients With Hepatocellular Carcinoma 

Syed A. Ahmad, 111. D., Malcolm M. Bilimoria, 111. D., Xuemei Wang, Francesco Izzo, 111. D., 
Paolo Delrio, M.D., Paolo Marra, M.D., Treneth l? Baker, M.D., GeoffA. Porter, M.D., 
Lee 111. Ellis, M.D., Jean N. Vauthey, M.D., Sundar Dhamotharan, M.D., Steven A. Curley, M.D. 

It is not clear whether chronic hepatitis B or C virus (HBV or HCV) infection is a prognostic factor for 
hepatocellular carcinoma. We performed this study to determine if chronic HBV or HCV infection had 
any impact on postresection survival or affected patterns of failure. The records of 77 patients undergo- 
ing surgical resection for hepatocellular carcinoma between January 1990 and December 1998 were re- 
viewed. Forty-four patients (57%) had HCVinfection, 18 patients (23%) had HBV infection, and 1.5 pa- 
tients (20%) had negative serology. There were no differences in age, sex, or tumor size among the 
groups, and all patients had margin-negative resections. There was a significantly higher incidence of 
satellitosis and vascular invasion in patients with HCV infection (32 % and 41%, respectively; P ~0.05 vs. 
other groups). With a median follow-up of 30 months, a significantly decreased local disease-free survival 
(LDFS) was seen in HBV-positive (5-year LDFS 26%) or HCV-positive (S-year LDFS 38%) patients 
compared to those with negative serology (S-year LDFS 79%; P ~0.05). There was also a trend toward 
a decreased overall survival in patients with positive hepatitis serology compared to patients with nega- 
tive serology (37% vs. 79%; P = 0.12). Uuivariate analysis revealed that only satellitosis was related to 
local recurrence and overall survival. Patients with positive serology for hepatitis B or C undergoing re- 
section for hepatocellular carcinoma have a trend toward worse overall prognosis and a significantly 
decreased LDFS when compared to patients with negative serology. (J GASTROINTEST SURG 20015: 

468-476.) 

KEY WORDS: Hepatitis B, hepatitis C, hepatocellular carcinoma, prognostic factors 

Hepatocellular carcinoma (HCC) is among the 
most common solid human malignancies. It is one of 
the 10 most common cancers in the world and is one 
of the most lethal malignancies with a mortality index 
of 0.94.’ Chronic hepatitis B virus (HBV) and C virus 
(HCV) infections have been implicated as important 
etiologic factors in the development of HCC.*dS A re- 
view of the literature reveals that of all patients diag- 
nosed with HCC, the range of coexistent chronic 
HBV or HCV infection is 13% to 73% and 11% to 
88%, respectively (Table I). 

Previous studies have shown that clinical, surgical, 
and pathologic findings such as tumor size, tnmor- 
free resection margin, tumor stage, vascular inva- 
sion, and satellitosis serve as important prognostic 

factors for HCC.14 The probability of long-term 
survival is higher in patients whose tumors are 
smaller than 5 cm and who have a tumor-free resec- 
tion margin greater than 1 cm, absence of vascular 
invasion, and a solitary tumor.r5-i7 As yet, the prog- 
nostic significance of coexistent HBV or HCV in- 
fection in HCC patients in Western countries has 
not been clearly established. The purpose of this 
study was to compare the following in patients un- 
dergoing resection for HCC: (1) differences in the 
incidence of negative prognostic factors in patients 
with chronic HBV or HCV infection to the inci- 
dence of these factors in hepatitis virus-negative pa- 
tients and (2) survival of hepatitis-positive HCC pa- 
tients with hepatitis-negative HCC patients. 
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Table I. Incidence of chronic hepatitis B virus (HBV) and C virus (HCV) infections in patients 
with hepatocellular carcinoma 

Reference Year No. of patients comltfy % HBV-positive % HCV-positive 

Villa et a1.6 1988 166 

Y&i et al.’ 1992 89 

Tomimatsu et a1.8 1994 121 

Vauthey et a1.9 1995 106 

Yu et al.‘O 1997 359 

Olubuyide et al.” 1997 - 

Zhang et al.‘* 1998 152 

Lee et al.l3 1999 284 

Italy 

::;z: 

USA 

China 

Nigeria 

China 

Taiwan 

26 

73 88 

13 70 

48 - 

18 66 

19 59 

63 11 

55 4 

MATERIAL AND METHODS 
Patients 

A retrospective review of patients undergoing he- 
patic resection for HCC at The University of Texas, 
M.D. Anderson Cancer Center and the G. Pascale 
National Cancer Institute between January 1990 and 
December 1998 was undertaken. In all patients, hep- 
atitis B surface antigen (HbsAg) and antihepatitis C 
antibody (HCVAb) concentrations were measured by 
radioimmunoassay and enzyme-linked immunosor- 
bent assay techniques, respectively. Patients were di- 
vided into three groups based on results of their hep- 
atitis virus serology tests: group I (HbsAg positive), 
group II (HCVAb positive), and group III (negative 
serology). 

Standard demographic data were collected on all 
patients. Tumor stage, vascular invasion, presence of 
satellitosis, local disease-free survival (LDFS), distant 
disease-free survival (DDFS), and overall survival 
were analyzed. All patients were followed every 3 
months after surgical treatment with chest radiogra- 
phy, abdominal helical computerized tomographic 
(CT) scans or magnetic resonance imaging (MRI), 
and serum alpha-fetoprotein levels. 

Operations 

Preoperative evaluation included imaging studies 
(ultrasonography, CT scans, MRI), routine blood 
work (complete blood count, coagulation profile, 
electrolytes, liver function tests, alpha-fetoprotein, 
hepatitis serology), and assessment of comorbid fac- 
tors. Operative procedures were performed based on 
the size and intrahepatic location of the tumor and 
hepatic functional reserve. Hepatic function was as- 
sessed preoperatively by indocyanine green retention 
studies, aminopyrine breath tests, and the Child-Pugh 
classification of severity of cirrhosis.ls The extent of 
hepatectomy was defined according to the functional 
anatomy of the liver. Lobectomy was defined as re- 

section of the functional right lobe or left lobe, seg- 
mentectomy as resection of one of the four portal sec- 
tors individualized by three hepatic veins, and wedge 
resection as a nonanatomic resection.19 Operations 
were planned with the aid of intraoperative ultra- 
sonography to achieve at least a 1 cm tumor-negative 
resection margin. In addition, intraoperative ultra- 
sonography was also performed during all operations 
to determine the presence of additional hepatic tu- 
mors not visualized on preoperative imaging studies. 
An operation was considered to be an RO resection if 
the entire tumor was removed with microscopic neg- 
ative surgical margins, an Rl resection if microscopic 
surgical margins were positive, and an R2 resection if 
gross tumor was left behind. 

Statistical Analysis 

Summary statistics were obtained using established 
methods. Differences in proportions were assessed by 
means of Fisher’s exact test. Overall survival was de- 
fined as the time from the date of initiation of therapy 
at M.D. Anderson Cancer Center to death from any 
cause. Differences between the entire cohort and the 
subset of patients with localized disease were assessed 
by either the chi-square or Wilcoxon rank-sum test, 
depending on the type of variable (i.e., categorical, 
dichotomous, or continuous). Fisher’s exact test was 
used in place of the chi-square test if the sample size 
was too small in a subgroup. Overall survival and 
disease-free (local and distant) survival curves were es- 
timated by the Kaplan-Meier method. Log-rank test- 
ing was used to evaluate differences in overall survival 
or disease-free survival rates between subgroups of 
patients. Univariate models were fitted for potential 
predictive variables. Continuous variables are pre- 
sented as the mean. Comparison of frequencies was 
performed with the Pearson chi-square test. Overall 
survival, LDFS, and DDFS were calculated using 
Kaplan-Meier life-table methods. Log-rank testing 
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was used to compare survival in different groups. Dif- 
ferences were considered significant at P ~0.05. 

RESULTS 

A total of 77 HCC patients who underwent mar- 
gin-negative (RO) hepatic resection were identified 
from our databases. Patients who were unresectable 
or those who underwent Rl or R2 resections were ex- 
cluded from the study. Forty-five of the 77 patients 
were identified from the G. Pascale National Cancer 
Institute database; 32 patients were identified from 
the M.D. Anderson Cancer Center database. There 
were 17 HBV-infected patients (22%), 44 HCV- 
infected patients (57%), and 16 patients (2 1%) with 
negative serology for HBV or HCV infection. No pa- 
tients with dual HBV and HCV infections were iden- 
tified. All of these patients had evidence of cirrhosis 
based on pathologic examination. Child-Pugh classi- 
fication, background data, and tumor characteristics 
of these patients are presented in Table II. There was 
a higher male-to-female ratio in patients with positive 
hepatitis serology. Based on the TNM staging system, 
95% of the patients had stage II or stage III disease. 
Regarding tumor characteristics, there were no sig- 
nificant differences among the three groups with re- 
spect to the presence of solitary or multiple tumors. 
There was a significantly higher incidence of satelli- 
tosis and tumor vascular thrombus formation (32% 
and 41%, respectively) for patients with HCV infec- 

Journal of 
Gastrointestinal Surgery 

tion when compared to patients with HBV infection 
(6% an d 12 %, respectively) and negative serology 
(19% and 6%, respectively) (P ~0.05). There were no 
differences among the three groups with respect to 
the degree of cirrhosis or the Child-Pugh classifica- 
tion. All patients underwent either an RO segmental 
resection or a lobectomy. No wedge resections were 
performed. There were no differences among patients 
with negative serology (segmental resection, n = 4; 
lobectomy, n = 1 l), HBV (segmental resection, n = 
12; lobectomy, n = 6), or HCV (segmental resection, 
n = 40; lobectomy, n = 4) with regard to lobectomies 
or segmental resections performed. 

The median follow-up for the entire cohort of pa- 
tients was 30 months. The S-year actuarial disease- 
free survival for the HBV, HCV, and negative serol- 
ogy groups was 28%, 36%, and 79%, respectively 
(Fig. 1). Patients with HBV or HCV infection had 
a worse overall disease-free survival when compared 
to patients with negative hepatitis virus serology (P 
~0.05). This was also seen with respect to LDFS. Pa- 
tients with chronic HBV or HCV infection had LDFS 
rates of 28% and 3 8%, respectively. This was signifi- 
cantly different when compared to patients with neg- 
ative hepatitis virus serology (LDFS 79%; P ~0.05) 
(Fig. 2). 

Worse overall survival was seen in the patients with 
either type-of hepatitis infection compared to the 
non-hepatitis-infected patients; however, this trend 
did not reach statistical significance (P = 0.12). Me- 

Table II. Patient demographics and tumor characteristics in 77 patients undergoing liver resection 
for hepatocellular carcinoma 

HBV-positive HCV-positive Neither Total 

No. of patients 18 (23%) 44 (57%) 15 (20%) 77 

Age (yr) 60 61 63 61 

Male:Female ratio 2.4:1 3.4:1 0.6:1 2:l 

TNM stage 

I 0 1 1 2 

II 12 34 8 54 

III 5 8 6 19 

IV 0 1 1 2 

No. of tumors 

Solitary 15 36 13 64 

Multiple* 2 (12%) 8 (18%) 3 (19%) 13 (17%) 

Satellitosis* 1(6%) 14 (32%) 3 (19%) 18 (23%) 

Tumor thrombus 2 (12%) 18 (41%) 1(6%) 21 (27%) 

Median follow-up (mo) 30 27 33 30 

Child-Pugh classification 

A 18 43 13 74 

B 0 1 2 3 

HBV = hepatitis B virus; HCV = hepatitis C virus. 
*Satellitosis is defined as separate foci of the primary tumor; multiple tumors are synchronous primary lesions. 
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Fig. 1. Overall disease-free survival hepatitis status. There was a significant difference in disease-free sur- 
vival between patients who were HBV or HCV positive vs. patients with negative hepatitis virus serology. 
The S-year disease-free survival after resection of HCC in the HBV; HCV, and negative serology groups 
was 28%, 36%, and 79%, respectively (P co.05 HBV and HCV groups vs. negative serology group). 
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Fig. 2. Local disease-free survival by hepatitis status. Patients with chronic hepatitis B or C virus infec- 
tions and HCC had LDFS rates of 28% and 38%, respectively, following hepatic tumor resection. This 
was a significant difference when compared to patients with negative serology (LDFS 79%; P ~0.05). 
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Fig. 3. Overall survival by hepatitis status. A trend toward a difference in overall survival rates was seen 
in the hepatitis virus-positive groups compared to the hepatitis virus-negative patients; however, this did 
not reach significance. The overall S-year survival rates for the HBV, HCV, and negative serology groups 
were 34%, 40%, and 78%, respectively (P = 0.12, HBV- and HCV- infected vs. negative serology group). 
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Fig. 4. Local disease-free survival by satellitosis. Univariate analysis determined satellitosis to be a sig- 
nificant predictor of local recurrence after resection of HCC (P (0.05). 
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Fig. 5. Overall survival by satellitosis. Univariate analysis determined satellitosis to be a significant pre- 
dictor of overall survival after resection of HCC (P ~0.05). 

Table III. Univariate analysis of local recurrence and 
overall survival after resection of hepatocellular 
carcinoma 

Risk factor 
Local recurrence 

(P value) 
Overall survival 

(P value) 

Age 0.50 0.75 
Sex 0.77 0.77 
TNM stage 0.23 0.78 
Vascular invasion 0.21 0.29 
Satellitosis 0.04 0.04 

dian survival for patients with HBV, HCV, and nega- 
tive serology was 29 months (range 2 to 71 months), 
2 1 months (range 1 to 78 months), and 34 months 
(range 3 to 8.5 months), respectively. The overall 5- 
year survival rates for the HBV, HCV, and negative 
serology groups were 34%, 40%, and 78%, respec- 
tively (Fig. 3). There was no difference in DDFS 
among the three groups. 

Univariate analysis was performed for local recur- 
rence and overall survival (Table III). Factors includ- 
ing age, sex, TNM stage, vascular invasion, and satel- 
litosis were analyzed. Only satellitosis was signifi- 
cantly related as a negative prognostic factor for local 
recurrence and overall survival (Figs. 4 and 5). 

DISCUSSION 

The tumorigenic mechanism of HBV infection 
leading to HCC has been proposed to be directly re- 
lated to the chronic inflammatory process causing an 
increased rate of random mutations in hepatocytes20 
Another possible mechanism is integration of double- 
stranded DNA proviral proto-oncogenes into the host 
genomic DNA resulting in alterations in cell cycle 
control, signal pathways, and apoptosis.21 The onco- 
genie mechanisms of chronic HCV infection leading 
to HCC has not been clearly elucidated. 

Traditionally, factors associated with prognosis in 
patients with HCC have included age, tumor size, tu- 
mor number, presence of vascular invasion, satellito- 
sis, stage of disease, presence of cirrhosis, and positive 
margin of resection.22-24 Ozawa et al.” showed in- 
creased patient survival rates when margins of resec- 
tion were greater than 1 cm compared to margins less 
than 1 cm (77% vs. 2 1% 3-year survival, respectively). 
Yamanaka et al.‘5 reported no 2- and 3 -year survivors 
after surgical resection when portal or hepatic veins 
were involved with tumor invasion, compared to a 
32% T-year survival rate in patients with no vascular 
invasion. Finally, the Liver Cancer Study Group in 
Japan demonstrated improved survival rates in pa- 
tients undergoing resection for solitary HCC and tu- 
mors less than 5 cm in diameter.uj 
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Recently, a history of chronic HBV or HCV infec- 
tion as a prognostic factor in HCC patients has been 
investigated. Unfortunately, long-term results after 
liver resection in patients with HCC and chronic hep- 
atitis virus infection are inconsistent.2+2* Yamanaka et 
a1.26 reported that patients with HBV-associated HCC 
have improved survival rates compared to patients 
with HCV-associated HCC (54% vs. 42% 5-year sur- 
vival). Haratake et al .24 found the opposite to be true. 
In their study, patients with HCV-associated HCC 
had improved l-, 2-, and 3-year survival rates when 
compared to patients with HBV-associated HCC. 
Further confounding these results were claims by 
other investigators that long-term prognosis after re- 
section of HCC is not influenced by hepatitis viral 
stanrs.*SJ7,*8 

Our study represents the first Western report of 
hepatitis serology as a prognostic determinant for pa- 
tients with HCC (Table IV). The significant finding 
in our study was that hepatitis status negatively influ- 
enced LDFS. Patients with HBV or HCV infection 
had a 28% and 38% LDFS, respectively; this was a 
significantly lower rate than was the case for patients 
with negative viral hepatitis serology, who demon- 
strated a 79% LDFS rate. Investigators from Asian 
centers have reported similar findings. Takenaka et 
al.28 reported S-year disease-free survival rates of 2 3 % 
and 46% for HCV and HBV patients, respectively. 
Wu et a1.29 reported 5-year disease-free survival rate 
of 22% for HCV-associated HCC, 29% for HBV pa- 
tients, and 66% for patients with negative serology. 

One possible explanation for this phenomenon of 
decreased LDFS following resection of HCC in hep- 
atitis virus-positive patients is the presence of residual 
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tumor (i.e., positive margin); however, in our cohort, 
all patients had pathologically confirmed margin-neg- 
ative resections with at least 1 cm tumor-free margin. 
Nagao et a1.30 proposed intrahepatic metastasis via the 
portal venous system to be the cause of intrahepatic 
recurrence. Others have proposed that the persistent 
inflammation related to chronic hepatitis virus infec- 
tion and subsequent focal hepatic regeneration is the 
cause of carcinogenesis. 31 Finally, Ko et a1.32 proposed 
multicentric hepatocarcinogenesis as the primary eti- 
ology of hepatic recurrence after curative resection 
for HCC in hepatitis virus-positive patients. In this 
model, activated proto-oncogenes, such as c-jun orfix, 
cause multicentric disease that becomes manifest in 
the face of active hepatitis. In our series, the majority 
of recurrences were found in the segments near the 
surgical resection. This suggests that microscopic or 
subclinical satellitosis is likely a frequent occurrence 
in hepatitis virus-associated HCC, and thus patho- 
logically tumor-negative margins alone are not suffi- 
cient to prevent recurrence near the area of hepatic 
resection. 

In our series there was a trend toward worse over- 
all survival in hepatitis virus-infected patients, al- 
though this trend did not attain statistical significance. 
Five-year survival rates for patients with HBV, HCV, 
and negative viral serology were 34%, 40%, and 78%, 
respectively. Because the median follow-up was only 
30 months, the failure to demonstrate a significant 
difference was likely due to the fact that median sur- 
vival has not yet been reached in this group of pa- 
tients. Once again, our data are consistent with series 
reported fi-om Eastern countries. Takenaka et a1.28 and 
Wu et a1.29 have reported S-year survival rates of 64% 

Table Iv. Comparison of surgical outcomes in patients with hepatitis B- or C-virus-related 
hepatocellular carcinoma 

Reference Year 

Takenaka et a1.28 1995 

Yamanaka et a1.26 1997 

Wu et a1F9 1999 

Present study 2000 

No. of patients 

126 

202 

261 

77 

Hepatitis 

B 

C 

Negative 

B 

C 

Negative 

B 

C 

B and C 

Negative 

B 

C 

S-year Disease-free 
survival (%) survival (%) 

62 46 

53 23 

64 34 

52 38 

42 10 

83 66 

57 29 

65 22 

40 36 

78 79 

34 28 

40 36 
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and 83%, respectively, for patients with negative hep- 
atitis viral serology following hepatic resection for 
HCC. These investigators have also reported S-year 
survival rates of 57% to 62% for HBV-associated 
HCC and 53% to 65% for HCV-associated HCC. 

CONCLUSION 

Our series demonstrates that patients with positive 
hepatitis B or C viral serology have an increased inci- 
dence of intrahepatic tumor recurrence after resec- 
tion of HCC. Because of this increased likelihood of 
hepatic tumor recurrence, these patients also have a 
trend toward worse overall survival. Patients with 
chronic HBV or HCV infection undergoing surgical 
resection for HCC need to be carefully selected with 
regard to perioperative risk, functional hepatic re- 
serve, and surgical indications. Clearly effective adju- 
vant therapy is needed for hepatitis virus-positive pa- 
tients with HCC in order to improve outcome. 
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Ultrasound-Guided Radiofrequency Thermal 
Ablation of Liver Tumors: Percutaneous, 
Laparoscopic, and Open Surgical Approaches 

Junji Ma&i, M.D., Ph.D., Sb inji Ucbida, M.D., Kenneth Sumida, 111. D., 
Whitney M.L. Limm, M.D., Scott A. Hundahl, M.D., Andmm 3. Oisbi, M.D., 
Nancy L. Furumoto, M.D., Robert H. Oisbi, M.D. 

Only 10% to 20% of patients with primary and colorectal metastatic liver tumors are candidates for cu- 
rative surgical resection. Even after curative treatment, tumors recur commonly in the liver. As a less in- 
vasive therapy, radiofrequency thermal ablation (RFA) of p rimary, metastatic, and recurrent liver tumors 
was performed under percutaneous, laparoscopic, or open intraoperative ultrasound guidance. The safety 
and local control efficacy of RFA were investigated. RFA was performed mostly in patients with unre- 
sectable hepatomas or metastatic liver tumors. Patients with large tumors, major vessel or bile duct in- 
vasion, limited extrahepatic metastases, or liver dysfunction were not excluded. An RFA system with a 1 S- 
gauge electrode-cannula with four-pronged retractable needles was used. All patients were followed for 
more than 8 months to assess morbidity and mortality, and to determine tumor recurrence. Sixty RFA op- 
erations were performed in 46 patients: 11 patients underwent repeat RFA once or twice. A total of 204 
tumors were treated: 70 hepatomas and 134 metastatic tumors. Tumor size ranged from 5 mm to 180 mm 
(mean 36 mm). RFA was performed in 29 operations for 81 tumors percutaneously, in seven operations 
for 14 tumors laparoscopically, and in 24 operations for 109 tumors by open surgery. Combined co- 
lorectal resection was carried out in five operations and combined hepatic resection was carried out in 
three operations. There was one death (1.7%) fr om liver failure, and there were three major complica- 
tions (5%): one case of bile leakage and two biliary strictures due to thermal injury. There were no intra- 
abdominal infectious or bleeding complications. The length of hospital stay ranged from 0 to 2, 1 to 3, 
and 4 to 7 days for percutaneous, laparoscopic, and open surgical RFA, respectively. During a mean fol- 
low-up period of 20.5 months, local tumor recurrence at the RFA site was diagnosed in 18 (8.8%) of 204 
tumors. The risk factors for local recurrence included large tumor size and major vessel invasion: recur- 
rence rates for tumors less than 4 cm, 4 to 10 cm, and greater than 10 cm, and for those with vessel in- 
vasion were 3.3 %, 14.7%) 50%) and 47.8%) respectively. Ten of 18 tumors recurring locally were re- 
treated by RFA, and eight of them showed no further recurrence. Ultrasound-guided RFA is a relatively 
safe, well-tolerated, and versatile treatment option that offers excellent local control of primary and 
metastatic liver tumors. The appropriate use of percutaneous, laparoscopic, and open surgical RFA is 
beneficial in the management of patients with liver tumors in a variety of situations. (J GASTROINTEST 
SURG 2001;5:477-489.) 

KEY WORDS: Radiofrequency thermal ablation, hepatoma, liver metastasis, laparoscopic ultrasound, 
intraoperative ultrasound 

Surgical resection is the established curative treat- curative resection. Resection is often not indicated, 
ment method for both primary and secondary malig- 
nant liver tumors. However, only 10% to 20% of pa- 

even for patients with liver-only malignant diseases, 

tients with hepatocellular carcinoma or metastasis 
for various reasons including the presence of multi- 

from colorectal cancer are candidates for a potentially 
ple bilobar tumors, invasion or close proximity of tu- 
mor to major vessels or bile ducts, limited liver func- 

From the Depaments of Surgery and Internal Medicine (K.S.), University of Hawaii at Manoa, Kuakini Medical Center and Queen’s 
Medical Center, Honolulu, Hawaii. 
Reprint requests: Junji Machi, M.D., Ph.D., Department of Surgery, University of Hawaii at Manoa, 320 Ward Ave., Suite 107, Honolulu, 
HI 96814. e-mail: j.machi@surgedinc.org 

477 



478 
Journal of 

Machi et al. Gastrointestinal Surgery 

tion, or high surgical risk due to comorbidity. More- 
over, tumor recurrence in the liver is common even 
after curative resection. 

Nonresectional ablation therapy was initially used 
in hopes of achieving local control of unresectable liver 
tumors, and more recently its use was considered with 
curative intent. Chemical ablation, mainly ethanol in- 
jection, is effective for small hepatomas, but is not ef- 
fective in large tumors or metastatic tumors. Cryoab- 
lation has been most extensively investigated as treat- 
ment for unresectable primary and secondary liver 
tumors in the United States.‘” Although less invasive 
than resection, cryoablation is associated with various 
complications and usually requires laparotomy. Local 
recurrence rates after cryoablation have been reported 
to range from 10% to 3O%.2-5 

Thermal ablation is a new local ablation modality, 
which has been increasingly investigated lately with 
advances in technology and development of special 
radiofrequency ablation devices.6-9 In this study we re- 
port our initial experience with radiofrequency ther- 
mal ablation (RFA) of primary and metastatic liver 
tumors treated percutaneously, laparoscopically, or as 
open surgery in 60 operations. The safety in terms of 
complications of WA and the efficacy in terms of lo- 
cal control or local recurrence after RFA are de- 
scribed. The advantages, disadvantages, and indica- 
tions for percutaneous, laparoscopic, and open surgi- 
cal approaches for RFA are summarized. 

PATIENTS AND METHODS 

Forty-six patients with histologically proved ma- 
lignant primary and metastatic liver tumors who un- 
derwent a total of 60 operations for WA from August 
1997 to July 1999 were prospectively studied. Patients 
with extensive extrahepatic metastases were excluded, 
although some patients with limited extrahepatic 
metastases were included for treatment with RFA. 
Also excluded were patients with extensive liver tu- 
mors, that is, 15 tumors or more, or tumor involve- 
ment of more than 50% of the entire liver. Large tu- 
mor size, invasion, or proximity of tumor to major 
blood vessels or bile ducts were not considered con- 
traindications for RFA in this study. Patients with liver 
dysfunction (e.g., Child class C cirrhosis) or with sig- 
nificant comorbidity were included as long as patients 
were preoperatively judged to be able to tolerate RFA 
treatment and anesthesia. 

All patients had preoperative laboratory tests in- 
cluding liver function tests and tumor markers such 
as alpha-fetoprotein (AFP) and carcinoembryonic 
antigen (CEA), and imaging studies including com- 
puted tomography (CT) and percutaneous ultra- 
sonography. Ultrasound examination was performed 

in all patients by one of us (J.M.) and compared with 
CT scans to determine the optimal approach for RFA. 
Percutaneous, laparoscopic, or an open surgical ap- 
proach was selected, depending on the number, size, 
and location of liver tumors, the accessibility (visual- 
ization) of tumors by percutaneous ultrasound, the 
need for precise staging by laparoscopy or open sur- 
gery, the presence or absence of synchronous primary 
cancer (e.g., colorectal cancer), newly diagnosed tu- 
mor or recurrent tumor, and the patient’s condition 
with regard to surgical and anesthesia risks. 

General anesthesia was usually used. Local anes- 
thesia was used in selected patients undergoing per- 
cutaneous RFA who were at risk for general anesthe- 
sia or who required a short RFA period. The ra- 
diofrequency system (RITA Medical Systems, Moun- 
tain View, Calif.) used in this study consisted of a gen- 
erator providing 460 kHz alternating current up to 
50 watts, a 15-gauge cannula with four-pronged re- 
tractable curved electrode-needles, and a dispersive 
electrode pad. Under ultrasound guidance, a cannula 
was inserted into the tumor and four needles were de- 
ployed. The RFA process was monitored by continu- 
ous measurement of temperature by thermocouples 
located in the tips of four needles. The tissue impe- 
dance and the delivered energy were also recorded. 
The target temperatures at the needle tips were set at 
100” C. When open surgical RFA was performed, he- 
patic inflow occlusion by the Pringle maneuver was 
used to facilitate temperature elevation when neces- 
sary. Once the temperatures approached 100” C, the 
ablation was continued for 5 to 10 minutes, depend- 
ing on the size of the desired ablated lesion of 3 to 4 
cm in diameter. For tumors smaller than 2 cm, usually 
one ablation session was used. Larger tumors required 
multiple overlapping ablation sessions at 2 to 2.5 cm 
intervals. Generally, two to eight ablation sessions 
were performed for tumors of 2 to 5 cm, and more 
than eight sessions were performed for tumors larger 
than 5 cm (Fig. 1). The RFA process was also moni- 
tored by intraoperative ultrasound imaging; the ab- 
lated lesion became hyperechoic because of out- 
gassing from heated tissues (Fig. 2). If intraoperative 
color or power Doppler imaging demonstrated intra- 
tumoral blood flow prior to RFA, Doppler imaging 
was repeated after ablation to confirm loss of blood 
flow within the tumor. When the cannula was with- 
drawn at the completion of each ablation session, the 
cannula tract within the liver parenchyma was ablated 
to prevent bleeding and possible tumor seeding. For 
percutaneous and laparoscopic RFA, the carmula tract 
within the abdominal wall was also ablated. 

Routine postoperative care was provided. A l-week 
postoperative CT scan was obtained as a baseline to 
document the ablated lesions. CT scans were subse- 
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A 

C 

Fig. 1. Large hepatoma successfully treated by multiple sessions of percutaneous RFA. A, A 102 x 75 
mm tumor 0 was present in segments 1 and 4, extending to segment 2, and invading the left hepatic 
vein. B, The most posterior-superior portion of the tumor was ablated first. Image shown is immediately 
after the first ablation session. The ablated lesion became hyperechoic (arrow). Arrowheads point to the 
electrode-cannula. C, On the same cannula tract, four overlapping ablation sessions were performed. 
This image was obtained during the fourth ablation session. D, Ablated areas after the fourth session. 
Four ablated lesions are indicated by arrows. This tumor was treated with a total of 22 sessions. At 24 
months postoperatively, there was no local recurrence. 

D 
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B 

Fig. 2. Metastatic tumor from a sigmoid colon cancer treated by open surgical RFA. A, A 63 X 56 mm 
tumor m was present in segments 1 and 4 extending to segment 5. The tumor was involving the mid- 
dle hepatic vein (arrow) and was likely invading the right hepatic vein and the vena cava m. B, The 
electrode-cannula (arrowheads) was inserted into the posterior portion of the tumor. C, After ablation 
of this portion, the ablated lesion became hyperechoic (large arrow). Small arrow points to middle he- 
patic vein. Despite multiple sessions of ablation treatment, this tumor showed signs of local recurrence 
at 6.5 months postoperatively. 

C 
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Fig. 3. A, Two metachronous metastatic tumors from an ascending colon cancer. Preoperative CT shows 
two tumors (arrows) and two cysts (arrowheads). One tumor was 2 X 3 cm on CT and located near the 
posterior surface of segment 7, and one tumor was 1 cm and located deep in segment 1 near the vena 
cava. B, CT scan 1 week after RFA. Ablated lesions (arrows) were larger than the original tumors. This 
shows complete ablation of the deep tumor in segment 1, but only shows an inferior part of ablation of 
the tumor in segment 7. Ablations of cannula tracts (open arrow) were also seen. C, CT scan 9 months 
after RFA. Both ablated lesions (arrows) became small with no local tumor recurrence. 

quently performed at 3-month intervals for at least 
1 year and at 6-month intervals thereafter. If preop- 
erative serum tumor markers were elevated, they were 
also measured postoperatively. Whenever the tumor 
marker that decreased soon after RFA was reelevated 
during a follow-up period, metastatic workup studies 
including CT of the liver were conducted. To evaluate 
the local recurrence of tumor (i.e., recurrence at the 
site of ablated tumor due to RFA treatment failure), 
all patients were followed for at least 8 months or 
until death. Therefore all surviving patients had at 
least three (l-week, 3-month, and 6-month) postop- 
erative CT scans. At 1 week postoperatively, the suc- 
cessfully ablated lesions appeared larger than the orig- 
inal tumors. During follow-up, the successfully ab- 
lated lesions progressively decreased in size on CT 

scans (Fig. 3). Local recurrence was diagnosed when 
CT scans demonstrated an increase in size or change in 
CT contrast-enhanced appearance characteristic of 
original malignant tumors. When local recurrence 
could not be determined by CT alone or there was a 
discrepancy between CT findings and tumor markers, 
gallium scan (for hepatomas) or positron emission to- 
mography (PET) (for colorectal metastatic tumors) was 
used to evaluate local recurrence or new recurrence. 

RESULTS 

A total of 60 RFA operations were performed in 46 
patients: eight patients underwent repeat operations 
once and three patients underwent repeat operations 
twice for recurrent liver tumors during the study pe- 
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Table I. Liver tumors treated by radiofrequency thermal ablation 

No. of No. of No. of liver 
Pathology patients operations tUlllOrS 

Hepatoma 18 24 70 
Colorectal cancer metastasis 25 32 130 
Gastric cancer metastasis 1 2 2 
Ovarian cancer metastasis 1 1 1 
Leiomyosarcoma metastasis 1 1 1 

TOTAL 46 60 204 

Table II. Indications for radiofrequency thermal ablation 

Indications 
No. of operations No. of operations 

for hepatoma* for metastatic tumors* 

Not candidates for resection 
Not resectable (multiple, vessel invasion) 

Extrahepatic metastasis 
High risk for resection 
Combined major colorectal resection 

Patient preference 

13 18 
2 6 
8 6 
0 4 
1 2 

‘Only the main reason was noted for each operation, although many patients had multiple conditions precluding hepatic resection. 

riod. There were 26 men and 20 women. Ages ranged 
from 40 to 83 years, with a mean age of 66.3 years. 
Twenty-four operations were performed in 18 pa- 
tients with hepatomas (total 70 tumors) and 36 oper- 
ations were performed in 28 patients with metastatic 
tumors (total 134 tumors), as summarized in Table I. 
The number of tumors treated by RFA per operation 
ranged from 1 to 14: 2.9 tumors per operation for he- 
patomas and 3.7 tumors per operation for metastases. 
The size (the longest axis) of the tumors ranged from 
5 mm to 180 mm, with a mean of 36 mm (40 mm for 
hepatomas and 34 mm for metastases): 123 tumors 
were smaller than 4 cm, 75 tumors were 4 to 10 cm, 
and six tumors were larger than 10 cm. Twenty-three 
of a total of 204 tumors exhibited invasion to or were 
abutting major vessels (the first and second branches 
of the portal vein or major branches of the hepatic 
veins). Among patients with hepatomas, eight patients 
(12 operations) were in Child class A, seven patients 
(7 operations) were in Child class B, and three pa- 
tients (5 operations) were in Child class C. All patients 
with metastases were in Child class A. 

Indications for RFA in the 60 operations are sum- 
marized in Table II. In the majority of the operations, 
patients were considered not to be candidates for sur- 
gical resection for a variety of reasons. Approximately 
one half of the patients were unresectable because 
they had multiple (more than 4) bilobar tumors or 

major vessel invasion of tumors. Three patients had 
potentially curative resectable tumors; however, they 
refused hepatic resection and opted for percutaneous 
or laparoscopic RFA after the benefits and risks of 
each operation had been fully explained to them and 
they were informed of the unavailability of long-term 
results of RFA. 

Twenty-nine RFA operations as treatment for 81 
tumors were performed percutaneously (2.8 tumors 
per operation), seven operations for 14 tumors were 
performed laparoscopically (2 tumors per operation), 
and 24 operations for 109 tumors were performed as 
an open procedure (4.5 tumors per operation). Dur- 
ing open surgical RFA, other major organ resections 
were performed in 11 operations. In five operations, 
colorectal resections for the primary cancer were per- 
formed together with RFA for synchronous liver 
metastases. In three operations, major hepatic resec- 
tions were combined with RFA for remaining tumors. 
In two operations, metastasectomies for lung metasta- 
tic tumors were performed with RFA for liver tumors. 
In one operation, combined partial gastrectomy was 
performed with RFA for liver and splenic metastatic 
tumors. Six percutaneous operations were performed 
under local anesthesia, and 54 operations were per- 
formed under general anesthesia. 

Transient fever and leukocytosis were seen in many 
patients, usually in proportion to the extent of ablated 
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Table III. Complications of radiofrequency thermal ablation of liver tumors 

Complications Hepatoma Metastasis Total 

Death 
Liver failure 1 0 1 

Major complications 
Bile leak 0 1 1 

Bile duct thermal injury (biliary stricture) 0 2 2 

Minor complications 
Skin burn 1 1 2 

Wound infection 0 1 I 

Thrombocytopenia 1 2 3 

Myoglobinuria 2 2 4 

Pacemaker malfunction 1 0 1 

Congestive heart failure 1 0 1 

TOTAL 7 9 16 

No bleeding or abdominal abscess-infection. 

lesions and ablation time. Similarly, liver function 
tests including bilirubin were elevated for a few days 
to several weeks, depending on the patient’s baseline 
liver function and the extent of ablation. Six patients 
with hepatomas had new onset of ascites; however, it 
resolved with recovery of liver function except in one 
patient who developed progressive liver failure. 
Asymptomatic pleural effusions were observed in 
seven patients, associated with ascites or after WA of 
subdiaphragmatic tumors. 

Table III summarizes the complications of RFA in 
this study. There was one death (1.7%). This patient 
had a 180 X 115 mm tumor in the right lobe, and a 
poorly differentiated carcinoma was suspected based 
on preoperative biopsy. Because he responded to ini- 
tial chemotherapy with decreasing tumor marker 
(AFP) levels, percutaneous RFA was performed for 
the purpose of cytoreduction. Although his AFP lev- 
els further decreased, he had progressive liver failure 
and died on postoperative day 36. An autopsy demon- 
strated additional multiple small bilobar tumors along 
with extrahepatic metastases, and the final histologic 
diagnosis was hepatoma. There were three major 
complications (5.0%), which required further inter- 
ventions or caused long-term sequelae. A bile leak due 
to direct injury of the left hepatic duct by a cannula 
occurred in one operation, and required prolonged 
percutaneous drainage and placement of an endo- 
scopic biliary stent. Segmental and lobar biliary stric- 
ture due to thermal injury of the intrahepatic bile duct 
occurred in two operations (Fig. 4). One patient 
needed stent placement at 4 months postoperatively. 
In nine operations, there were 12 minor complica- 
tions, which did not result in major or long-term 
problems. Two 2 X 1 cm second-degree skin burns 
occurred at the edge of an electrode pad placed on the 

Fig. 4. Original colon cancer metastatic tumor was located in 
segment 4, extending to segments 5 and 3, and was invading 
the left portal vein. CT scan 3 months after RFA shows seg- 
mental bile duct dilatations (arrowheads) of the left lobe (due 
to biliary stricture likely caused by bile duct thermal injury) in 
addition to the ablated lesion (arrow). Ablations of another 
small lesion and a cannula tract (open arrows) are also seen in 
the right lobe. 

thigh and on the back. They healed with nonoperative 
management. Thrombocytopenia (platelets <50,000, 
excluding patients with preexisting thrombocytope- 
nia due to cirrhosis and hypersplenism) and/or gross 
myoglobinuria (grossly red-colored urine and myo- 
globin positive by urine analysis) were encountered in 
five operations. In these five operations, RFA was per- 
formed for more than 240 minutes: two operations in 
which the ablation time was longer than 580 minutes 
had both complications. With appropriate manage- 
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ment, myoglobinuria did not result in renal failure. In 
the present study, there were six other operations with 
an RFA time exceeding 240 minutes, which were not 
associated with thrombocytopenia or gross myoglo- 
binuria. Three patients in this study had a pacemaker, 
and in one operation, RFA caused a pacemaker to 
malfunction, requiring reprogramming postopera- 
tively. There were no cases of intrahepatic or in- 
traperitoneal bleeding or infectious complications 
such as abscesses. 

The length of hospital stay was 0 to 2 days for per- 
cutaneous RFA, 1 to 3 days for laparoscopic RFA, and 
4 to 7 days for open surgical RF& with the exception 
of the following: one thoracotomy for lung metasta- 
sectomy (9 days), one rectosigmoid colon resection (10 
days), one bile leak (15 days), and one death (36 days). 

Tumor markers (AFP or CEA) were preoperatively 
elevated in 43 operations. After RFA, there was a re- 
duction from preoperative levels in 40 operations 
(93 %). Tumor markers did not decrease in two oper- 
ations for patients with extrahepatic metastases and in 
one operation for a patient who had extensive early 
intrahepatic recurrence. 

The postoperative follow-up period was 8 to 32 
months with a mean of 20.5 months. Local tumor re- 
currence (due to RFA failure) was noted in 14 opera- 
tions (23.3% of 60 operations). A total of 18 local re- 
current tumors were diagnosed, representing 8.8% of 
204 tumors treated by RFA. Twelve recurrent tumors 
were diagnosed by CT and 6 tumors were diagnosed 
by PET The characteristics of these tumors are shown 
in Table IV Tumor size and major vessel invasion ap- 
peared to be the main risk factors for local recurrence 
due to treatment failure. Whereas small tumors 
(<4cm)h d 1 a a ow recurrence rate (3.3%; 4 of 123), 
larger tumors were associated with higher recurrence 
rates: 14.7% (11 of 7.5) for tumors 4 to 10 cm in size 
and 50% (3 of 6) for tumors larger than 10 cm. The 
average size (the mean of the longest axis) of the tu- 
mors with local recurrence was 68.4 mm. Among 
23 tumors with major vessel invasion in this study, 
11 (47.8%) showed local recurrence (see Figs. 1 and 
2). Metastatic tumors seemed to be associated with 
high local recurrence compared to hepatomas. The 
method of approach for RFA did not affect the local 
recurrence rate. Most local tumor recurrence was 
noted within 6 months postoperatively; however, some 
recurrent tumors were diagnosed late during the 
follow-up period. The time interval from RFA treat- 
ment to diagnosis of recurrence ranged from 1 week 
(obvious incomplete ablation on a l-week postopera- 
tive CT scan in 1 patient) to 15 months with a mean of 
5.1 months. ‘Ten of 18 recurrent tumors were re- 
treated by repeat RFA. Eight reablated tumors had no 
evidence of further recurrence, whereas two reablated 
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Table Iv. Local tumor recurrence after radiofrequency 
thermal ablation (18 tumors in 14 patients) 

No. of liver tumors 
with recurrence/total (% of total) 

Pathology 
Hepatoma 
Colorectal metastasis 
Other metastasis 

Location 
Right lobe* 

Sl 
S, 
S,, S& S8 

S,, s3 

Size 
<4 cm 
4-10 cm 
>lO cm 

(mean size of tumors 
with recurrence 

68.4 mm) 
Major vessel invasion 
RFA approach 

Percutaneous 
Laparoscopic 
Open surgical 

Recurrence interval 
53 mo 
3-6 mo 
6-12 mo 

>I2 mo 
Repeat RPA 

Performed 

3170 (4.3) 
12/130 (9.2) 

3/4 (75) 

2 

5 

3 

2 each 
1 each 

4/123 (3.3) 
1 l/75 (14.7) 

316 (SO) 

11123 

S/81 

o/14 
10009 

10 

(8 no further recurrence) 

Not performed 8 

(47.8) 

(9.9) 

(0) 

(9.2) 

S = segment; RFA = radiofrequency thermal ablation. 

liunors extending into more than two segments of the right lobe were 

included. 

tumors (both with major vessel invasion) recurred 
again. There was no recurrence due to tumor seeding 
in the abdominal wall where the cannula was intro- 
duced during percutaneous and laparoscopic RFA. 

Among 46 patients, 17 patients (3 7.0%) were alive 
during the follow-up period without any cancer re- 
currence after the first or a single RFA operation 
(Table V). The remaining 29 patients (63.0%) had a 
new recurrence (not at the site of RFA treatment), lo- 
cal liver tumor recurrence (at the WA site), or both. 
New recurrence or metastasis was noted in the liver 
and/or at extrahepatic organs (e.g., lung, bone, brain, 
intraperitonetmr) in 2 1 patients (45.7%): six of these 
patients also had local liver tumor recurrence. After 
repeat RFA for new recurrence or local tumor recur- 
rence (performed in 11 patients), eight patients 
(17.4%) were alive without further recurrence (see 
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Table Y Outcome of patients after first and repeat 
radiofrequency thermal ablation 

Alive without recurrence 

after first RFA 

No. of 
patients 

17 

w 

(37.0) 

Alive without recurrence 

after repeat RFA 

8 (17.4) 

Alive with recurrence after 
first or repeat RFA 

11 (23.9) 

Died of cancer 9 (19.5) 

Died of cirrhosis (no recurrence 1 (2.2) 
after repeat RFA) 
TOTAL 46 (100) 

‘Table V). Eleven patients (2 3.9%) were alive but with 
new or local recurrence. Ten patients (2 1.7%) died dur- 
ing the follow-up period, including one whose death 
was attributed to the operation itself: three patients 
with hepatomas and seven patients with metastases. 
The cause of death was liver failure due to progression 
of liver tumors in four patients, cirrhosis in one patient 
(without tumor recurrence), and failure of other organs 
due to extrahepatic spread of cancer in five patients. 
Among the three patients who preferred and under- 
went RFA for resectable tumors, two were alive with- 
out recurrence at 2 6 months and 2 8 months postoper- 
atively, and one patient was alive with a new recurrence 
(lung metastases) at 12 months postoperatively. 

DISCUSSION 

Thermal ablation of liver tumors can be achieved 
by a variety of methods such as microwave coagula- 
tion, laser hyperthermia, high-intensity focused ul- 
trasound, and RFA. Radiofrequency energy has long 
been used to ablate or coagulate small areas as elec- 
trocautery. Recently, advancement in radiofrequency 
technology and the introduction of newly designed 
devices have allowed large areas of the liver to be ab- 
lated. The initial large clinical experience with RFA 
was reported by Rossi et al.l”J1 in Italy. They used a 
percutaneous RFA technique mainly for treatment of 
hepatomas including resectable tumors. Their results 
in 39 patients with small hepatomas were encourag- 
ing: only one minor complication, 5% local recur- 
rence, and 40% 5-year survival. Over the past few 
years, in the United States and Europe, several inves- 
tigators have reported their preliminary results with 
RFA, with yet relatively short-term follow-up, mostly 
for unresectable primary and secondary liver tumors 
(Table VI).*2-2o Overall, the complication rates were 
less than 5% to 10%: major complications were rare 
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and included bleeding, infection (abscess), and visceral 
injury. There were no previously reported deaths di- 
rectly related to the RFA treatment itself. The rates 
of local tumor recurrence or incomplete ablation were 
generally reported to be less than 10% on tumor-by- 
tumor (not patient-by-patient) analysis. In one study 
by Solbiati et al., I3 the local recurrence rate was 34% 
for tumors treated by RFA. However, in recent stud- 
ies in a large number of patients and tumors by Cur- 
ley et al. l8 and Bilchik et a1.,r9 the recurrence rates 
were 1.8% and 2.3%, with median follow-up periods 
of 15 months and 6 months, respectively. 

In the present study, patients with varying condi- 
tions including more extensive tumors and high sur- 
gical risk underwent RFA treatment. The average tu- 
mor size and the average number of tumors ablated 
in each operation were greater than in previous stud- 
ies. The main objective of this study was to determine 
the safety and the local control efficacy of RFA using 
various ultrasound-guided approaches. Although in- 
tra-abdominal bleeding or infectious complications 
were absent, there were four major complications. 
One death from liver failure was the result of under- 
estimation of the extent of the hepatoma (overestima- 
tion of the remaining liver function) and too exten- 
sive RFA treatment. One bile leak was caused by di- 
rect intrahepatic duct injury by a cannula, which was 
recognized during open surgical RFA. Two bile duct 
thermal injuries resulting in biliary stricture, which 
were recognized during the follow-up period, were 
caused by RFA of centrally located tumors (in seg- 
ments 1,4, and 5). Thrombocytopenia and myoglo- 
binuria, well-known complications of cryoablation 
but not previously documented in RFA, were en- 
countered in some patients who underwent extensive 
RFA in this study. Pacemaker malfunction occurred 
during one operation soon after the onset of RFA. 

The local tumor recurrence rate in this study dur- 
ing a mean follow-up period of 20.5 months was 
8.8%. Large tumor size and major vessel invasion 
were the greatest risk factors for local recurrence due 
to RFA treatment failure. Larger tumors required 
more overlapping RFA sessions, thereby increasing 
the likelihood of incomplete ablation. Although the 
recurrence rate was only 3.3% for tumors smaller 
than 4 cm, it was 50% for tumors larger than 10 cm. 
Complete ablation of tumors larger than 10 cm was 
deemed difficult to achieve with the current RFA de- 
vices. Higher local recurrence rates were also ex- 
pected for tumors adjacent to or invading major ves- 
sels because of the heat-sink effect. Although half of 
such tumors recurred, it is noteworthy that the re- 
maining one half of these tumors did not show signs 
of recurrence. In addition, aggressive RFA treatment 
of these tumors in which electrode-needles were po- 

sitioned close to major vessels did not cause vascular 
complications such as bleeding or thrombosis. The 
method of approach for RFA was unlikely to be a 
causative factor in local recurrence as long as tumors 
were visualized and the electrode-cannula was intro- 
duced appropriately under ultrasound guidance. The 
lower incidence of local recurrence with the use of 
laparoscopic RFA in this study is due to the ablated 
tumor selection (i-e., smaller tumor size and fewer tu- 
mors per operation). In addition to tumor markers 
and CT, PET was helpful in diagnosing recurrence in 
this study. 

It was not the intent of the present study to deter- 
mine long-term survival or mortality in patients 
treated by RFA. Several patients already had extra- 
hepatic metastases at the time of RFA. During follow- 
up, 21 (45.7%) of 46 patients were diagnosed with 
new recurrence in the liver or other organs, much 
higher than the rate of local liver tumor recurrence. 
However, 11 selected patients with new or local re- 
current tumors in the liver were able to be treated by 
repeat RFA. Eight of these patients, who underwent 
repeat RFA once or twice, were alive without further 
recurrence. With longer follow-up, the incidence of 
such new recurrent tumors is anticipated to rise. 
Therefore the long-term outcome in patients who 
have undergone RFA depends more likely on the pa- 
tient inclusion criteria and the tumor response to 
multimodality treatment. Patients with resectable 
liver tumors would have a better prognosis after RFA, 
as seen in three patients in this study. 

RFA has several advantages over cryoablation. The 
complication rate for RFA (less than 10%) appears to 
be less than that for cryoablation, which has ranged 
from 10% to 2S%.1-59 21-23 Cryoablation is known to 
be associated with a variety of complications including 
myoglobinuria with renal failure, hypothermia, coag- 
ulopathy, thrombocytopenia, freezing injury to ab- 
dominal viscera, liver parenchymal fracture, abscess, 
and direct impalement of major vessels or bile ducts 
leading to significant bleeding, bile leakage, or fistula. 
Serious morbidity, referred to as cryoshock, has been 
observed in 1% of operations.23 Mortality rates have 
ranged from 0% to 4%. 1-5,21,23 On the other hand, in- 
fectious and bleeding complications are possible but 
rare with RFA. Thrombocytopenia, myoglobinuria, 
and liver failure can occur after extensive RFA treat- 
ment, as was seen in our patients, but are uncommon. 
The ability of local tumor control using RFA is at 
least similar or perhaps even superior to that of 
cryoablation. The rate of local tumor recurrence for 
cryoablation has been 10% to 3O%,2-5 whereas that 
for RFA in most of the recent studies has ranged from 
a few percent to 1.5 %. lO-*O Even with longer follow- 
up, the local recurrence rate for RFA will be expected 
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to be less than 10% to 20%, although it will vary de- 
pending on the size and location of tumors subjected 
to RFA treatment. The important advantage of RFA is 
the availability of different approaches applicable for 
RFA. Cryoablation still requires open surgery in gen- 
eral, although laparoscopic and percutaneous cryoab- 
lation devices have been investigated.24-26 On the 
other hand, percutaneous and laparoscopic RFA is pos- 
sible and plays an important role in selected patients as 
a less invasive approach with faster recovery. RFA does 
not require more than one ablation cycle, such as 
freeze-thaw cycles of cryoablation, to create one ab- 
lation lesion at one location. Therefore particularly 
small tumors that do not require multiple overlapping 
ablation sessions can be ablated more rapidly by RFA. 

Current RFA has certain limitations or disadvan- 
tages. The device used in this study creates an RFA 
lesion of up to approximately 4 cm in diameter, which 
is smaller than cryoablation lesions currently in use. 
Therefore, for treatment of large tumors, more mul- 
tiple overlapping RFA sessions are required, which in- 
creases the risk of incomplete ablation and local re- 
currence. Multiple overlapping RFA is time consum- 
ing. Newer devices such as longer and more re- 
tractable needles or cooled-tip electrodes have been 
under investigation to achieve larger ablation areas.7J3 
Although the ablated lesion becomes hyperechoic 
during the RFA process, the margin of ablation is not 
always distinct on real-time ultrasound imaging. In 
addition, when a part of a large tumor is ablated, the 
ultrasound appearance of the tumor becomes ob- 
scured, making subsequent ultrasound imaging and 
monitoring increasingly difficult. Although the RFA 
procedure is best guided by real-time ultrasound, im- 
mediate intraoperative assessment of the complete- 
ness of RFA can be difficult, unlike surgical resection 
in which the margin of resection can be examined in- 
traoperatively. As with all ultrasound procedures, ul- 
trasound-guided RFA techniques are highly operator 
dependent. There is a definite learning curve for mas- 
tering the RFA procedure, and this is especially true 
for surgeons unfamiliar with ultrasound imaging and 
guidance. Although RFA is safer than surgical resec- 
tion or cryoablation, RFA can be associated with seri- 
ous complications such as bile duct injuries. WA of 
tumors adjacent to the major intrahepatic bile ducts 
must be avoided or performed with caution. 

There are advantages and disadvantages to each ul- 
trasound-guided approach. The advantages of percu- 
taneous RFA include the fact that it is the least inva- 
sive, it can be performed as an outpatient procedure, 
the hospital stay is shorter, and the ultrasound guide 
system is readily available, which allows precise RFA 
cannula placement. Patient satisfaction and accept- 
ability are high with quick recovery and minimal post- 

operative pain. The disadvantages of percutaneous 
RFA are as follows: less accuracy in cancer staging 
with the possibility of missing small or occult tumors, 
the presence of ultrasonically inaccessible areas in cer- 
tain patients, and possible burn injury in adjacent or- 
gans. Small tumors in the superior areas of the liver 
(usually segments 7 or 8) may not be delineated by 
percutaneous ultrasound. CT or magnetic resonance 
imaging (MRI)-guided percutaneous RFA has been 
described27 but is often time consuming. The advan- 
tages of laparoscopic RFA include less invasiveness 
with a shorter hospital stay, better cancer staging with 
laparoscopy and laparoscopic ultrasound, and avoid- 
ance of adjacent organ injury by laparoscopically sep- 
arating organs. Preoperatively unrecognized liver tu- 
mors or cancer spread can be diagnosed, and surgical 
management may be altered by laparoscopic approach. 
The disadvantages of laparoscopic RFA include tech- 
nical difficulty in treating deeply situated tumors and 
possible conversion to open surgery. Currently, no 
laparoscopic ultrasound guide system for cannula in- 
sertion is available. Therefore accurate placement of 
the RFA cannula under laparoscopic ultrasound guid- 
ance into tumors, especially deep tumors in segments 
6, 7, or 8, is technically demanding and at times im- 
possible; successful laparoscopic RFA is highly sur- 
geon dependent. As with all laparoscopic procedures, 
conversion to an open surgical approach is sometimes 
necessary because of significant adhesions from pre- 
vious operations or inability to place the cannula ap- 
propriately. The advantages of open surgical RFA in- 
clude better cancer staging with open intraoperative 
ultrasound, availability of an irmaoperative ultrasound 
guide system, accessibility to tumors in all areas of the 
liver, avoidance of adjacent organ injury, the ability to 
perform hepatic inflow occlusion, which reduces the 
heat-sink effect, and the possibility of combining RFA 
with hepatic resection or other organ (e.g., colorectal 
cancer) resection. As is the case with laparoscopic ul- 
trasound, occult liver tumors are often diagnosed with 
open intraoperative ultrasound. No matter where tu- 
mors are located, all detected tumors can be ablated 
with the use of intraoperative ultrasound guidance. 
The main disadvantages of open surgical RFA are its 
invasiveness with increased surgical risks and the 
longer hospital stay and recovery time. 

There are indications with each ultrasound-guided 
approach for RFA that are based on these advantages 
and disadvantages. Percutaneous RFA is indicated for 
patients at high risk for laparoscopic or open surgery. 
It is also indicated when RFA is performed for pallia- 
tion (e.g., pain control), to prevent rapidly growing 
tumors from leading to liver failure, or to prolong life, 
for example, in patients with associated extrahepatic 
metastases. For patients with new or local liver tumor 
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recurrence after previous liver resection or ablation, 
percutaneous RFA is preferable because of the higher 
likelihood of future recurrence. In this situation, re- 
peat percutaneous RFA is minimally invasive, well tol- 
erated, and accepted by patients. Last, patients who 
refuse hepatic resection can be candidates for percu- 
taneous RFA after they are made fully aware of the 
benefits and risks of surgical resection and ultrasound- 
guided RFA. Percutaneous RFA is contraindicated 
when tumors are situated in close proximity or in con- 
tact with other organs, mainly the gastrointestinal 
tract. Laparoscopic or open surgical RFA is indicated 
more for potentially curative intent. Laparoscopic or 
open intraoperative ultrasound examination is indis- 
pensable when surgical treatment of liver tumors is 
performed with curative intent. When tumors are rel- 
atively small, when the number of tumors is limited, 
and when tumors are not deep or inaccessible, lapa- 
roscopic RFA is indicated. Because laparoscopic ul- 
trasound guidance of RFA is highly operator depen- 
dent, the indications for laparoscopic RFA would ex- 
pand with increased experience and skill of the lapa- 
roscopic surgeon. 12~i5,20 Open surgical RFA is indi- 
cated for patients who are suitable for open surgery 
with large, numerous, or deeply located tumors that 
cannot be accurately accessed using a laparoscopic ap- 
proach. Furthermore, when patients have synchro- 
nous liver metastases, open surgical RFA can be per- 
formed in conjunction with resection of the primary 
cancer. For example, during operations for colorectal 
cancer, although major hepatic resection is usually not 
performed, RFA can be performed even when tumors 
are large or there are multiple tumors. 

Although the goal of treatment in patients with 
primary and secondary liver tumors is to achieve 
long-term disease-free survival, many patients cannot 
be cured by local tumor control alone. A multimodal- 
ity approach including systemic and regional treat- 
ment is necessary. Surgical resection with regional 
chemotherapy such as hepatic infusion chemotherapy 
has provided certain survival benefits. Similarly, RFA 
should be investigated in conjunction with other 
modalities.17~19~28 Because of minimal morbidity, less 
invasiveness, availability of different approaches, and 
encouraging local control capability, as shown in the 
present study and other recent studies, RFA will have 
wider indications than surgical resection or cryoabla- 
tion. WA used as a primary or adjunctive treatment 
method will allow more options for treating liver tu- 
mors that have been previously considered unre- 
sectable. RFA may increase the number of patients 
who undergo potentially curative operations by itself 
or by combining with surgical resection; for example, 
a resection of a large tumor with RFA of remaining 
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multiple smaller tumors, or pulmonary metastasec- 
tomy with RFA of multiple liver tumors. Because of 
minimal invasiveness and morbidity, it will be possible 
to perform RFA more frequently than other local 
treatment methods for the purpose of palliation or 
cytoreduction. 

CONCLUSION 

Ultrasound-guided RFA is a relatively safe, novel 
modality that achieves excellent local control of liver 
tumors. Percutaneous, laparoscopic, and open surgi- 
cal RFA approaches have advantages and disadvan- 
tages, and the appropriate use of each is beneficial for 
patients in different situations of primary, secondary, 
or recurrent liver tumors. Tumor recurrence in the 
liver is common for both primary and secondary tu- 
mors, even after potentially curative treatment. For 
management of such recurrent liver tumors, easily re- 
peatable and minimally invasive local control therapy 
is desired, and RFA can be such a therapy. RFA alone 
or in combination with other locoregional or systemic 
treatment has the potential to improve local liver tu- 
mor control and to increase surgical resectability, and 
may result in a survival benefit, although this has not 
yet been proved. The encouraging results of the pres- 
ent study as well as other recent studies justify further 
clinical use and investigation of RFA. 
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Alterations in Intrahepatic Hemodynamics 
of the Harvested Porcine Liver 
Rocco Ricciardi, M.D., David P. Foley, M.D., Steven H. Quarfordt, M.D., Robin D. Kim, M.D., 
Susan E. Donobue, B.S., Suzanne M. Wheeler, B.S., Ravi S. Cbari, M.D., Mark P Caller)/, M.D., 
William C. Meyers, M.D. 

Hemodynamic properties of a donor liver, during initial reperfusion, are associated with the degree of 
graft preservation injury and have been proposed to correlate with subsequent markers of liver function. 
In the present study, hepatic hemodynamics, that is, portal venous pressure, hepatic vascular resistance, 
and compliance (vascular distensibility), were characterized (1) in situ before porcine livers were manip- 
ulated, (2) after these same livers were isolated and perfused within a bypass circuit, and (3) on reperfu- 
sion after 2 hours of cold ischemia. Hepatic vascular resistance was determined in each of these three 
states from the portal vein pressure response to differing hepatic blood flows. In addition, the response 
of the same livers to norepinephrine and nitroprusside was evaluated in each condition. In the in situ 
and isolated perfused liver, portal venous pressure increased only modestly despite doubling of hepatic 
flows. After cold ischemia, the pressure response to higher flows was significantly greater and much less 
of a reduction in hepatic vascular resistance was noted than in studies prior to cold ischemia. Unlike liv- 
ers prior to cold ischemia, the pressure response to norepinephrine was attenuated following cold is- 
chemia. The response to nitroprusside, however, remained intact reducing the portal pressure to that of 
in situ livers. Therefore the portal hypertension that follows cold ischemia appears to be largely pro- 
voked by the preservation injury and not by surgical manipulation or the bypass circuit. This increment 
in portal pressure is responsive to a nitric oxide donor. (J GASTROINTEST SURG 2001;5:490-498.) 

KEY WORDS: Ischemia-reperfusion, compliance, resistance, nitric oxide, norepinephrine, hemodynamics 

The harvested organ undergoes several types of in- 
juries that produce pathologic damage that can result 
in universal early postoperative graft malfunction or 
loss. l These events, termed "preservation injury," be- 
gin prior to the actual harvest and include damage 
from loss of neurologic input, surgical manipulation, 
warm ischemia, cold ischemia, and reperfusion. Al- 
though each injury exerts differing effects on the or- 
gan, together they act to severely alter the gross and 
microscopic appearances of the organ as well as im- 
pair organ function. 2 

Most  functional alterations that occur after liver 
harvest for transplantation or ex vivo support are re- 
versible. The  alterations can affect bile formation, 3 
response to insulin, 2 lipoprotein metabolism, 4 and 
protein synthesis. 5 With  severe injury to the liver, 
these functional and pathologic alterations are irre- 

versible, rendering the harvested liver unusable for ei- 
ther transplantation or ex vivo support perfusion. 

Several methods have been used to quantitate or- 
gan damage and predict donor organ success. En- 
dothelial damage has been estimated through hyal- 
uronate, creatine kinase, or thrombomodulin 6-9 levels 
in plasma. Hepatocellular injury can be determined by 
biopsy, l° marker enzymes, 11 or clearance of lidocaine, 
indocyanine green, or other compounds. 7,12 Some of 
these measures correlate directly with organ dysfimc- 
tion, but none are immediately available on a "real- 
time" basis during surgery. A rapid, real-time accurate 
estimation of subsequent organ function would be a 
valuable addition to hepatic transplantation. 1 

There is no current intraoperative measure of the 
eventual function of the transplanted liver. Recent ev- 
idence indicates that the eventual function of a har- 
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vested liver, as measured by bile flow, correlates with 
its hemodynamic properties on initial reperfusionJ 3 
Hepatic grafts with the most abnormal blood flows 
manifested the poorest bile secretion. Considering 
these findings, the present study attempts to evaluate 
differences in hemodynamic properties of the iso- 
lated and perfused liver before and after cold is- 
chemia. A more comprehensive understanding of he- 
patic hemodynamics may provide the surgeon with a 
useful real-time measure of eventual hepatic graft 
function. 

M E T H O D S  

Protocols were approved by the University of 
Massachusetts Medical School animal review board. 
Hepatic hemodynamic measurements were obtained 
from the same livers under the following three condi- 
tions: (1) in situ (vascular attachments intact), (2) iso- 
lated (after placement on a venovenous circuit), and 
(3) harvested (following procurement and cold is- 
chemia). Donor Yorkshire pigs weighing 30 to 40 kg 
were used for the experiments. The animals were se- 
dated with a mixture (1.0 ml/kg) of telazol, 150 mg/ml 
(Ft. Dodge Animal Health, Ft. Dodge, Iowa); keta- 
mine, 50 mg/ml (Ft. Dodge Animal Health); and xy- 
lazine, 10 mg/ml (Phoenix Pharmaceuticals, Inc., St. 
Joseph, Mo.). Animals were intubated and anesthesia 
was induced by means of 1.5% inhaled isoflurane. 
The femoral artery and vein were cannulated for 
blood pressure monitoring and intravenous infusions. 

In Situ Liver 

Through a midline laparotomy, the cystic duct was 
ligated without removing the gallbladder, and a 14 F 
cannula (Sherwood Medical, St. Louis, Mo.) was in- 
serted into the common bile duct. The portal vein 
and hepatic artery were then carefully dissected in the 
porta hepatis. Electromagnetic flow probes (Tran- 
sonic Systems, Inc., Ithaca, N.Y.) were used to record 
flow within these vessels. A 5 F cannula (Daig Co., 
Minnetonka, Minn.) was placed into the splenic vein 
and directed toward the portal vein for continuous 
recordings of portal venous pressure (PVP). A mesen- 
teric vein was also cannulated with a 5 F catheter for 
direct injections into the portal system. 

Isolated Liver 

The same organ that was used in the in situ model 
was converted to an isolated state. To achieve isola- 
tion, 15,000 units of heparin was administered intra- 
venously. To ensure adequate heparinization, acti- 
vated clotting time values were maintained above 200. 
A 21 F cannula (Sherwood Medical, St. Louis, Mo.) 
was placed into the external jugular vein and guided 
toward the suprahepatic inferior vena cava. A median 
sternotomy allowed direct visualization of the cannula 
into the vena cava. Blood (1000 ml) was drained from 
the animal and into the circuit system (Fig. 1). The 
circuit was placed on bypass around the liver while an 
8 F cannula (Medtronics Biomedicus, Eden Prairie, 
Minn.) was directed into the hepatic artery and a 17 F 
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Fig. 1. Venovenous circuit for perfusion of  isolated and harvested livers. 
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cannula was inserted into the portal vein. Cannulation 
was completed within 5 minutes to minimize ischemia. 

After cannulation, blood flow to the liver was grad- 
ually increased. Portal vein perfusion reached 550 to 
750 ml/min (0.50 to 0.75 ml/g of liver/min) and the 
hepatic artery, perfused with additional nonpulsatile 
flow, reached a level of 100 to 200 ml/min (0.16 to 0.2 
ml/g of liver/min). Both portal vein and hepatic artery 
blood flows were controlled with mechanical pumps 
as previously described. 11 The  infrahepatic vena cava 
was ligated, as well as the hepatoduodenal ligament, 
to ensure complete isolation of the liver. Organ de- 
nervation occurs following this step, as all attach- 
ments were severed) The animals were sacrificed with 
pentobarbital. A small 16-gauge catheter (Becton 
Dickenson, Sandy, Utah) was directed into the portal 
vein cannula to continuously monitor  PVP. Flow 
probes (Transonic Systems, Inc.) were used for record- 
ings in the portal vein, hepatic artery, and inferior 
vena cava. Vasoactive agonists were injected through 
a three-way stopcock on the portal vein cannula. 

Harvested Liver 

The isolated liver from the previous stage was con- 
verted to the harvested model through the following 
steps. The circuit was again placed on bypass around 
the liver, whereas 3 liters of Euro-Collins solution 
(Fresenius USA, Ogden, Utah) were infused at 4 ° C 
(2 L into the portal vein; 1 L into the hepatic artery). 
It is estimated that the conditions produced by pre- 
serving an organ in Euro-Collins solution for 6 hours 
are equal to 24 hours in Wisconsin solution. 14 The  
liver was cooled to 4 ° C with iced saline solution and 
the inferior vena cava drainage discarded. The liver re- 
mained on ice for 2 hours without flow as the venove- 
nous circuit continued on bypass. After cold ischemia, 
2 liters of normal saline were infused into the portal 
vein and hepatic artery (1 L into the portal vein; 1 L 
into the hepatic artery) while the liver was slowly re- 
warmed. Perfusate was allowed to enter the liver as the 
circuit was reconnected. Initial inferior vena cava out- 
flow, approximately 500 ml, was discarded to prevent 
Euro-Collins contamination in the system. The  liver 
was allowed 1 hour to warm and regain function prior 
to experimental manipulation. PVP and flow record- 
ings were monitored as in the isolated liver. 

Expe r imen t a l  Protocol 

Hepatic vascular resistance (HVR) was calculated 
with the equation: 

[PVP (mm Hg) - Inferior vena cava pressure (mm Hg)] 

Portal blood flow (ml/min) 

PVP and HVR were evaluated at differing flow rates 
in the in situ, isolated, and harvested livers at approx- 
imately 1 hour following experimental manipulation. 
In situ liver portal blood flows were manipulated by 
restricting venous return from the splanchnic circu- 
lation. Both isolated and harvested portal blood flows 
were altered through manual adjustment of pump 
speed. Vasomotor responses to norepinephrine, in- 
fused at 2.5 ixg/kg/min, and sodium nitroprusside, in- 
fused at 3.0 Ixg/kg/min, were evaluated in each liver 
stage over a 10-minute infusion period. 

Statist ical  Analysis 

Data were analyzed by Student's t tests and analy- 
sis of variance for multiple analyses. A P value less than 
0.05 was considered significant. 

R E S U L T S  
In  Situ Liver 

All hemodynamic measurements of isolated, per- 
fused, and harvested livers were compared to the 
same liver while in situ. As described earlier, the in 
situ liver was characterized by minimal manipulation, 
intact innervation, and a splanchnic source of portal 
flow. Hepatic artery flow ranged from 12% to 25% of 
total hepatic blood flow. W h e n  in situ portal vein 
flow increased from 400 to 1100 ml/min, the liver re- 
sponded with a minimal rise in PVP from 6.8 ___ 0.7 
to 9.6 ___ 0.24 mm Hg  (Fig. 2, A) with a slope of 
0.005. I-IVR fell from 0.016 + 0.0018 to 0.0086 ___ 
0.0004 mm Hg min/ml (n = 9) (Fig. 2, B) at the cor- 
responding flows. Hepatic artery flows decreased 
from 133 ___ 36 ml/min at portal flow of 400 ml/min 
to 64 - 1 ml/min at portal flow of 1100 ml/min. Pre- 
vious evaluations of in situ feline livers also demon- 
strated minimal increments in pressure with large in- 
creases in flow, indicating considerable vascular dis- 
tensibility or compliance. 15 

PVP of the in situ liver averaged 8.2 ___ 0.66 mm 
Hg, whereas HVR averaged 0.014 _ 0.0018 mm Hg 
min/ml. In four animals, a 10-minute infusion of nor- 
epinephrine resulted in a significant rise in PVP from 
9.0 + 1.0 to 16.5 + 0.87 mm Hg (P = 0.001)(Fig. 3,A), 
which is similar to the observed effect in feline liv- 
ers. 16 HVR also increased from 0.010 + 0.0015 to 
0.016 + 0.002 mm Hg min/ml (P = 0.04) (Fig. 3, B) 
without a significant change in portal vein flow. 
Sodium nitroprusside significantly decreased PVP of 
four in situ livers from 8.8 -+ 1.1 to 5.5 + 0.65 mm 
Hg (P -- 0.03) (Fig. 4, A) with a minimal effect on 
HV'R (P = NS) (Fig. 4, B). Sodium nitroprusside did 
produce a dramatic decrease in systolic pressure, 
which resulted in decreased splanchnic flow. 
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in portal vein flow (PVF) on hepatic vascular resistance (/-/VR) in in situ ( 0 -  0), isolated (11-- II), 
and harvested (&--A) livers. The data represent the mean HVR for three organs in the three models. 
The slope of each line is listed in the legend beneath the model. 
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Isolated Liver 

As mentioned earlier, placement of the liver into 
the perfusion circuit denervates the organ and, by 
virtue of its polymer surface, the venovenous circuit 
activates the complement cascade stimulating inflam- 
matory cells. 17 A change in portal vein flow from 300 
to 800 ml/min produced a relatively small rise in PVP 
with a slope of 0.006, demonstrating a vascular com- 
pliance similar to that  of the in situ liver. PVP in- 
creased from 5.14 _+ 0.3 to 8.14 + 0.46 m m  Hg  (see 
Fig. 2, A), whereas H V R  decreased from 0.017 _+ 
0.001 to 0.01 + 0.0006 m m  Hg min/ml (see Fig. 2, 
B) in seven livers. Hepatic artery flow was maintained 
constant at 100 to 150 ml/min at these differing por- 
tal flows. The  flow pressure response of the isolated 
liver was not significantly different from that of the in 
situ liver, even with the complement and coagulation 
activation of the polymer surface and the loss of neu- 
rologic input. 

At baseline portal vein flow, approximately 550 
ml/min, the isolated liver PVP and H V R  remained 
relatively constant throughout a 2-hour perfusion, 7.8 
--- 0.7 to 8.0 __ 1.3 m m  Hg  and 0.015 +- 0.002 to 
0.015 _ 0.0025 m m  Hg min/ml, respectively (n = 5; 
P --- NS). Thus  length of time on the perfusion circuit 
did not alter the hepatic hemodynamic data, although 
neutrophils were consumed and platelets activated. 17 
Flow pressure functions at the end of the 2-hour iso- 
lated perfusion were no different from those obtained 
earlier in the perfusion. 

During a 10-minute infusion of norepinephrine, a 
significant rise in isolated liver PVP was noted in four 
animals from 8.0 ___ 0.9 to 14.0 +_ 1.4 m m  Hg (P = 
0.02) (see Fig. 3, A), similar to the effects of norepi- 
nephrine in situ. Isolated liver I-IVR rose from 0.015 
+__ 0.002 to 0.024 __ 0.002 m m  Hg  min/ml (P = 0.03) 
(see Fig. 3, B), analogous to the in situ response. Dur- 
ing a 10-minute infusion of sodium nitroprusside, 
PVP declined from 8.5 + 0.7 to 3.8 _+ 0.5 m m  Hg 
(/9 = 0.001) (see Fig. 4, A), comparable to the in situ 
data. However, with stable hepatic artery and portal 
vein flows during sodium nitroprusside infusion, 
HVR significantly decreased from 0.016 _ 0.001 to 
0.007 +_ 0.0008 m m  Hg  min/ml  (P = 0.0007) (see 
Fig. 4, B). 

Harvested Liver 

W h e n  the portal vein flow of six harvested livers 
was altered from 300 to 800 ml/min, PVP increased 
from 10.2 +_ 1.2 to 15.8 +- 1.3 m m  Hg (see Fig. 2,A) 
and H Y R  decreased from 0.034 + 0.0039 to 0.02 -+ 
0.0016 m m  Hg  min/ml  (see Fig. 2, B). T h e  rate of 
change in portal pressure with flow alterations in the 
liver after cold ischemia was twice (0.011) that of the 

in situ (0.005) or isolated livers (0.006), indicating an 
appreciable reduction in vascular distensibility or 
compliance. T h e  y intercept  of the flow pressure 
function was greater in the harvested liver than in ei- 
ther the in situ or isolated liver. The  liver after cold is- 
chemia demonstrated higher vascular resistance val- 
ues than both isolated and in situ livers at comparable 
flows. The  similarity of the in situ and isolated flow 
pressure functions and the alterations after harvest 
suggest that the decrease in compliance is explained 
primarily by the effect of cold ischemia. 

At baseline portal venous (550 ml/min) and hepatic 
arterial (140 ml/min) flows, the PVP of the harvested 
liver was significantly higher (12.6 + 1.0 m m  Hg) 
than the values in the isolated or in situ liver (P = 
0.008). H V R  of the harvested liver was also signifi- 
cantly higher (0.022 _+ 0.0016 m m  Hg min/ml) than 
that in the isolated or in situ control liver (P = 0.01). 
PVP and H V R  remained relatively constant during 
the t ime course of the perfusion. Dur ing  a 3-hour 
perfusion, PVP of the harvested liver was 12.3 + 
1.7 m m  Hg at the start and 11.5 _+ 1.2 m m  Hg at the 
close of the experiment (P = NS). Similarly, H V R  
was 0.022 + 0.0016 m m  Hg min/ml immediately fol- 
lowing cold ischemia and 0.025 _+ 0.002 m m  Hg  
min/ml at the end of perfusion (P = NS). These data 
indicate that although PVP and H V R  were signifi- 
cantly elevated after cold ischemia, hepatic resistance 
did not change appreciably with time. 

During a 10-minute infusion, sodium nitroprusside 
profoundly reduced PV-P in four harvested livers from 
10.25 + 0.5 to 7.25 + 0.6 m m  Hg (P = 0.009) (see 
Fig. 4, A), as well as H V R  from 0.021 +_ 0.001 to 
0.014 + 0.0012 m m  Hg min/ml (P = 0.008) (see Fig. 
4, B). These reductions in resistance parameters were 
similar to the reductions observed when these same 
livers were treated in isolated perfusions prior to cold 
ischemia. PVP of the harvested liver rose during nor- 
epinephrine infusion from 12.5 +_ 4.2 to 17.0 _+ 
3.8 m m  Hg  (P = NS), although the variances were 
large (see Fig. 3, A). I-iVR also rose slightly but not 
significantly during norepinephr ine  infusion from 
0.023 _+ 0.007 to 0.030 +_ 0.007 m m  Hg  min /ml  
(P = NS) (see Fig. 3, B). Compared to the isolated 
and in situ livers, the vasomotor responses to norepi- 
nephrine seemed more variable and blunted after cold 
ischemia. 

D I S C U S S I O N  

These data demonstrate that the vasomotor char- 
acteristics of the in situ and isolated livers differ sig- 
nificantly from those of the harvested liver. Vascular 
distensibility in response to flow, or vascular compli- 
ance, in the in situ and isolated livers and vasomotor 
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responses to norepinephrine or sodium nitroprusside 
were comparable in both preparations. Thus loss of 
neurologic input or placement of the organ onto a 
venovenous circuit does not significandy alter hepatic 
hemodynamics compared to the in situ state. Signifi- 
cant changes in hepatic resistance and compliance 
were noted after cold ischemia. The slope of the har- 
vested liver flow pressure function, an index of vascu- 
lar compliance, was twice that of the in situ or isolated 
livers and the effect of norepinephrine infusion was 
blunted. Therefore increased vascular resistance and 
decreased compliance after harvest are due to cold is- 
chemia and not loss of innervation. 

The polymer surface in a venovenous circuit or 
simple denervation of the organ may potentially pro- 
duce altered hepatic hemodynamics. Venovenous by- 
pass induces complement activation, endotoxin re- 
lease, leukocyte activation, expression of adhesion 
molecules, activation of clotting factors, and the re- 
lease of inflammatory mediators. 17 Polymer-activated 
leukocytes or platelets plug the sinusoids and may also 
alter hepatic blood flow. Activation of complement, 
which also occurs on these surfaces, has the potential 
to initiate a broad inflammatory response. 18 However, 
the relatively similar hemodynamics of the in situ and 
isolated liver, after prolonged exposure to the veno- 
venous circuit, indicate that neither surface activation, 
denervation, nor inflammatory cell activation play a 
major role in the hepatic circulatory alterations after 
cold ischemia. In these studies, oxygenated blood is 
provided by both the portal vein and hepatic artery 
in the isolated and harvested models. This difference 
is in contrast to the in situ model in which only the 
hepatic artery provides oxygenated blood. Yet this 
difference in oxygen supply does not explain the dif- 
fering hemodynamic results obtained between the 
isolated and harvested livers as these models both re- 
ceived elevated oxygen levels. 

The observed alterations in hepatic hemodynam- 
ics after cold ischemia may be explained by a number 
of pathologic processes induced by this injury. Cold 
ischemia injures and activates endothelial cells, l pro- 
moting intravascular coagulation and platelet adhe- 
sion. 19,20 Endothelial cell activation leads to cellular 
death from apoptosis, after protracted cold preserva- 
tion. 21 The pathologic damage or death of the en- 
dothelium may subsequently lead to changes in en- 
dothelial or stellate cell contractility resulting in sig- 
nificant alterations in hepatic hemodynamics. The 
harvest also induces hepatocellular damage through 
the effects of warm ischemia. Hepatocytes become 
ballooned with focal zonal necrosis and a variable de- 
gree of microvesicular steatosis after ischemia, partic- 
ularly in zone 3.22 Hepatocyte damage may induce in- 
terstitial edema expanding the space of Disse and 

compressing the sinusoids causing altered hepatic he- 
modynamics after exposure to cold ischemia. Agents 
that attenuate both endothelial and hepatocyte injury 
or reduce hepatic edema may improve vascular com- 
pliance following cold ischemia. 

Many agents are influential in modulating hepatic 
blood flow. Vasoactive mediators are involved in the 
pathophysiology of hepatic microcirculatory distur- 
bances after cold ischemia and reperfusion. 23-25 Mod- 
ulation of nitric oxide 25,26 and carbon monoxide 24,27 as 
well as the release of endothelin 23,28 are important 
determinants of hepatic vasomotion. Cold ischemia 
alters the production and release of these compounds 
during the harvest. Release of endothelin is more pro- 
nounced with more significant damage to the organ, 29 
resulting in greater vascular resistance. Given the ob- 
served vasodilatation in response to nitroprusside af- 
ter cold ischemia, this may be an approach to improve 
both blood flow and hepatocellular function. 

Altered hepatic hemodynamics may also be related 
to "no reflow," a phenomenon that has puzzled trans- 
plant surgeons and researchers for many years. This 
phenomenon is characterized by areas of unperfused, 
underperfused, or relative stasis of liver sinusoids af- 
ter cold ischemia and reperfusion. 3° Etiologic factors 
producing this phenomenon include oxygen-derived 
flee radicals, capillary leukostasis, and platelet adhe- 
sion. 3°,31 It is possible that these areas of "no reflow" 
produce a shunting effect on the liver, channeling 
more blood flow through open vessels, thereby raising 
hepatic vascular resistance. The functional status of 
the liver has been correlated with the degree of the 
perfusion failure after cold ischemia. Methods to re- 
duce "no reflow" or improve distribution of blood flow 
in the liver after cold ischemia would theoretically re- 
duce resistance and minimize ischemia and reperfu- 
sion injury. 

The etiology of the hepatic hemodynamic alter- 
ations following cold ischemia reperfusion may be due 
to one or more of the factors described. Although the 
exact mechanisms responsible for the hemodynamic 
alterations are not known, the predictive value of early 
reperfusion hemodynamic measurements is beginning 
to be understood. As described earlier, the harvested 
organ, with significant perturbations in hepatic hemo- 
dynamics is associated with depressed hepatocellular 
function as measured by bile flow. 13 Consequently it 
may be possible to predict the functional outcome of 
the donor liver at the operating table, through these 
simple hemodynamic measurements. These hemody- 
namic data can be obtained immediately, whereas 
other predictive measures require hours of analysis. 
More important, if an accurate functional prediction 
can be developed from these data, interventions can 
be employed to optimize subsequent function. Fail- 
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ing  any  i m p r o v e m e n t ,  a d i f fe ren t  s u p p o r t  o r  t rans -  
p lant  o rgan  m a y  be required.  U l t ima te ly  the ability to  
p r ed i c t  and  poss ib ly  a l ter  the  f u n c t i o n  o f  the  h a r -  
vested liver wou ld  enhance  the available d o n o r  pool .  
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Diminished Morbidity and Mortality in Portal 
Hypertension Surgery: Relocation in the Therapeutic 
Armamentarium 
Miguel Angel Mercado, M.D., Hdctor Orozco, M.D., Francisco J. Ramirez-Cisneros, M.D., 
Carlos A. Hinojosa, M.D., Juan jos( Plata, M.D., Javier Alvarez-Tostado, M.D. 

Although several effective therapeutic options are available for bleeding from portal hypertension, surgery 
has a well-defined role in the management of patients with good liver function who are electively oper- 
ated. The aim of this investigation was to evaluate the operative mortality and morbidity of portal blood 
flow-preserving procedures in a highly select patient population. The records of 148 patients operated on 
between 1996 and 2000 using one of two techniques (selective shunts or a Sugiura-Futagawa operation 
[complete portoazygos disconnection]) were analyzed with particular attention to operative mortality, 
postoperative rebleeding, and encephalopathy. Survival was calculated according to the Kaplan-Meier 
method. Sixty-one patients had distal splenorenal shunts placed, and 87 patients had a devascularization 
procedure. Operative mortality for the group as a whole was 1.2 %. In the group with selective shunts, the 
rebleeding rate was 4.9%, the encephalopathy rate was 9.8%, and the shunt obstruction rate was 1.6%. 
Survival at 24 months was 94% and at 48 months was 92%. In those undergoing devascularization, the 
encephalopathy rate was 5% and the rebleeding rate was 14%. Survival at 24 months was 90% and at 48 
months was 86%. Portal blood flow-preserving procedures have very low morbidity and mortality rates 
at specialized centers. In addition, a low rebleeding rate is associated with a good quality of life. Low-risk 
patients with bleeding portal hypertension should be considered for surgical treatment. (J GASTROINTEST 
SURG 2001;5:499-502.) 

KEY WORDS: Portal hypertension surgery, shunt surgery, devascularization procedures 

Treatment of bleeding portal hypertension has ex- 
panded widely over the past few years. Several treat- 
ment modalities are now available, each with its own 
particular indications and results in certain subsets of 
patients. In emergency situations, pharmacotherapy 
and endoscopic therapy are the treatments of  choice. 1 
Pharmacotherapy can also be used for primary pro- 
phylaxis, 2 and transjugular intrahepatic portosystemic 
shunts (TIPS) are indicated in refractory cases in the 
acute setting, as well as in patients with poor  liver 
function who are awaiting a liver transplant. 3 Liver 
transplantation is considered the treatment of choice 
at many centers, because not only does portal pressure 
return to normal but liver function is also restored. 4 

Surgery may be considered in a subset of patients 
with good liver function whose principal problem is 
bleeding esophageal varices from portal hyperten- 
sion. 5 The  relative complexity of  these operations as 

well as their long-term results in terms of  survival, 
which differ little from other treatment modalities, 
has restricted their utilization at many centers. 

At our institution, surgery for portal hypertension 
has been maintained as a therapeutic option for sev- 
eral reasons. Selection of  patients has broadened as 
technical expertise has become more highly devel- 
oped. In this report we analyze the results of  portal 
hypertension surgery (blood flow-preserving proce- 
dures) over the past few years, with special emphasis 
on mortality, and current indications for surgery, and 
status of patients. 

METHODS 

Patients evaluated for management  of  bleeding 
esophageal varices from portal hypertension at our in- 
stitution, either as an elective procedure or in the 
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Table I. Criteria for patients undergoing portal 
hypertension surgery 

History of bleeding portal hypertension 
Good liver function 

Albumin >3 g/dl 
Prothrombin time <2 seconds 
Direct bilirubin <2 mg/dl 
No encephalopathy 
No ascites 

Good cardiopulmonary function 
Good renal function 
No hepatocarcinoma 

emergency setting, are treated by a multidisciplinary 
team approach. Patients with acute bleeding are man- 
aged with endoscopic t reatment  and/or  pharma- 
cotherapy. Once the bleeding is controlled, liver func- 
tion is evaluated. Patients in Child-Pugh class C re- 
main on endoscopic and/or pharmacologic therapy. 
Some may be placed on the liver transplant waiting 
list according to whether or not they meet the criteria 
of our institution. Patients fulfilling the criteria listed 
in Table I are evaluated for portal hypertension sur- 
gery. These criteria reflect good liver function, good 
cardiac function, and good lung function. A pro- 
thrombin time of less than 2 seconds is indicative of 
an international normalization ratio of less than 1.16. 
This  is a quick and easy means of evaluating liver 
function in addition to a serum albumin level above 
3.5 g/dl. Celiac angiography is performed for com- 
plete evaluation of the complete splanchnic vessels in 
each patient. If  adequate vessels are found (splenic 
vein and left renal vein), the patient is scheduled for 
a distal splenorenal shunt. 6 If  no adequate vessels 
are found, the patient is scheduled for a Sugiura- 
Futagawa operation 7 or complete portoazygos dis- 
connection. 8 During the postoperative period, routine 
angiography is performed (between 2 and 4 weeks 
postoperatively) to evaluate shunt patency and portal 
blood flow. Within the past 5 years, a total of 193 op- 
erations have been performed in 148 patients. The  
records of these patients were evaluated with a focus 
on operative mortality and morbidity. Survival curves 
were constructed according to the Kaplan-Meier 
method. 

The  following definitions were used in our evalua- 
tions: Rebleeding was defined as hematemesis and/ 
or melena with hemodynamic decompensation (i.e., 
heart rate >100 beats/rain and hypotension) and de- 
creasing hemoglobin levels. Encephalopathy was de- 
termined by means of clinical evaluation and, when 
deemed necessary, motor  function tests. Patients with 
categoric clinical signs of encephalopathy (i.e., som- 

nolence, asterixis, etc.) were considered positive, and 
no further tests were conducted. Three  patients with 
no categoric signs were subjected to motor  function 
tests. Quality of life was assessed according to our es- 
tablished criteria. 5 Patients with no need for hospital- 
ization, no rebleeding, and no encephalopathy who 
were able to carry out their daily activities were con- 
sidered to have a good quality of life. The  opposite 
was true for those judged to have a poor quality of life. 

R E S U L T S  

Sixty-one patients had a distal splenorenal shunt 
placed and 87 patients had a Sugiura-Futagawa oper- 
ation or complete portoazygos disconnection (Table 
II). Operative mortality was 1.2 % for the group as a 
whole. Nine patients in the distal splenorenal shunt 
group and five patients in the devascularization group 
were lost to follow-up. These patients were included 
in the Kaplan-Meier survival analyses. 

Distal Splenorenal Shunt 

All of the patients in this group were cirrhotic, 
with a slight predominance  of viral over alcoholic 
cirrhosis. There  were five cases of primary biliary cir- 
rhosis. Operative mortality was 1.6% (1/61). The  re- 
bleeding rate was 4.9% (3/61). The  encephalopathy 
rate was 9.8% (6/61) and the shunt obstruction rate 
was 1.6% (1/61). Survival was 98% at 1 month,  94% 
at 24 months, and 92% at 48 months. Patients with 
encephalopathy were treated medically (protein-re- 
stricted diet, lactulose).Three of these patients met  
the criteria for liver transplantation and were placed 
on the waiting list. 

Sugiura-Futagawa Operation and Complete 
Portoazygos Disconnection 

In 45 patients both stages of the operation (tho- 
racic and abdominal) were performed, and in 42 pa- 
tients only the abdominal stage was necessary. No  op- 
erative deaths were recorded in this group. Forty- 
eight percent of the patients in this group had no cir- 
rhosis on liver biopsy, whereas the remaining 52% 
had alcoholic or posthepatitis cirrhosis. These  pa- 
tients were selected for this type of operation because 
they were judged unsuitable for shunt surgery because 
of the presence of vascular abnormalities and/or  
thrombosis. No  cases of esophageal dehiscence or fis- 
tulization of the modified esophageal transection were 
recorded. Five patients were lost to follow-up. At 5 
years, the encephalopathy rate was 5% and the re- 
bleeding rate was 14%. Survival was 100% at 1 month, 
94% at 24 months, and 86% at 48 months. 
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Table II. Patient characteristics 

DSRS Devascularization 

Total patients in each group 61 87 
Cirrhosis 61 45 (52%) 

Alcoholic 26 21 
Viral 30 22 
Primary biliary 5 2 

No cirrhosis 0 42 (48%) 
Prehepatic and/or idiopathic 0 42 

Splenomesoportal patency 61 43 
Operative mortality 1/61 (1.6%) 0 
Rebleeding 3/61 (4.9%) 12/87 (14%) 
Encephalopathy 6/61 (9.8%) 4/87 (5%) 
Shunt obstruction 1/61 (1.6%) 
Survival at 60 months 90% 82 % 
Postoperative angiography 55/60 21/43 
Portal vein 

Unaltered 45/55 (81%) 20/2l (95%) 
Diminished 7/55 (13%) 0 
Thrombosed 3/55 (5%) 1/21 (5%) 

DSRS = distal splenorenal shunt. 

DISCUSSION 

Surgery for portal hypertension has evolved over 
the past 50 years and its location in the therapeutic 
armamentarium has varied widely. In the 1960s and 
1970s it was the treatment of choice for all subsets of 
patients, but it soon became evident that surgery had 
only a minor impact on survival, although it did have 
a favorable outcome with regard to the rebleeding 
rate. 9 As other treatment modalities emerged, its role 
was redefined. Endoscopic treatment (sclerotherapy) 
emerged as a good alternate choice in emergency sit- 
uations, replacing surgery at most centers around the 
world (including our own); one exception was Orloff 
et al. 9 from San Diego, who achieved superb results 
with total shunts in emergency situations. Pharma- 
cotherapy also appears to be a good choice for pa- 
tients in the acute setting. 1° The evolution of endo- 
scopic therapy has made band ligation the treatment 
of choice for patients with acute bleeding episodes as 
well as those with poor liver function, la The TIPS 
procedure has a role in patients with acute bleeding 
refractory to endoscopic and pharmacologic therapy 
(as a short-term bridge to liver transplantation), and 
liver transplantation is indicated primarily for patients 
who have poor liver function concomitant with bleed- 
ing portal hypertension. 

Patients with good liver function and a history of 
variceal bleeding all share the following characteristics: 

1. They have a high probability of rebleeding (al- 
though they are better able to tolerate these 
episodes than Child-Pugh C patients). 

. 

. 

. 

Those treated with pharmacotherapy and/or 
endoscopic therapy have a high rate ofrebleed- 
ing (30% to 50%). This rebleeding can cause 
patients with good liver function to develop 
posthemorrhagic liver failure, with a high prob- 
ability of being reclassified as Child-Pugh C. 
In patients treated with the TIPS procedure, 
high rates of encephalopathy and shunt obstruc- 
tion are to be expected, which necessitate re- 
exploration and replacement of stents. The ad- 
vantages of portal blood flow-preserving proce- 
dures are improved shunt patency (if a shunt is 
used) and a lower incidence of encephalopathy. 
The disadvantages of liver transplantation are 
the shortage of donor livers and the well-known 
complications ofimmunosuppression. Although 
this treatment modality has had an extraordi- 
nary evolution, the morbidity and mortality of 
this procedure must be considered. Liver trans- 
plantation is indicated for patients with end- 
stage liver cirrhosis with or without bleeding 
portal hypertension. Portal hypertension sur- 
gery is indicated in patients whose principal 
problem is bleeding but who have an adequate 
liver reserve. Some patients with bleeding por- 
tal hypertension are not candidates for a liver 
transplant (e.g., alcoholic patients who continue 
to drink). Others, even though they are suitable 
candidates, will never receive a transplant be- 
cause of the shortage of donor organs. Thus the 
most promising alternative may not always be 
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the one most readily available, and most of these 
patients will have recurrent bleeding episodes 
while they are on the waiting list. 

5. Portal blood flow-preserving procedures per- 
formed by a highly skilled surgical team in a 
well-selected patient population offer excellent 
results. Over the past 5 years at our institution, 
we have achieved a very low operative mortality 
rate (1%) with very good 5-year survival, along 
with a low encephalopathy rate and a low re- 
bleeding rate. No other option can offer such 
promising results. Nevertheless, for patients in 
Child-Pugh class C, replacement of the cir- 
rhotic liver restores functional mass and relieves 
portal hypertension. Surgery for portal hyper- 
tension alone is not appropriate for these pa- 
tients because a high morbidity and mortality 
can be anticipated. 

Selecting the most suitable type of operation is cru- 
cial. When no adequate anatomy can be found, devas- 
cularization is a better option. In our surgically treated 
patients, extensive devascularization is used more fre- 
quently than shunts. In patients with a thrombosed 
portal vein (even one that has been recanalized) and a 
patent splenic vein, a shunt cannot be used. We have 
previously found that these patients have a high rate 
of shunt thrombosis. Patients with small splenic veins 
(< 1 cm) were also excluded. It is possible that some 
of these patients would be considered for a shunt at 
other centers. Because we have achieved good (com- 
parable) results with devascularization, we prefer to 
avoid the risk posed by an inadequate anatomy. 

When the choice of operation is based on the in- 
dividual characteristics of each patient, the results 
achieved with portal blood flow-preserving proce- 
dures in low-risk (Child-Pugh A and B) patients are 
excellent. Nevertheless, no studies (prospective, con- 
trolled, randomized) have been done comparing the 
five treatment options in low-risk patients. Our group 
has conducted a prospective, controlled, randomized 
study comparing beta blockers, endoscopic therapy, 
and portal blood flow-preserving procedures in low- 
risk patients, which showed better results for surgery 
when rebleeding rates were analyzed. 12 These find- 
ings confirm the role of surgery as a long-term bridge 
for patients awaiting liver transplantation when 
needed, 13 because many of these patients do well after 
the operation, maintaining good liver function and a 

good quality of life. Liver transplant centers have the 
opportunity to reassess the role of portal hyperten- 
sion surgery in the therapeutic armamentarium, be- 
cause these centers usually have the technologically 
advanced facilities and highly skilled surgeons needed 
to ensure the success of types of operations. 
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Preoperative Intraluminal Application of Capsaicin 
Increases Postoperative Gastric and Colonic 
Motility in Rats 
Tilman T. Zittel, M.D., Tobias Meile, C.M., Andreas Huge, Ph.D., Martin E. Kreis, M.D., 
Horst D. Becket, M.D., Ekkehard C. Jehle, M.D. 

In a model to investigate postoperative gastrointestinal motility with strain gauge transducers in awake 
rats, we tested the effects ofintraluminal capsaicin infusion into the cecum 2 days or 14 days prior to ab- 
dominal surgery. Acute infusion of capsaicin into the cecum for 30 minutes increased the gastric, small in- 
testinal, and colonic motility index by up to 115%, 34%, and 59%, respectively, compared to vehicle in- 
fusion. Intraluminal capsaicin infusion 2 days prior to abdominal surgery significantly increased the in- 
traoperative gastric and colonic motility index by 166% and 100%, respectively, compared to vehicle, 
but had no effect on small intestinal motility. The postoperative decrease in gastric or colonic motility was 
completely prevented by capsaicin pretreatment, representing a 73 % and a 72 % increase in the motility 
index during the first postoperative hour and a 40% and a 29% increase in the motility index during the 
second postoperative hour compared to vehicle, whereas the postoperative decrease in small intestinal 
motility was not altered by capsaicin pretreatment. In contrast, intraluminal capsaicin infusion 14 days 
prior to abdominal surgery had no effect on postoperative inhibition of gastrointestinal motility. Our re- 
suits suggest that capsaicin-sensitive visceral afferent C-fibers, presumably of the submucosa, play an im- 
portant role in mediating postoperative ileus. Intraluminal capsaicin does probably ablate these nerve 
fibers temporarily, with no systemic side effects observed with the use of the tail flick test as a measure of 
skin nociception. (J GASTROINTEST SURG 2001 ;5:503-513.) 

KEY WORDS: Postoperative ileus, visceral afferent nerve fibers, capsaicin, gastric motility, small intestinal 
motility, colonic motility 

Postoperative inhibition of gastrointestinal motil- 
ity, so-called postoperative ileus, is induced by lapa- 
rotomy and intra-abdominal procedures. The  tran- 
sient inhibition of  gatrointestinal motility, occurring 
in humans mainly in the stomach and the colon may 
last for several days and can considerably contribute 
to a patient's postoperative discomfort. Oral food in- 
take may be delayed until postoperative ileus has re- 
solved, and prolonged nasogastric suction or, in rare 
cases, even relaparotomy becomes necessary. 1,2 The 
expenses incurred by postoperative ileus in the United 
States have been estimated at $1500 per patient, or 
$750,000,000 annually. 3 

There is evidence that postoperative ileus is a mul- 
tifactorial event, since several neurotransmitters or 

neuropeptides have been shown to contribute to post- 
operative ileus. 4-8 Recent studies suggest that surgical 
manipulation of the gut elicits an inflammatory re- 
sponse in the gut wall, which leads to dysfunction of  
gastrointestinal smooth muscle cells. 9 

We have previously shown that visceral afferent 
nerve fibers and the neuropeptides contained within 
them contribute to postoperative inhibition of gas- 
trointestinal motility. Ablation of afferent sympathetic 
nerve fibers in the celiac/superior mesenteric ganglia 
by topical capsaicin treatment hastened recovery from 
postoperative gastric and colonic ileus in these stud- 
ies. 1°,11 Intraoperative topical treatment of  sympa- 
thetic nerve fibers is possible but has not yet been in- 
vestigated in humans as a means of treating postop- 
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erative ileus. However, if postoperative ileus develops 
once the abdomen is dosed, topical treatment of sym- 
pathetic nerve fibers is no longer feasible. As we have 
shown that enteroenteric inhibitory reflexes can be ab- 
lated by intraluminal capsaicin and recover in days, 12 
intraluminal capsaicin treatment might be an alterna- 
tive. A specific capsaicin receptor has been identified, 13 
and orally effective capsaicin analogues have already 
been described. 14 We therefore investigated the effects 
of intraluminal capsaicin treatment on postoperative 
contractile activity utilizing a recently developed strain 
gauge transducer model to record gastrointestinal 
motility in awake rats. With this model, the postoper- 
ative changes in contractile activity of the stomach, the 
small intestine, or the colon can be used as a measure 
of postoperative ileus.15 

METHODS 
Animals 

Experiments were performed on male Sprague- 
Dawley rats (Charles River, Kisslegg, Germany) 
weighing 280 to 320 g. Rats were housed under con- 
ditions of controlled temperature (22 ° C) and 12-hour 
light-dark cycles. The institutional guidelines for the 
care and use of laboratory animals were followed 
throughout the study, and the research protocol was 
approved by the local animal research committee. 
Rats were fasted for 16 hours before the experiments 
but were allowed free access to water. 

Strain Gauge Transducers 

The strain gauge transducer technique has been 
described by us previously. 15 In brief, two miniature 
strain gauge transducers (type EA-06-062 DN-350 E; 
Measurements Group, Raleigh, N.C., final size 3 5< 4 
ram) were glued together with tetrahydrofuran (M- 
Bond 610-E, Measurements Group). Insulated cop- 
per wires (0.127 mm diameter, Measurements Group) 
were soldered to the transducers and coated with 
epoxy resin (M-Bond 43 B-E, Measurements Group). 
The strain gauge transducers were immersed in sili- 
cone paste (Wacker, Miinchen, Germany), placed be- 
tween two reinforced silicone sheets (0.178 mm; Silas- 
tic, Dow Coming, Midland, Mich.), hardened for 24 
hours in a mold, and trimmed to their final size of 4 × 
6 ram. 

Implantation of Strain Gauge Transducers 

Rats were anesthetized by intraperitoneal injection 
of ketamine (Ketanest, 100 mg/kg; Parke-Davis, 
Berlin, Germany) and xylazine (Rompun, 15 mg/kg; 

Bayer, Leverkusen, Germany), and the gastrointesti- 
nal tract was exposed by a midline laparotomy. Strain 
gauge transducers were sutured with 8-0 silk (Braun- 
Dexon, Melsungen, Germany), in parallel with the 
circular muscle layer, to one of the following: (1) the 
gastric corpus, (2) the proximal jejunum, or (3) the 
right colonic and the left colonic flexure, beginning 
10 cm distal to the ligament of Treitz. At the jejunum, 
the three strain gauges were placed 5 cm apart from 
each other. The  copper wires of the strain gauge 
transducers were exteriorized between the shoulder 
blades. In addition, a polyethylene catheter (inner di- 
ameter = 0.40 mm, outer diameter = 0.80 mm; Pro- 
rex Limited, Hythe, U.K.) was implanted into the ce- 
cum and exteriorized between the shoulder blades, as 
described previously for the duodenum. 12 Rats recov- 
ered from the procedures within hours as indicated by 
normal feeding and grooming behavior. No body 
weight loss was observed until the start of the post- 
operative study, which was performed 3 days later. 

Gastrointestinal Motility Recording 
and Data Analysis 

During the recovery period after implantation of 
the strain gauge transducers, and prior to the start of 
experiments, rats were accustomed to light restraint 
cages (Bollman cages) in training sessions. On the day 
of the experiments, rats were placed in the Bollman 
cages and the strain gauge transducer wires were con- 
nected to a wheatstone bridge (2100 System, Mea- 
surements Group). The signals were simultaneously 
recorded by a personal computer with an A/D board 
(AD12-16(PC)E; Contec Microelectronics, San Jose, 
Calif.) and a multichannel data acquisition recorder 
(BD 300; Kipp & Zonen, Delft, The Netherlands). 

Signal analysis was done with the help of dedicated 
software (Intestinal Data Acquisition and Analysis, 
version 3.40.15; Standard Instruments, Karlsruhe, 
Germany), calculating the area under the curve 
(motility index), the contraction frequency, the mean 
contraction amplitude, and the mean area under the 
contraction amplitude. The appearance of giant con- 
tractions in the colon was evaluated visually. Baseline 
motility was analyzed in 5-minute segments, and the 
average of six segments (=30 minutes) was set as 
100%. Intraoperative and postoperative motility was 
analyzed in 5-minute segments as well, and the aver- 
age of three time segments (= 15 minutes) was com- 
pared to preoperative motility, with each animal serv- 
ing as its own control. Contraction frequency was an- 
alyzed in 5-minute segments as well. For each time 
segment of 30 minutes, the average of six 5-minute 
segments was calculated. 
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Effects o f  Capsaicin In fus ion  I n t o  the  C e c u m  
on Gast ro in tes t ina l  Mot i l i ty  

Rats were placed in Bollman cages and baseline 
motility was recorded for 30 minutes. Then capsaicin 
(Sigma Chemical, Steinheim, Germany), dissolved in 
dimethyl sulfoxide (DMSO, 5%; Sigma Chemical), 
Tween 80 (5%, Sigma Chemical), and NaC1 0.15 
mol/L (90%), was infused into the cecum at a con- 
centration of 600 i~mol/L and a rate of 0.2 ml/min for 
30 minutes (total volume 6 ml), correlating to a total 
dose of 3.6 ~mol (1.099 rag), as described previously 
for the duodenum, n Control experiments consisted 
of vehicle infusion (DMSO, 5%; Tween 80, 5%; and 
NaCI 0.15 tool/L, 90%) at a rate of 0.2 ml/min for 30 
minutes (total volume 6 nil). Gastrointestinal motility 
was recorded during capsaicin or vehicle infusion and 
for 120 minutes thereafter. 

Pos topera t ive  Gas t ro in tes t ina l  Mot i l i ty  2 Days 
After  Capsaicin In fus ion  In to  the  Cecum 

Two days after capsaicin infusion, baseline gastric, 
small intestinal, or colonic motility was recorded for 
30 minutes. Rats were then anesthetized in an enflu- 
rane-filled bowl and kept under continuous anesthesia 
by means of enflurane (5 % volume/volume). Abdom- 
inal surgery was simulated by a laparotomy with gen- 
tle manipulation of the cecum for 5 minutes. The ce- 
cum was returned to the abdominal cavity and the 
midline incision was closed with running sutures; the 
entire procedure lasted no longer than 15 minutes. 
Rats were placed in the Bollman cages again, and gas- 
trointestinal motility was recorded for another 120 
minutes. 

Postoperative Gastr ic  and Colon ic  Mot i l i ty  14 
Days After  Capsaicin In fus ion  I n t o  the  Cecum 

Rats were anesthetized by means ofintraperitoneal 
injection of ketamine (Ketanest, 100 mg/kg) and xy- 
lazine (Rompun, 15 mg/kg). After laparotomy, cap- 
saicin was infused into the cecum via a cannula at a 
concentration of 600 Ixmol/L and a rate of 0.2 ml/min 
for 30 minutes (total volume 6 ml), corresponding to 
a total dose of 3.6 ~mol (1.099 rag). The abdomen 
was closed with running sutures and the rats were al- 
lowed to recover for 12 days. Three strain gauge 
transducers were then implanted on the gastric cor- 
pus and the right and left colonic flexure as described 
earlier. Rats were allowed to recover for 2 days, after 
which they were placed in Bollman cages, and base- 
line gastric and colonic motility was recorded for 30 
minutes. Under enflurane anesthesia, abdominal sur- 
gery was simulated by laparotomy and cecal manipu- 

lation for 5 minutes as described earlier. Gastrointes- 
final motility was recorded during abdominal surgery 
and for 120 minutes thereafter. 

Tail Flick Tes t  

To investigate whether capsaicin produced any sys- 
temic effects on nociception, the tail flick test as a 
measure of skin nociception was performed before and 
2 days after intraluminal (see above) or intraperitoneal 
(1 p~mol/kg) capsaicin application. Rats were placed in 
the Bollman cages, and their tails were put into hot 
water (50 ° C). The reaction time until the rat with- 
drew its tail was measured with a stopwatch 10 times, 
with pauses of 2 minutes between each test. For each 
animal, the average of all 10 tests was calculated. 16,17 

Statistical Analysis 

Data are presented as mean + standard error of the 
mean (SEM). Differences between capsaicin and ve- 
hicle treatment or between baseline motility and sub- 
sequent motility segments were determined by one- 
way analysis of variance (ANOVA), followed by 
Dunn's test, which corrects for multiple comparisons. 
A probability level of P <0.05 was taken as significant. 

RESULTS 
Effects o f  Capsaicin Infus ion  In to  the  Cecum 
on Gastro in tes t ina l  Moti l i ty  

Capsaicin infusion into the cecum significantly in- 
creased gastric, small intestinal, and colonic motility. 
The maximum increase in the motility index, com- 
pared to baseline values and analyzed at 15-minute in- 
tervals, was 115% for the stomach, 34% for the small 
intestine, and 59% for the colon. While colonic 
motility was increased during capsaicin infusion only, 
gastric and small intestinal motility showed a delayed 
but continuous increase for at least 120 rain (Figs. 1, 
2, and 3). Capsaicin infusion did not cause any no- 
ticeable harm to the animals, and food intake, stool 
pellet output, and body weight on the following days 
were unchanged compared to vehicle-treated rats 
(data not shown). 

Effects o f  Capsaicin In fus ion  In to  the  Cecum 
on Gastrointestinal Contraction Frequency 

Gastric contraction frequency was significantly in- 
creased during capsaicin infusion into the cecum but 
not thereafter, whereas small intestinal contraction 
frequency showed a delayed increase 2 hours after 
capsaicin infusion into the cecum. Colonic contrac- 
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Fig.  1. Capsaicin infusion into the cecum (n = 5) significantly increased gastric motil i ty approximately 
45 minutes after the start of  capsaicin infusion compared to baseline values, whereas vehicle infusion 
(n = 5) had no effect. # = P <0.05 vs. baseline. 
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Fig.  2. Capsaicin infusion into the cecum (n = 5) significantly increased small intestinal moti l i ty ap- 
proximately 45 minutes after the start of capsaicin infusion compared to baseline values, whereas vehi- 
cle infusion (n = 5) had no effect. # = P <0.05 vs. baseline. 
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Fig.  3. Capsaicin infusion into the cecum (n = 5) significantly increased colonic motili ty during capsaicin 
infusion compared to baseline values, but  not  thereafter. Vehicle infusion (n = 5) had no effect. # = P 
<0.05 vs. baseline. 
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tion frequency did not show any changes during or 
after capsaicin infusion (Table I). 

Postoperative Gastrointestinal Motility 2 Days 
After Capsaicin Infusion Into the Cecum 

Capsaicin treatment 2 days prior to abdominal 
surgery significantly increased intraoperative and 
postoperative gastric and colonic motility compared 
to vehicle, but had no effect on small intestinal 
motility. After capsaicin pretreatment, the gastric 
motility index increased by 73% during the first 
postoperative hour and by 40% during the second 
postoperative hour compared to vehicle pretreat- 
ment, whereas the colonic motility index increased 
by 72% during the first postoperative hour and by 

29% during the second postoperative hour com- 
pared to vehicle pretreatment. Further, gastric or 
colonic baseline motility levels were reached in the 
first postoperative recording segment in capsaicin- 
treated rats, indicating immediate postoperative re- 
covery of gastric or colonic contractile activity (Figs. 
4, 5, 6, and 7). 

Postoperative Gastrointestinal Contraction 
Frequency 2 Days After Capsaicin Infusion 
Into the Cecum 

We observed significant changes in contraction fre- 
quency 2 days after capsaicin treatment compared to 
vehicle treatment. The contraction frequency of the 
stomach and the small intestine was increased by 9% 

T a b l e  I .  A c u t e  effects  o f  capsa ic in  in fus ion  in to  t he  c e c u m  o n  gas t ro in te s t ina l  c o n t r a c t i o n  f r equency*  

Stomach Small intestine Colon 
Time 
(min) Vehicle Capsaicin Vehicle Capsaicin Vehicle Capsaicin 

0-30 30.5 ± 1.0 30.0 ± 0.5 111 ± 2.9 117 --_ 2.4 6.0 ± 0.3 7.0 ± 0.2 
30-60 31.5 ± 0.7 36.0 --+ 1.0" 113 --- 2.6 113 - 2.6 7.0 --_ 0.3 7.0 --- 0.2 
60-90 35.5 +_ 1.1 29.5 +- 0.8 109 --- 2.3 121 _+ 2.2 8.0 ± 0.3 7.0 ± 0.2 
90-120 32.0 --_ 0.9 30.5 --- 0.9 110 ± 2.8 125 ± 2.l  7.0 --- 0.3 7.0 ± 0.2 

120-150 34.5 -_+ 0.8 30.5 _+ 0.7 110 ± 2.1 122 ± 2.1 8.0 --- 0.2 7.0 ± 0.2 
150-180 33.0 + 0.7 30.0 __+ 0.5 115 ± 2.1 129 ± 2.0* 7.0 --- 0.3 6.0 ± 0.2 

*Motility was recorded under baseline conditions (0 to 30 minutes), followed by capsaicin infusion (30 to 60 minutes). After capsaicin infusion, 
motility was recorded for another 120 minutes (60 to 180 minutes). Capsaicin infusion significandy increased the frequency of gastric and small 
intestinal contractions compared to baseline values, whereas it had no effect on the frequency of colonic contractions. Frequency is given as con- 
tractions per 5 minutes. For each time segment of 30 minutes, the average of six 5-minute segments was calculated. 
*P <0.01 vs. vehicle. 
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and by 10%, respectively, whereas no changes were 
observed in the colon (Table II). 

Contraction frequency was difficult to analyze dur- 
ing abdominal surgery because of the very irregular 
contraction patterns. Quite often it could not be de- 
termined, either by computer program analysis or by 
visual analysis, whether or not a slight increase in the 
motility curve was representative of a contraction. We 
therefore waived analysis of contraction frequency 
during abdominal surgery. 

Capsaicin treatment prior to abdominal surgery 
significantly increased baseline gastric and small in- 
testinal contraction frequency, but only small intesti- 
nal contraction frequency was increased postopera- 

tively compared to vehicle treatment. Colonic con- 
traction frequency was unchanged by capsaicin treat- 
ment (see Table II). 

Postoperative Gastric and Colonic Motility 14 
Days After Capsaicin Infusion Into the Cecum 

Capsaicin infusion into the cecum 14 days prior to 
abdominal surgery did not affect recovery of postoper- 
ative gastric or colonic motility. Motility remained sig- 
nificantly decreased compared to baseline motility 
throughout the recording period (Fig. 8). Postoperative 
small intestinal motility 14 days after capsaicin infusion 
into the cecum was not investigated, since capsaicin in- 

Table IL Effects of intraluminal capsaicin infusion into the cecum 2 days prior to abdominal surgery on 
postoperative gastrointestinal contraction frequency* 

Stomach Small intestine Colon 
Time 
(min) Vehicle Capsaicin Vehicle Capsaicin Vehicle Capsaicin 

0-30 31.5 -+ 1.5 34.5 -+ 0.91 117 _+ 2.0 129 -+ 1.8t  9.0 -+ 0.3 8.0 _+ 0.4 
30-45 N A  N A  N A  N A  N A  N A  
45-75 28.0 _+ 1.5 33.0 -+ 1.4 83 + 2.9 76 + 2.7 8.0 _+ 0.4 8.0 _+ 0.3 
75-105 26.0 -+ 1.2 28.0 _+ 0.7 76 + 3.6 85 + 2.3 8.0 _+ 0.3 8.0 --+ 0.3 

105-135 27.0 + 1.2 28.0 _+ 0.5 64 _ 3.8 74 -+ 2.2qt 7.0 + 0.4 7.0 + 0.3 
135-165 29.0 _+ 1.3 30.0 -+ 0.7 54 _+ 4.3 79 + 2.3qt 7.0 _+ 0.3 6.0 _+ 0.3 

NA = not analyzed. 
*Motility was recorded under baseline conditions (0 to  30 minutes), followed by abdominal surgery under enflurane anesthesia (30 to  45 minutes). 
Postoperative motility was recorded for another 120 minutes (45 to 165 minutes). Capsaicin treatment significantly increased the frequency of gas- 
tric and small intestinal contractions compared to baseline values but had no effect on the frequency of colonic contractions. Postoperatively cap- 
saicin treatment significantly increased the frequency of small intestinal contractions compared to vehicle treatment, whereas it had no effect on the 
frequency of gastric or colonic contractions. Frequency is given as contractions per 5 minutes. For each time segment of 30 minutes, the average of 
six 5-minute segments was calculated. Frequency ofintraoperative contractions was not analyzed because of the very irregular contraction patterns, 
i P  <0.01 vs. baseline contraction frequency prior to capsaicin infusion into the cecum (0 to 30 minutes; Table I). 
~tp <0.01 vs. vehicle. 
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fusion into the cecum 2 days prior to abdominal surgery 
had no effect on postoperative small intestinal motility. 

Tai l  F l ick  T e s t  

Intraperitoneal capsaicin injection at a dosage of 1 
~mol /kg (0.305 mg/kg), corresponding to approxi- 
mately 0.3 ~mol (0.102 mg) of capsaicin per rat, sig- 
nificantly increased the tail withdrawal time during 
the tail flick test. In contrast, intraluminal capsaicin 
application of 3.6 ~mol per rat (~12 Ixmol/kg; 1.099 
mg) or vehicle did not  increase the tail withdrawal 
time (Fig. 9). 

D I S C U S S I O N  

Capsaicin is the pungent substance in red peppers 
of the genus Capsicum. W h e n  given either systemi- 
cally or locally, it produces a functional ablation of 
neurons with primary afferent C-fibers by depleting 
the terminal fields of these neurons of its neuropep- 
tides, such as substance P or calcitonin gene-related 
peptide (CGRP). 18,19 When  capsaicin is given system- 
ically by intravenous, subcutaneous, or intraperitoneal 
injection, primary afferent C-fibers are permanently 
ablated, the threshold dose being estimated between 5 
and 15 mg/kg. 18 After systemic capsaicin application, 
high tissue levels have been observed in the brain, the 
spinal cord, and intra-abdominal organs. 2° In contrast, 
after gastric perfusion with capsaicin, only small 
amounts of capsaicin were detected in the gastric mu- 
cosa, and almost nothing in the gastric muscle layer. 21 
Although it has been shown that capsaicin can be ab- 
sorbed from the gastrointestinal tract, it is degraded 

immediately in the liver, and less than 5 % appears in 
the circulation. 22 

In immunohistologic studies, intraintestinal cap- 
saicin treatment in adult rats transiently reduced sub- 
mucosal CGRP and, to a minor  extent, submucosal 
substance P, with rapid restoration of CGRP or sub- 
stance P content within days. No  such changes were 
observed in the myenteric  plexus. 23 Since we have 
previously shown that CGRP and capsaicin-sensitive 
visceral afferent nerve fibers play an important role in 
mediating postoperative gastric and colonic ileus, 1°,11 
and others have shown an important role for CGRP 
in postoperative small intestinal ileus, 24 we investi- 
gated whether intraluminal capsaicin is able to reduce 
postoperative ileus. 

Acute infusion of capsaicin into the cecum induced 
a delayed, long-lasting increase in gastric or small in- 
testinal motility. Capsaicin can either stimulate or re- 
lax gastric corpus smooth muscle cells, depending on 
the dosage applied. 25 The  stimulatory component  can 
be blocked by tachykinin antagonists, indicating sub- 
stance P involvement, whereas the inhibitory compo- 
nent  might be CGRP mediated, as CGRP has been 
shown to inhibit gastric smooth muscle cells. 26 How- 
ever, because capsaicin was infused into the cecum, a 
direct capsaicin effect is unlikely. Rather, capsaicin 
stimulated afferent C-fibers in the cecal submucosa, 
which in turn stimulated gastric and small intestinal 
motility. Capsaicin infusion into the cecum also in- 
duced a temporary increase in colonic motility, which 
subsided once the capsaicin infusion was stopped. As 
for the stomach, capsaicin has been shown to induce 
stimulatory and inhibitory effects on colonic smooth 
muscle strips. 27 Possibly the increase in colonic motil- 
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ity observed during capsaicin infusion was the net ef- 
fect of submucosal substance P and CGRP release, 
since intraluminal capsaicin would be expected to re- 
lease submucosal CGRP and substance p23 

Laparotomy with gentle manipulation of the ce- 
cum is an established model for inducing postopera- 
tive ileus in rats, 28-3° possibly because of the rich sen- 
sory innervation of the cecum in rats. 31 Since pre- 
sumably most of the operative trauma in our model 
occurred in the cecum, we applied capsaicin here in 
order to ablate submucosal CGRP fibers. 23 Thus we 
tried to evaluate the role of capsaicin-sensitive sub- 
mucosal visceral afferent C-fibers in mediating post- 
operative ileus. 

Abdominal surgery decreased gastric and colonic 
motility by approximately 83% and 75% in vehicle- 
treated rats, which is no different from what was 
found in untreated rats, as previously described. 1s,32 
In contrast, in capsaicin-treated rats, intraoperative 
gastric or colonic motility was decreased by only 
about 52% and 50%, representing motility increases 
of 166% and 100%, respectively, compared to vehi- 
cle-treated rats. Intraoperative inhibition of gastric or 
colon motility could not be prevented completely by 
capsaicin pretreatment. However, intraluminal cap- 
saicin treatment would not be expected to have any 
effect on enflurane anesthesia, skin incision, or ab- 
dominal muscle layer incision, all of which have been 
shown to inhibit gastrointestinal motility as well. 15,33,34 

Capsaicin treatment completely prevented postop- 
erative inhibition of gastric and colonic moti l i~ indi- 
cating immediate postoperative recovery of contrac- 
tile activity. For the first time we provide evidence that 
intraluminal capsaicin treatment is able to abolish 
postoperative inhibition of gastric and colonic motility. 
Since little or none of the intraluminal capsaicin ap- 
plied 2 days prior to abdominal surgery is absorbed be- 
yond the submucosal layer, 21,22 it is likely that cap- 
saicin's effects on postoperative motility were medi- 
ated via the ablation of submucosal afferent nerve 
fibers. Our data suggest that capsaicin-sensitive sub- 
mucosal visceral afferent nerve fibers play an impor- 
tant role in mediating postoperative ileus. Since cap- 
saicin treatment into the cecum did not prevent post- 
operative inhibition of small intestinal motility, differ- 
ent pathways for the small intestine must be assumed. 
Intestino-intestinal inhibitory reflex pathways have 
been repeatedly shown to be mediated by capsaicin- 
sensitive afferent n e r v e  f ibers .  12,35,36 It is conceivable 
that these reflex pathways are activated by abdominal 
surgery and contribute to postoperative ileus, l°,H Pos- 
sibly activation of these pathways can be prevented by 
intraluminal capsaicin treatment. 

There is recent evidence that abdominal surgery 
induces an inflammatory response in the gut wall, 

thereby impairing gut smooth muscle cell function. 9 
Visceral afferent nerve fibers might participate in this 
inflammatory response, since immune cells and affer- 
ent nerve fibers are known to interact in the gut 
wall. 37 Since capsaicin treatment has been shown to 
prevent neurogenic inflammation, 38,39 it is conceivable 
that intraluminal capsaicin treatment prior to abdom- 
inal surgery might inhibit the inflammatory response 
observed in the gut wall postoperatively, thereby im- 
proving postoperative recovery of smooth muscle cell 
function. 

When applying capsaicin, the possibility of perma- 
nent nerve damages must be taken into consideration. 
We therefore tested whether intraluminal capsaicin 
treatment had long-lasting effects on postoperative 
gastric or colonic motility. However, the beneficial ef- 
fects detected 2 days after intraluminal capsaicin treat- 
ment were no longer present after 14 days, indicating 
that afferent nerve fibers in the gut wall had probably 
recovered. As mentioned earlier, this is in agreement 
with studies showing recovery of neuropeptide con- 
tent ofsubmucosal nerve fibers after intraluminal cap- 
saicin treatment within days. 23 Similarly, intestino- 
intestinal inhibitory reflex pathways ablated by intra- 
luminal capsaicin treatment have been shown to com- 
pletely recover within 18 days.  12 Obviously it is pos- 
sible to temporarily ablate visceral afferent C-fibers 
that play an important role in the mediation of post- 
operative ileus. 

We also investigated whether intraluminal cap- 
saicin treatment caused alterations of nociception by 
testing skin nociception with the tail flick test. In our 
study, intraluminal capsaicin treatment did not influ- 
ence skin nociception, suggesting that no afferent 
nerve fiber ablation outside the gut wall occurred. In 
contrast, intraperitoneal injection of a considerably 
lower capsaicin dose significantly delayed the reaction 
time in the tail flick test, indicating ablation of affer- 
ent skin nerve fibers. Probably capsaicin was absorbed 
via the peritoneum, and thus was able to act systemi- 
cally. In contrast, intraluminal capsaicin treatment 
does not seem to induce any systemic afferent nerve 
fiber ablation, although more detailed studies would 
be necessary to definitively exclude this. 

In summary, our data suggest a new pathway for the 
mediation of postoperative ileus, since the involve- 
ment of capsaicin-sensitive submucosal visceral af- 
ferent nerve fibers has not been shown before. Post- 
operative nociception and postoperative ileus are 
probably interrelated, since both are mediated via af- 
ferent C-fibers and the neuropeptides contained 
within them--namely, substance P and CGRP. 1°,11,4°-42 
Capsaicin treatment of nociception in hyperalgesic 
states has already been tried successfully in humans, 43 
and it is conceivable that capsaicin or newly developed 
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capsaicin analogues might be used to treat postopera- 
tive ileus in the future. 14,41,43 
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Myenteric Plexus in Spastic Motility Disorders 
J.K. Champion, M.D., Nissa Delisle, R.N., Tracey Hunt, R.N. 

Previous studies have often revealed an absence or reduction of ganglia in Auerbach's plexus in many pa- 
tients with achalasia, which has been postulated to be related to the elevated lower esophageal sphincter 
pressure in these patients. We undertook a prospective study to determine whether microscopic changes 
were present in the myenteric plexus of patients with hypertensive lower esophageal sphincter, nutcracker 
esophagus, and diffuse esophageal spasm and if there was a correlation with lower esophageal sphincter 
pressure. Nine patients (3 men and 6 women; ages 49 to 72 years, mean 58 years) underwent a laparo- 
scopic esophagomyotomy with fundoplication for symptomatic spastic motility disorder. A 10 mm × 5 mm 
segment of esophageal muscle was removed from the border of the myotomy incision, fixed in formalin, 
and examined under light microscopy for the presence or absence of ganglia and inflammation. Corre- 
lation between the presence of ganglia and lower esophageal sphincter pressure was tested by Pearson's 
bivariant correlation. Manometry revealed three patients with hypertensive lower esophageal sphincter, 
four patients with nutcracker esophagus, and two patients with diffuse esophageal spasm. All three pa- 
tients with a hypertensive lower esophageal sphincter revealed an absence of ganglia, whereas the six pa- 
tients with nutcracker esophagus and diffuse esophageal spasm exhibited ganglia despite an elevated lower 
esophageal sphincter pressure in four. Hypertensive lower esophageal sphincter resembled achalasia in its 
absence of ganglia in Auerbach's plexus, whereas nutcracker esophagus and diffuse esophageal spasm ex- 
hibited ganglia. There was no significant correlation in our series between the presence of ganglia and an 
elevated lower esophageal sphincter pressure in spastic motility disorders. (J GASTROINTEST SURG 
2001;5:514-516.) 

KEY WORDS: Manometry, histology, esophageal motility disorders, Auerbach's plexus, myotomy 

The primary esophageal motility disorders of acha- 
lasia, nutcracker esophagus, diffuse esophageal spasm 
(DES), and hypertensive lower esophageal sphincter 
(LES) are characterized by spastic motor disturbance 
on manometry, which results in dysphagia or chest 
pain. 1 Previous histologic studies have focused pri- 
marily on achalasia and have often demonstrated an 
absence or reduction of ganglia in Auerbach's plexus, 
which may be associated with inflammatory cells. 2-5 
The resultant denervation and loss of postganglionic 
nerve fibers have been postulated to be related to the 
hypertensive or nonrelaxing LES, which may be pres- 
ent in this disorder. 6 A few studies included histologic 
examination of DES and noted no alternation in gan- 
glion; however, patients with an elevated LES pressure 
were excluded. 4,7 Patients with nutcracker esophagus 
and DES may also demonstrate an elevation in LES 
pressure or a nonrelaxing LES, making distinct char- 
acterization of primary motility disorders difficult.l 

The  purpose of this prospective study was to de- 
termine whether ganglia were present or absent in the 
myenteric plexus in patients with hypertensive LES, 
nutcracker esophagus, and DES, and if there was a 
correlation with LES pressure. 

MATERIAL A N D  M E T H O D S  

Nine patients (3 men and 6 women; ages 49 to 72 
years, mean 5 8 years) were included in this study. All 
were symptomatic with dysphagia or chest pain that 
had been managed unsuccessfully with conservative 
medical treatment. 

Preoperative evaluation included esophagogas- 
troscopy and manometry. Manometric studies were 
performed with a three-channel solid-state catheter us- 
ing a 1 cm station pull-through technique to localize 
and measure the LES. Body motility was assessed with 
a catheter positioned 3 cm above the LES utilizing 10 
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wet swallows. Normal LES pressure in our laboratory 
is 18 to 35 mm Hg. Primary motility disorders were 
characterized by criteria established by Castell and 
Castell. 1 Achalasia was required to demonstrate absent 
esophageal body peristalsis, and some patients may 
have incomplete LES relaxation or a hypertensive 
LES. DES was required to demonstrate greater than 
20% simultaneous contractions with intermittent nor- 
mal peristalsis, and some patients may have incomplete 
relaxation of the LES or elevated LES pressure, with 
repetitive, prolonged, or high-amplitude contractions. 
Patients with nutcracker esophagus demonstrated 
high-amplitude peristaltic waves of at least 180 mm, 
with normal progression, which may be of prolonged 
duration. Hypertensive LES is characterized by a rest- 
ing LES pressure above 45 mm Hg with normal peri- 
stalsis, and patients may have abnormal LES relaxation. 

All patients underwent a laparoscopic esophagomy- 
otomy and fundoplication. The myotomy was 6 cm 
in length and extended across the gastroesophageal 
junction. After completion of the myotomy, a 10 mm 
× 5 mm segment of longitudinal and circular esopha- 
geal muscle was incised from the lower border of the 
esophageal incision. 

The tissue was fixed in formalin, stained with hema- 
toxylin and eosin, and examined under a microscope 
for ganglia and inflammatory cells. A correlation be- 
tween the presence of ganglia and elevated LES pres- 
sure was tested by Pearson's bivariant correlation. 

R E S U L T S  

Preoperative manometry revealed three patients 
with hypertensive LES (LES pressure 57, 55, and 55 
mm Hg, respectively; mean 56 mm Hg), four patients 
with nutcracker esophagus (LES pressure 65, 45, 47, 
and 37 mm Hg; mean 46 mm Hg), and two patients 
with DES (LES pressure 50 and 27; mean 47 mm Hg). 

All three patients with hypertensive LES revealed 
an absence of ganglia, whereas the six patients with 
nutcracker esophagus and DES exhibited ganglia de- 
spite an elevated LES pressure in four. One patient 
with nutcracker esophagus and one with DES had a 
normal LES pressure. None of the patients demon- 
strated inflammatory cells. 

There was no correlation (P = 0.32) between the 
presence of ganglia and elevated LES pressure. 

D I S C U S S I O N  

The etiology of primary motility disorders is un- 
known. Previous reports of the ultrastructure of the 
esophageal muscle in achalasia and DES have revealed 
no alteration in the smooth muscle fibers other than 
hyperplasia and have excluded a primary myopathy. 4 

The focus in achalasia has been on a neurogenic etiol- 
ogy because of the reduction or absence of ganglia, 
which may be demonstrated in the myenteric plexus, 
and fine structural changes in the vagus n e r v e s .  2,3 

More recently the number of ganglion cells and de- 
gree of inflammation or fibrosis are believed to change 
with the stage of achalasia. 5 The hypertensive or non- 
relaxing LES in achalasia has been attributed to Can- 
non's law of denervation with a sphincter that is highly 
sensitive to cholinergic drugs. 3 Relaxation of the LES 
from its resting tonic state occurs with the activation of 
postganglionic inhibitory neurons by an unknown 
neurotransmitter. With the loss of ganglion cells in the 
myenteric plexus and degeneration of postganglionic 
nerve fibers, a hypertensive LES should occur. Histo- 
logic studies, however, have demonstrated no correla- 
tion between LES pressure and absence or decrease of 
ganglion cells in achalasia. 3 

Our study confirms the observations of others that 
no histologic abnormalities are demonstrated in 
DES. 4,7 In addition, we documented the presence of 
ganglion cells and the absence of inflammation in nut- 
cracker esophagus. The presence of ganglion cells in 
the four patients with nutcracker esophagus and one 
DES patient with elevated LES pressure raises addi- 
tional questions about the etiology of the sphincter 
dysfunction. The rhere presence or absence of gan- 
glion cells is unrelated to LES pressure in any of the 
spastic primary motility disorders in our study. Other 
factors must be active in regulating sphincter tone. 
There may be qualitative changes in the innervation, 
or regulatory peptides may assume a more important 
role than is recognized at present. Recent research 
suggests that nitric oxide and vasoactive intestinal 
polypeptides may serve as regulators of LES tone. 5 

The association of an elevated LES pressure in pa- 
tients with nutcracker esophagus or DES is not char- 
acteristic of these spastic motility disorders, but it was 
important to include this subset in our study since it 
was excluded previously. 4,7 Of 968 patients who pre- 
sented to our laboratory for evaluation of gastroesoph- 
ageal reflux disease, 174 (18%) demonstrated a primary 
motility disorder and 78 (45%) underwent a surgical 
myotomy for intractable dysphagia or chest pain of 8 
years' duration on average. Of the 78 patients who un- 
derwent myotomy, 26 had nutcracker esophagus with 
42 % demonstrating an elevated LES pressure, and 13 
had DES with 23% demonstrating an elevated LES 
pressure. It is not surprising that this group would 
not respond to medical management and require sur- 
gical myotomy, making histologic examinations possi- 
ble. Of the nine patients in this study, eight (89%) have 
complete resolution of their dysphagia or chest pain at 
36 months. One patient had persistent chest pain for 
more than 6 weeks and underwent a 24-hour pH study, 



Journal of 
516 Champion et al. Gastrointestinal Surgery 

which was negative for reflux; the pain resolved with 
intermittent oral antispasmotic medication (amitripty- 
line, 10 mg three times a day). 

T h e  classification of abnormal manometr ic  pat- 
terns into distinct disorders can be difficult. Patterns 
can be transient and absent on a particular day, and 
have also been shown to evolve from one pattern to 
another over t ime)  ,6,8 The  distinct labels we place on 
spastic motility patterns may only represent different 
stages in the spectrum of one disorder rather than 
separate disorders. Histologic biopsies may help to 
further classify motility disorders. Our patients with 
nutcracker esophagus and DES exhibited ganglia, 
however, both nutcracker esophagus and DES have 
been reported on occasion to evolve to achalasia or to 
revert back to a normal pattern. 6,8 The  presence of 
ganglion cells on biopsy could indicate an earlier stage 
in the process, which may still be reversible. Achalasia 
and hypertensive LES share the histologic feature of 
absent ganglion cells but patients with a hypertensive 
LES have peristalsis and body motility is preserved. 
This raises the question of whether hypertensive LES 
is also a precursor to achalasia. To date we are not  
aware of any reports documenting a transition from 
hypertensive LES to achalasia on manometry. Further 
long-term follow-up will be required to determine 
whether a correlation exists. Absence of ganglia, how- 
ever, signifies a permanent change in the ultrastruc- 
ture of the esophagus, which is not reversible. 

C O N C L U S I O N  

Our study demonstrates a histologic change of ab- 
sence of ganglion cells in the myenteric plexus in pa- 

tients with a hypertensive LES, which resembles 
achalasia, whereas patients with nutcracker esophagus 
or DES did exhibit ganglia. There  was no significant 
correlation in our small series between the presence 
of ganglia and an elevated LES pressure in the spastic 
motility disorders of nutcracker esophagus, DES, and 
hypertensive lower esophageal sphincter, but future 
studies with larger numbers  of patients will be re- 
quired to further validate our findings. 
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Ileal Absorptive Adaptation to Jejunal Resection 
and Extrinsic Denervation: Implications 
for Living-Related Small Bowel Transplantation 
Gregory G. Tsiotos, M.D., Michael L. Kendrick, M.D., Karen Libsch, M.D., 
Kirk Bierens, B.A., Petra Lankisch, M.D., Judith A. Duenes, B.A., Michael G. SaT M.D. 

Net absorption of water, electrolytes, and simple nutrients decreases early after jejunoileal autotrans- 
plantation (extrinsic denervation) in a canine model but recovers toward normal by 8 weeks. However, the 
ability of the extrinsically denervated ileum to adapt after total jejunectomy, which would be relevant as 
a model of segmental small bowel transplantation, remains unknown. Two groups of five dogs each were 
studied before and 2 weeks and 12 weeks after 50% proximal enterectomy. A control group remained neu- 
rally intact, whereas the other group underwent extrinsic denervation (Ext Den) of the remaining ileum. 
Using a perfusion technique, net absorption of water, electrolytes, and five simple nutrients (glucose, 
arginine, glutamine, and oleic and taurocholic acids) was measured at the three time points. Ileal mor- 
phometry was also evaluated. All dogs developed diarrhea, which resolved by 12 weeks in all but two of 
the Ext Den dogs. Weight in both groups was decreased at 2 weeks (P <0.05), returned to normal at 12 
weeks in control dogs, but remained low in Ext Den dogs (P <0.05). Maximal weight loss was greater in 
the Ext Den group (P <0.05). No consistent or important differences in net absorptive fluxes of water, 
electrolytes, or simple nutrients were noted either within or between groups at any time point. Villous 
height, crypt depth, and longitudinal muscle width increased significantly at 12 weeks after jejunectomy 
in the Ext Den dogs, but not in the control dogs (P <0.05). Extrinsic denervation of the ileum results in 
persistent weight loss after proximal 50% enterectomy. Despite diarrhea, only minor changes in elec- 
trolyte absorption occur, and ileal net absorption of simple nutrients remains unaffected. The ileum of ex- 
trinsically denervated dogs undergoes a more prominent morphometric adaptation after jejunectomy. 
Extrinsic denervation necessitated by small bowel transplantation, independent of immune effects, does 
not appear to suppress the ileal adaptive response to maintain net absorption of water, electrolytes, and 
simple nutrients. (J GASTRO1NTEST SURG 2001;5:517-524.) 

KEY WORDS: Small bowel transplantation, extrinsic denervation, intestinal adaptation 

Small bowel transplantation has now become a 
clinical reality, 1 and the new frontier in small bowel 
transplantation may involve segmental grafts with the 
use of  living-related donors. 2 Several experimental 
studies in rats have shown the feasibility of segmental 
small bowel transplantation in maintaining nutrition 
and supporting growth. 3 The  concept of  segmental 
small bowel transplantation, aside from important im- 
munologic considerations, raises the question of the 
functional "adequacy" of  different regions of  trans- 

planted small bowel to support  the nutritional re- 
quirements of  the recipient. However, the regional 
ability of the transplanted (and thus extrinsically de- 
nervated) segment to adapt is not well described and 
may prove to be a factor that limits the potential of  
segmental transplants. 

Many factors modulate the intestinal adaptive re- 
sponse to resection, including luminal nutrients and 
fiber, pancreatobiliary secretions, circulating humoral 
agents such as hormones, growth factors, and puta- 
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tive regulatory peptides, and the anatomic region of 
the remaining gut .  4-9 The role of extrinsic innervation 
to the gut, which modulates absorption, motility, and 
other functions of the gut, may represent another im- 
portant factor in this adaptive response that has not 
been well investigated. 

The aim of this study was to determine the role of 
extrinsic innervation in the adaptive responses of the 
ileum in a large animal (canine) model of moderate 
short bowel syndrome. Our goals were of both physi- 
ologic interest (role of extrinsic innervation in modu- 
lating adaptation) and clinical relevance (does the 
ileum adapt well to transplantation). Our previous 
work showed that extrinsic denervation of the entire 
jejunoileum led to an impressive early diarrhea that 
eventually resolved 6 to 8 weeks postoperatively, l°,n 
suggesting an adaptive response. Moreover, extrinsic 
denervation decreased net absorption in both the je- 
junum and the ileum at 2 weeks after denervation. 12,13 
Our hypothesis was that the adaptive response to je- 
junal resection in the extrinsically denervated canine 
ileum would be blunted, and that early net absorptive 
function would be less efficient. Our experimental 
preparation of in situ neural isolation of the je- 
junoileum is a model of intestinal autotransplantation 
devoid of immune considerations and permits study of 
the enteric function of the extrinsically denervated gut. 

MATERIAL A N D  METHODS 
Overall Design 

Two groups of five dogs each were studied before 
and after 50% proximal small bowel resection. One 
group remained neurally intact (control), and the other 
group underwent extrinsic denervation of the remain- 
ing ileum (Ext Den). Both groups underwent baseline 
in vivo experiments of net ileal absorption of water, 
electrolytes, and five simple nutrients (glucose, argi- 
nine, glutamine, oleic acid, and taurocholate). After 
completing baseline studies, both groups underwent a 
50% proximal jejunoileal resection; in addition, the Ext 
Den group underwent complete extrinsic denervation 
of the remaining ileum. Thereafter both groups were 
restudied 2 weeks and 12 weeks postoperatively with 
identical experiments of absorption in vivo. 

Animal Prepara t ion  

Healthy female mongrel dogs weighing 16 to 22 kg 
were used adhering to the standards set forth by the 
Institutional Animal Care and Use Committee of the 
Mayo Foundation in accordance with the guidelines 
of the National Institutes of Health and the United 
States Public Health Service policy on the humane 

care and use of laboratory animals. Anesthesia was in- 
duced by means of intravenous sodium methohexital 
induction (12.5 mg/kg) and maintained with endotra- 
cheal halothane. All dogs underwent a midline ce- 
liotomy. At a point 115 cm proximal to the ileocecal 
junction, an infusion catheter (outside diameter [OD] 
1.5 mm) was inserted into the ileal lumen, and through 
the same enterotomy, a larger bore aspiration catheter 
(OD 2 mm) was positioned with its tip 15 cm distally. 
These two catheters were sutured in place and em- 
bedded in a metal cannula exteriorized through the 
abdominal wall. A modified Thomas cannula was then 
inserted 95 cm distal to the proximal ileal catheter 
(Fig. 1). This configuration allows for a 15 cm mix- 
ing segment and an 80 cm study segment similar in 
principle to our previous study) 4 For the first 3 days, 
dogs were given intramuscular butorphanol for pain 
control and maintained on parenteral fluid and elec- 
trolytes before being allowed ad libitum feeding. After 
a 2-week recovery, the dogs underwent baseline ab- 
sorption studies. At this stage both groups of dogs had 
a neurally intact ileum. 

After completing the baseline studies, all dogs un- 
derwent resection of the proximal 50% of the je- 
junoileum starting 10 cm distal to the ligament of 
Treitz. Intestinal continuity was restored with an end- 
to-end jejunoileostomy. This procedure has been 
shown to establish a moderate short bowel syndrome 
with weight loss but without mortality related to the 
extent of resection) 2,1s,16 Dogs were then randomly 
divided into two groups. Control dogs (neurally in- 
tact) had no further treatment. Ext Den dogs under- 
went our model of in situ neural isolation of the re- 
maining jejunoileum as described and validated pre- 
viously as a model of extrinsic denervation. 11 In brief, 
the ileum was transected 5 cm proximal to the ileoce- 
cal junction, and the mesenteries at the site of jejunal 
and distal ileal transection were incised in radial fash- 
ion back to the superior mesenteric artery and vein 
just distal to the inferior pancreaticoduodenal vessels. 
Next, all extrinsic nerves, lymphatics, and connective 
tissue traveling to the jejunoileum along these vessels 
were ligated and transected. In addition, the superior 
mesenteric artery and vein were meticulously skele- 
tonized and stripped of their investing adventitia for 
1 to 2 cm under optical magnification. Intestinal con- 
tinuity was restored by end-to-end ileoileostomy. 
We purposely did not divide and reanastomose the 
superior mesenteric artery and vein because this ma- 
neuver would introduce a confounding variable of 
ischemia/reperfusion injury. Similarly, using dogs as 
their own controls avoided confounding immune phe- 
nomena. After the dogs recovered, absorptive studies 
were performed 2 weeks and 12 weeks postoperatively. 
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Hg. 1. Experimental model. A, Insertion site of perfusion catheter system in the ileum; shaded bowel be- 
tween X 1 and X2 is the part that will be resected. Inset shows the proximal infusion and proximal aspira- 
tion sites. B, After resection of the jejunum, the shaded area is the extrinsically denervated ileum in the 
Ext Den group and remains extrinsically innervated in the control group. 

Tissue Sampling 

For morphometric studies, a piece (1 × 2 cm) of 
bowel was excised from the distal end of the resected 
bowel at the time of the jejunal resection and from the 
proximal end of the remaining "adapted" bowel just 
before the dogs were killed after completion of all ab- 
sorptive experiments. Each sample was carefully 
pinned out, mucosa side up, on styrofoam and fixed 
in formalin overnight. 

Conduct of  Studies 

All experiments were conducted after an overnight 
fast in conscious dogs resting comfortably in a Pavlov 
sling. The following six test solutions were evaluated: 
(1) basal solution (water and electrolytes) containing 
Na + (140 mEq/L), K + (5 mEq/L), H C O -  3 (35 
mEq/L), and CI- (110 mEq/L) titrated to pH 7.4 
(this solution was designed to reproduce the normal 
jejunal/proximal ileal electrolyte content); (2) basal 
solution, but also containing 2.5 mmol/L 3H-glucose 
(Glc); (3 and 4) basal solution and 2.5 mmol/L 
3H-arginine (Arg) or 2.5 mmol/L 3H-glutamine (Glu), 

respectively; (5) basal solution and 5 mmol/L 3H-oleic 
acid delivered as a bile salt emulsion 17 by adding des- 
iccated, unfractionated bovine bile (Sigma Chemical 
Co., St. Louis, Mo.) containing 11.8 mmol/L bile 
salts; and (6) basal solution and 5 mmol/L 3H-tauro- 
cholate (the primary bile salt in the dog). Via the 
proximal ileal infusion catheter, the prewarmed (39 ° 
C) test solutions containing 5 g/L polyethylene glycol 
(PEG) labeled with 5 p~Ci of 14C-PEG as a nonab- 
sorbable volume marker was infused at a rate of 
5 ml/min for 4 hours. This protocol was repeated on 
separate days for each of the six test solutions. Net ab- 
sorption of each solution was evaluated twice at each 
time point whenever possible. Samples of enteric fluid 
were collected from the proximal aspiration catheter 
at 1 ml/min using a Harvard constant aspiration pump 
(Harvard Apparatus, Boston, Mass.). Effluent from 
the 80 cm test segment was collected from the distal 
cannula at 1-hour intervals. 

Analytic Methods  

Concentrations of sodium and potassium were de- 
termined using flame photometry and chloride using 
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a chloridometer. Concentrations of the nonab- 
sorbable marker 14C-PEG and the solutes 3H-Glc, 
3H-Arg, 3H-Glu, 3H-oleic acid, and 3H-taurocholate 
were determined by dual-label, liquid scintillation 
techniques.12 

Intestinal samples for morphometric studies were 
fixed, embedded, and cut into multiple strips from each 
of three separate areas and stained with hematoxylin 
and eosin. Villous height, crypt depth, and widths of 
the circular and longitudinal muscle layers were mea- 
sured with light microscopy using an optical reticule as 
described previously. 18 

Analysis of Data 
Net absorption of water, electrolytes, and simple 

nutrients was determined using principles of the 
triple-lumen infusion technique. 13,14 After allowing the 
first hour for establishment of steady-state conditions 
(i.e., the amount of nonabsorbable marker entering 
the study segment equals the amount of marker leav- 
ing the distal end of the segment), the change in con- 
centration of nonabsorbable marker and solutes be- 
tween the infusion and proximal aspiration catheters 
allowed us to calculate the rate and concentration of 
each substance delivered to the test segment. Then, by 
using the change in concentration of PEG to correct 
for volume absorbed, the difference between amount 
of solute at the proximal aspiration catheter and the 
distal ileal cannula yields net absorption; net absorp- 
tion is then calculated as net absorptive flux according 
to one of the following: ml/cm/min, mEq/cm/min, or 
mmol/cm/min. 

The means of the individual values for net absorp- 
tive flux for each of the 1-hour intervals per experi- 
ment were calculated, and the means of these mean 
values for the two replicate experiments were also ob- 
tained. Grand means across dogs were calculated for 
the basal, 2-week, and 12-week absorptive experiments. 

For morphometric studies, three separate mea- 
surements of villous height, crypt depth, and circular 
and longitudinal muscle width were determined on 
each of three strips from three separate pieces of each 
sample of bowel wall (n = 27 measurements per pa- 
rameter/per dog). Samples from control dogs pro- 
vided baseline values for adapted "neurally intact" 
bowel and were compared to samples from Ext Den 
dogs reflecting the adapted "neurally isolated" bowel. 

Statistical Analysis 
Comparisons within each group were made to 

baseline values using paired analysis. Comparisons be- 
tween groups were made at each time point using un- 
paired analysis. Differences in values were compared 

using both analysis of variance (ANOVA) and, when 
differences were seen, individual comparisons using 
Student's t test for paired data with a Bonferroni cor- 
rection for the multiple comparisons. Data in the text 
are presented as mean values _+ standard error of the 
mean (SEM). 

RESULTS 

All dogs tolerated catheter and cannula placement 
and subsequent jejunal resection well. The Ext Den 
dogs also tolerated ileal denervation well. All dogs had 
liquid stool after jejunectomy, which persisted at 
6 weeks postoperatively. Twelve weeks postopera- 
tively, all control dogs had normal, solid, formed 
stool, whereas only three of the five Ext Den dogs had 
normal, solid, formed stool; the other two had persis- 
tent diarrhea. Preoperative body weights in the Ext 
Den and control groups were similar (17.1 _+ 0.3 kg 
vs. 17.3 _+ 0.8 kg, respectively). All dogs lost weight 
after jejunectomy, but maximal weight loss was 
greater in the Ext Den dogs than in the control dogs 
(3.2 _ 0.4 kgvs. 1.7 _+ 0.3 k g ; P =  0.01). At 12 weeks 
after jejunectomy, when compared to baseline weight, 
Ext Den dogs had lost 1.0 -+ 0.3 kg, whereas control 
dogs had gained 0.3 ___ 0.4 kg (P = 0.03). These dif- 
ferences occurred despite similar appetites, activity 
levels, and overall subjective health in the two groups. 

Absorpt ion Studies 

Net water absorption, presented as net absorptive 
flux (ml/crrdmin), is shown in Table I. Net water ab- 
sorption did not differ at any time point between 
groups (t test; P >0.05), or within groups over the 
12-week study period (ANOVA; P >0.05) in any of 
the six test solutions. Net absorption of electrolytes 
and simple nutrients, presented as net absorptive flux 
(mEq/crrdmin or mmol/cm/min), are also shown in 
Table I. No significant differences in absorption were 
observed at any time point between groups (t test, 
P >0.05) or within groups over the 12-week study pe- 
riod (ANOVA; P >0.05). 

Morphomet r i c  Studies 

Villous height, crypt depth, longitudinal muscle 
width, and circular muscle width in the distal je- 
junum/proximal ileum were similar (as expected) in 
the two groups at baseline (Fig. 2). In the control 
group, none of the histologic parameters were signif- 
icantly different 12 weeks after jejuneetorny. How- 
ever, in the Ext Den group, villous height (P = 0.02), 
crypt depth (P -- 0.03), and longitudinal muscle width 
(P -- 0.009) were increased at 12 weeks. 
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Fig. 2. Morphometric characteristics of proximal ileum before and after jejunectomy. 

Table I. N e t  ileal absorptive fluxes o f  water (ml/cm/hr) ,  electrolytes (mEq/cm/hr) ,  and simple nutrients 
(mmol /cm/hr )  in dogs before (0 weeks) and after (2 weeks and 12 weeks) 50% proximal enterectomy* 

Control group (neurally intact) Ext Den group (extrinsically denervated) 
Owk 2 wk 12 wk Owk 2 wk 12 wk 

H20 0.8 -+ 0.1 1.1 -+ 0.3 1.2 - 0.3 1.1 -+ 0.1 0.8 -+ 0.1 0.9 -+ 0.1 
Na 17-+3 22-+4  20 + 5  19_+2 18-+2 14+  1 
K 0.3 -+ 0.2 0.6 +- 0.1 0.6 _+ 0.1 0.4 _+ 0.1 0.4 _+ 0.1 0.3 _+ 0.1 
C1 15_+3 19+_3 1 9 + 4  17-+2 16-+ 1 14_+ 1 
Glucose 0.7 -+ 0.I 0.7 -+ 0.2 0.6 -+ 0.1 0.67 -+ 0.1 0.6 -+ 0 0.6 -+ 0.1 
Arginine 0.6 -+ 0.I 0.6 -+ 0.1 0.6 +- 0.1 0.6 -+ 0.1 0.6 +- 0 0.5 -+ 0.1 
Glutamine 0.5 + 0.1 0.6 -+ 0.1 0.6 -+ 0.1 0.6 -+ 0.1 0.6 -+ 0 0.6 -+ 0.1 
Oleic acid 0.7 + 0.2 0.7 2 0.2 0.9 +- 0.2 0.8 _+ 0.1 0.7 -+ 0.1 0.7 -+ 0.1 
Taurocholate 1.3 _+ 0.1 1.2 _+ 0.2 1.3 _+ 0.1 1.2 _+ 0.1 1.0 _+ 0.2 0.9 _+ 0.2 

*Mean -+ SEM; n = 5 dogs per group; no significant differences between or within groups. 

D I S C U S S I O N  

Most of the advances and interest in the field of 
small bowel transplantation have focused on the im- 
munobiology of the transplanted gut, whereas many 
aspects of enteric physiology after small bowel trans- 
plantation remain poorly understood. In particular, 
segmental small bowel transplantation is an intrigu- 
ing new frontier in human small bowel transplanta- 
tion fo r  several  i m p o r t a n t  reasons .  Firs t ,  a s h o r t e r  
graft  wou ld  min imize  the  ant igen bu rden  for  the  host.  
Second ,  this app roach  wou ld  allow use o f  grafts  f r o m  
l iv ing-re la ted  donors ,  f u r t he r  m i n i m i z i n g  i m m u n o -  
logic  compl ica t ions .  Addi t iona l  possible benefi ts  in-  
c lude increased availability o f  grafts and the  abili ty to 
plan the  small bowel  t ransplant  as an elective p roce -  

dure with many potential benefits including shorter 
ischemic time for the graft. 

This concept of segmental small bowel transplan- 
tation, however, raises the question of the functional 
"adequacy" of the shorter segment to support the nu- 
tritional requirements of the recipient. Although it has 
been demonstrated clinically that a patient can adapt 
to loss of more than 75% of the small intestine, the 
length of small bowel necessary to restore gut func- 
tion in the setting of transplantation is unknown. Fur- 
thermore, not only the length but also the anatomic 
origin of the segment of small intestine used for seg- 
mental small bowel transplantation may have an im- 
pact on this functional adequacy. Variations in func- 
tion and adaptation of different regions of the small 
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intestine become clinically relevant in the setting of 
segmental small bowel transplantation. Our study was 
designed to investigate the effect of extrinsic denerva- 
tion on the adaptation of the ileum after jejunectomy, 
a model of segmental small bowel transplantation of 
the ileum; this model was developed specifically to be 
devoid of the confounding effects of immunosuppres- 
sion, immune rejection, ischemia/reperfusion injury, 
or systemic venous drainage of the gut. 

In our previous work we developed a canine model 
ofjejunoileal autotransplantation designed specifically 
to eliminate confounding pathophysiologic factors of 
ischemia/reperfusion injury, systemic venous drainage 
of the study segment,  and immune  rejection/im- 
munosuppression, each of which may alter absorptive 
function, to study the isolated effects of extrinsic de- 
nervation on post-transplantation enteric physiol- 
ogy. 11,14 We showed that net ileal and net jejunal ab- 
sorption of water, electrolytes, and bile salts decreased 
early after this model of extrinsic denervation but re- 
turned toward normal  8 weeks later, suggesting an 
adaptation by the extrinsically denervated jejunum 
and ileum. 13,14 In contrast, jejunaP 9 and ileal 2° ab- 
sorption of glutamine, arginine, leucine, and glucose 
from the bowel in vivo, in concentrations in which ab- 
sorption was mediated primarily by active transport, 
were decreased both early (2 weeks) and late (8 weeks) 
after this model. Mechanistically, we further investi- 
gated these findings by examining transport kinetics 
from brush border membrane vesicles in innervated 
and extrinsically denervated canine small bowel. Ac- 
tive, carrier-mediated transport of glutamine (as well 
as glutamine absorption in vivo from the jejunum) re- 
mained decreased at 8 weeks. This  decrease was sec- 
ondary to a decrease in Vmax, which is a function of 
the number  of carrier molecules per gram of tissue 
rather than a change in Km, which measures changes 
in carrier affinity. 19 In the present study our aim was 
to expand our past work on the effects of extrinsic 
denervation on postjejunoileal transplantation enteric 
physiology to address the role of extrinsic neural input 
in the regional adaptive response of the i leum to 
subtotal intestinal resection. 

Adaptation of the remaining small bowel after in- 
testinal resection or bypass is a well-known event 4 
demonstrated both structurally and functionally. 
Structurally, adaptation appears to occur via hyper- 
plasia, with observed increases in villous height, crypt 
depth, and mucosal wet and dry weight, as well as mu- 
cosal protein, DNA and RNA content, and mucosal 
mass in the intestinal remnant. Functionally, the re- 
maining bowel adapts by an increase in absorption per 
unit  length of small bowel. Cellular changes can be 
detected within hours of resection, but the entire 
process can take months to complete. Although the 

mechanism of these adaptive responses, even the re- 
lationship between histologic changes and functional 
changes, remains poorly defined, many factors appear 
to contribute. Intraluminal nutrients, 4 adequate en- 
teric or plasma delivery of glutamine, the primary fuel 
source of the enterocyte, s,6 pancreatobiliary secre- 
tions, 4'7 growth hormone,  6 enteroglucagon, 7 epider- 
mal growth factor, 8 and peptide yy17 have all been 
recognized as important  enterotrophic factors that 
help to maintain normal structure and function of the 
gut and promote adaptation after resection or bypass. 

The  extent of adaptation appears to be related to 
the length and the site of the remnant small intestine. 
The  greater the extent of resection, the greater the 
adaptive response. However, clinical observations, as 
well as experimental models of adaptation, show that 
proximal resection is better tolerated than distal re- 
section. Cosnes et al. 21 f o u n d  that distal resection in 
humans results in greater steatorrhea and increased 
stool moisture than proximal resection. They  also 
demonstrated that vitamin B12 absorption was pre- 
served after proximal but not  distal resection. 
Thompson  et al. 22 showed gross and microscopic ev- 
idence of a greater degree of structural adaptation in 
the ileal remnant after proximal resection compared 
to the jejunal remnant  after resection in dogs; Ny- 
gaard 23 and Booth et al. 24 reported similar findings in 
rats. It is unclear whether this phenomenon is due to 
intrinsic differences or differences in adaptive capac- 
ity of the jejunum and the ileum. Transposition stud- 
ies suggest that some of the observed differences re- 
late to changes in luminal nutrient load. 25-28 Some dif- 
ference can be attributed to the observation that sev- 
eral specific absorptive functions of the ileum cannot 
be assumed by the jejunum. Also, there are regional 
differences in the responses to specific nutrients such 
as zinc and glutamine, known intestinal growth fac- 
tors. 29-30 Further, the distributions of various gastro- 
intestinal hormones and growth factors are known to 
change throughout  the gastrointestinal tract, which 
may also explain the variable response to resection. 
Finally, the well-established variation in regional 
motil i ty may also differentially affect adaptation. 
Whatever the cause, there is a greater extent of adap- 
tation in the remnant  segment of bowel after proxi- 
mal resection than after distal resection. 

In the current study we examined the role of ex- 
trinsic neural input to the ileum in the regional adap- 
tive response of the ileum to subtotal intestinal resec- 
tion, a model of the enteric physiology of segmental 
ileal small bowel transplantation. Based on our previ- 
ous work and that of others, 31,32 we hypothesized that 
the adaptive response of augmented net absorption 
and mucosal hyperplasia would occur in the extrinsi- 
cally denervated ileum but would show a blunted re- 
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sponse when compared to resection-only control an- 
imals. However, our results showed no significant al- 
teration in ileal net absorption of water, electrolytes, 
or simple nutrients after proximal 50% enterectomy, 
with or without extrinsic denervation, either early 
(2 weeks) or late (12 weeks) postoperatively. The lack 
of a decrease in net absorption after proximal 50% 
resection and no measurable functional adaptive re- 
sponse in the control animals suggests that a func- 
tional adaptation for the solutes tested in this group is 
physiologically unnecessary. This finding may be due 
to the moderate nature of the short gut syndrome 
produced by a 50% enterectomy. Although clinically 
our model of short gut is substantiated by weight loss 
and diarrhea, our model may be too mild for our 
method of quantifying absorption of water, elec- 
trolytes, and simple nutrients or to evaluate the more 
complex process of digestion and absorption of more 
complex carbohydrates, proteins, and fats. 

However, the lack of change in net absorption of 
water, electrolytes, and simple solutes in the extrinsi- 
cally denervated ileum 2 weeks after proximal 50% 
enterectomy differs from our findings of a decrease in 
net absorption of the extrinsically denervated ileum 
when the jejunum remains in situ. 14 Based on our pre- 
vious work, this maintenance of baseline absorption 
in the setting of extrinsic denervation and proximal 
jejunal resection suggests a functional adaptive re- 
sponse to resection that is present at 2 weeks and 
maintained at 12 weeks. We would speculate that 
early adaptation probably occurs through changes in 
enteric neural modulation of mucosal absorptive func- 
tion, but we have no objective data to support this 
speculation at this time. The morphometric changes 
of increased villous height, muscle width, and crypt 
depth measured at 12 weeks postoperatively in the ex- 
trinsically denervated group suggest a structural adap- 
tive response. Unfortunately the design of our study 
did not allow for ileal biopsy at 2 weeks postopera- 
tively; thus correlating functional and structural adap- 
tive responses at 2 weeks is not possible. 

Our findings suggest that extrinsic denervation ac- 
tually enhanced adaptation after 50% proximal en- 
terectomy. Based on our previous work, which indi- 
cates a level of functional disability induced by ex- 
trinsic denervation, it is likely that the greater extent 
of functional disability in absorption induced by ex- 
trinsic denervation over and above the functional dis- 
ability introduced by 50% proximal enterectomy 
triggers a greater adaptive response compared to 
neurally intact dogs that underwent proximal resec- 
tion alone. It is important to note that although ex- 
trinsic denervation causes some gut dysfunction, it 
does not appear to affect the ability of the gut to 
adapt to compensate for that dysfunction. This ob- 

servation suggests that the extrinsic denervation in- 
herent in the procedure of small bowel transplanta- 
tion may not affect the ultimate functional outcome 
of the transplanted segment. 

In contrast to our findings, Lauronen et al. 32 r e -  

cendy concluded that autotransplantation blunts the 
adaptive ability of the ileum, showing that both func- 
tional and structural adaptation occurred in pigs after 
proximal small bowel resection but not in pigs that 
underwent proximal small bowel resection with con- 
comitant full antotransplantation of the remaining 
ileum. The differences between the findings of Lau- 
ronen et al. and ours may be reflected by the differ- 
ences in the animal models used (dog vs. pig) or in the 
models of transplantation--our model is devoid of 
ischemia/reperfusion, maintains intestinal venous flow 
through the portal venous system, and specifically iso- 
lates the effects of extrinsic denervation. The porcine 
model of Lauronen et al. 32 involved a full autotrans- 
plantation with its multiple confounding factors. 

Despite the lack of objective decreases in net ab- 
sorption of water, electrolytes, bile salts, and simple 
nutrients, extrinsic denervation of the ileum results 
in diarrhea and a persistent weight loss after proxi- 
mal 50% enterectomy. In spite of the diarrhea, only 
minor insignificant changes occur in net electrolyte 
absorption or in net absorption of simple nutrients. 
This impressive diarrhea and weight loss remains 
largely unexplained. Our past work failed to show a 
generalized global abnormality in absorption or a 
marked steatorrhea after in situ neural isolation of 
the entire jejunoileuml°; similarly, more focused 
evaluations of regional absorption of water and elec- 
trolytes showed only modest (albeit significant) de- 
creases that would not likely explain most of this di- 
arrhea. These findings suggest that the diarrhea may 
arise from the large intestine. Indeed this canine 
model ofjejunoileal extrinsic denervation also neces- 
sitates denervation of the proximal large intestine, 
and preliminary work in our laboratory (unpublished 
data) confirms that extrinsic denervation of the prox- 
imal large intestine of the dog decreases net absorp- 
tion of water and electrolytes with values returning 
to normal 8 weeks later. 

In summary, this study suggests that the extrinsi- 
cally denervated ileum can acutely (within 2 weeks) 
and chronically (at 12 weeks post denervation) adapt 
to the loss of the jejunum both functionally and struc- 
turally. These findings may have important implica- 
tions in the field of human segmental small bowel 
transplantation. 

We thank Deborah L Frank for her help in the preparation of this 
manuscript. 
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Long- or Short-Limb Gastric Bypass? 

Lloyd D. MacLean, M.D., EA.C.S., Barbara M. Rhode, PDt, M.Sc. (Nutr), ED.C., 
Carl W. Nohr, M.D., EA.C.S. 

The aim of this study was to determine whether longer limb length improved results of gastric bypass 
in patients who were morbidly obese (body mass index <50 kg/m 2) or superobese (body mass index 
>50 kg/m2). A total of 242 patients were followed for a mean of 5.5 years. The standard operation was a 
Roux-en-¥ gastric bypass with a 40 cm Roux limb and a 10 cm afferent limb. The long-limb operation 
had a 100 cm Roux limb and a 100 cm afferent limb. Morbidly obese patients did not benefit from a 
long-limb bypass. The final body mass index was 28.6 -+ 4.7 kg/m 2 in the short-limb group and 28.5 +- 
3.8 kg/m 2 in the long-limb group. The superobese patients did benefit from a long-limb bypass. Final 
body mass index was 35.8 -+ 6.7 kg/m 2 in the short-limb patients and 32.7 _+ 5.1 in the long-limb patients 
(P = 0.049). A subgroup of 20 patients, all of whom had a body mass index greater than 60 kg/m 2, ben- 
efited the most from long-limb bypass. No macronutritional side effects unique to the long-limb bypass 
were encountered. (J GASTROINTEST SURG 2001 ;5:525-530.) 

KEY WORDS: Obesity, gastric bypass, Roux-en-Y 

In a recent report  on outcomes after gastric by- 
pass, 1 we noted a difference in results between pa- 
tients who were morbidly obese before surgery (body 
mass index [BMI] <50 kg/m 2) as compared to those 
who were superobese (BMI >50 kg/m2). In the for- 
mer group 93 % of patients achieved a satisfactory re- 
sult after a mean of 5.5 years of follow-up, whereas in 
the superobese group only 57% had a similar result. 
A satisfactory result was defined as a BMI less than 35 
kg/m 2 or an excess weight loss of  at least 50%. An ex- 
cellent result was defined as a BMI less than 30 kg/m 2 
and 60% of the morbidly obese patients achieved 
this result as compared to only 26% of the superobese 
patients. 

During this study it became obvious that the re- 
suits were different in the morbidly obese vs. the su- 
perobese patients. This finding has been previously 
reported by others. 2 

We reasoned that a longer intestinal bypass may be 
indicated in superobese patients and elected, at a cer- 
tain date, to increase the bypass length of intestine in 
all patients, both the morbidly obese and superobese. 
This report  compares the results in these patients 
with a minimal follow-up of 3 years to a maximum of 
8.4 years (5.5 + 1.5 years). Of  the 274 patients oper- 
ated on, 242 (88.3%) have been followed. 

M E T H O D S  

More than 10 years ago we established a weekly 
follow-up clinic for postoperative obese patients. All 
patients were seen twice during the first postoperative 
month, monthly for 3 months, and then every 3 months 
for 1 year. Thereafter patients were seen semiannu- 
ally or for specific complaints. This was a retrospec- 
tive study of obese patients who underwent gastric by- 
pass at least 3 years prior to assessment. Patients were 
evaluated over a 6-month period. Those not followed 
up during that period were classified as lost to follow- 
up. No  changes in preoperative evaluation, selection 
of candidates for surgery, or postoperative follow-up 
were instituted at the time of  change in the operative 
procedure. 

The  technique of  isolated gastric bypass has been 
previously reported. 3 A small 4 cm long pouch in the 
lesser curvature of  the stomach was created adjacent 
to a 28 or 30 Maloney bougie with a V. Mueller PI- 
90 stapler (MMM Company, St. Paul, Minn.) using 
4.8 mm staples. This stapler makes two double rows 
of staples with an interval of  free tissue in between 
that permits division by sharp dissection or cautery. 
The  staple line of  the pouch was oversewn with PDS 
sutures and the staple line of the gastric side was in- 
verted. Omen tum was sutured between the staple 
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Fig. 1. A, Standard short-loop gastric bypass with a 15 ml gastric pouch, short afferent loop (10 cm), and 
40 cm Roux-en-Y limb. B, Long-limb gastric bypass with a 100 cm afferent limb and a 100 cm Roux-en- 
¥ limb. 
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lines. A proximal loop of jejunum was divided 10 cm 
from the ligament of Treitz, and the distal end was 
advanced in a retrocolic, retrogastric position to cre- 
ate a 40 cm Roux-en-¥ limb, which was anastomosed 
with a 15 ml gastric pouch. This was the operation 
performed in the short-limb group (Fig. 1, A). The  
long-limb operation was created by dividing the 
jejunum 100 cm distal to the ligament of Treitz 
and making the Roux limb also 100 cm (Fig. 1, B). 
The gastric pouch-jejunal anastomosis was made 1 to 
1.2 cm in diameter using a single layer of running ab- 
sorbable sutures (PDS 3-0). 

In our previous experience when we used a running 
nonabsorbable suture for this anastomosis to limit oral 
intake, we frequently found the suture within the 
lumen on endoscopy and a wide-open anastomosis. 
We formerly performed upper endoscopy in all obese 
patients after surgery at 6 weeks, 6 months, and 1 year. 
At 1 year the anastomosis was wide open in the vast 
majority of patients, even when nonabsorbable sutures 
were used. Nonabsorbable sutures when found in the 
lumen can cause symptoms. In the present study we 
used absorbable suture material and accept a wide- 
open anastomosis. In other studies we reported that a 
pouch made in this fashion is small and remains small 
over time. 1 

A modification of the Reinhold classification was 
used to document results (Table I). 4 We compared the 
results of the patients classified before surgery as mor- 
bidly obese with those who were superobese and 
whether they had the short- or long-limb operation. 
In each group we further assessed success on an indi- 

Table I. Basis for evaluation of postoperative results 

Final body mass Final excess body 
Results index (kg/m ~) weight (%) 

Excellent < 30 0-25 
Good 30-35 26-50 
Failure > 35 > 50 

vidual basis. The  results are reported as means _+ 
standard deviation. A t test was used to compare the 
mean of the variables between long- and short-limb 
operations for the morbidly obese group and the su- 
perobese group, and separately for a subgroup of pa- 
tients with a BMI greater than 60 kg/m 2. A chi-square 
test was used to compare the individual results in the 
two groups. 

R E S U L T S  

Of  the 274 patients who underwent surgery, 242 
(88.3%) were followed up. Of these, 146 were mor- 
bidly obese (BMI <50 kg/m 2) and 96 were superobese 
(BMI >50 kg/mZ). One hundred sixty-two of the 242 
had the short-limb operation (67%) and 80 had the 
long-limb operation. Of  the 146 morbidly obese pa- 
tients, 96 had the short-limb operation (66%) and 50 
had the long-limb operation. Of  the 96 superobese 
patients, 66 had the short-limb operation (69%) and 
30 had the long-limb operation. 

The  final mean result in the 96 morbidly obese pa- 
tients who had the short-limb operation was excellent 
(BMI <30 kg/m 2) (Table II). The  individual results 
were excellent in 55 patients (57%), good in 34 (35%), 
and failure in seven (8%). The  long-limb operation 
produced a similar excellent result. These patients 
were followed for significantly less time (P <0.0001), 
that is, 75.6 vs. 43.6 months. Individual results were 
classified as excellent in 32 (64%), good in 16 (32%), 
and failure in two (4%). The final mean result in the 
66 superobese patients who had the short-limb oper- 
ation was failure (BMI >35 kg/m2). The individual re- 
suits were classified as excellent in 16 (24%), good in 
15 (22%), and failure in 35 (53%) patients. The  final 
mean result in the superobese patients who had the 
long-limb bypass was good (BMI 30 to 35 kg/m2). In- 
dividual results were excellent in eight patients (27 %), 
good in 12 (40%), and failure in 10 (33%). 

The long-limb operation in the superobese group 
achieved a significantly lower mean BMI than the 

Table II. Results of long- and short-limb bypass in morbidly obese and superobese patients 

Short-limb bypass Long-limb bypass P value 

Morbidly obese (mean preoperative BMI = 44 _+ 3 kg/m 2) 
No. of patients 96 50 
Final BMI (kg/m 2) 28.6 -4- 4.7 28.5 + 3.8 NS 
Follow-up (mo) 75.6 -+ 12.5 43.6 + 6.2 0.0001 

Superobese (mean preoperative BMI = 56 + 6 kg/m 2) 
No. of patients 66 30 
Final BMI (kg/m 2) 35.8 _+ 6.7 32.7 _ 5.1 0.049 
Follow-up (mo) 76.2 - 12 46.3 + 6.7 0.0003 
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Table HI. Results of long- and short-limb bypass in 20 patients with a body mass index greater than 60 kg/m 2 

Short-limb bypass Long-limb bypass 
(N : 13) (N : 7) Pvalue 

Preoperative BMI (kg/m 2) 65.1 _+ 5.7 63.1 -- 1.7 NS 
Final BMI (kg/m 2) 39.8 +_ 5.9 33.6 -- 2.9 0.047 
Follow-up (mo) 76.2 +_ 12.6 45.4 -- 7.5 <0.0001 

short-limb operation. Comparison of individual re- 
suits in the superobese patients did not show a statis- 
tically significant difference at the 5 % level. 

Patients with a BMI greater than 60 kg/m 2 achieved 
a significantly lower final BMI with the long-limb by- 
pass (Table III). 

DISCUSSION 

The length of the small intestine beyond the liga- 
ment of Treitz measured in vivo is reported to be 3 to 
3.5 m. 5 Autopsy measurements range from 3 to 8.6 
m. 6 The  lengths measured in vivo in the reports re- 
ferred to herein are considerably longer, up to 7 m. 
This discrepancy is probably due to the techniques 
used to measure intestinal length at operation and 
variations between men and women. 

Brolin et al. 7 performed a prospective randomized 
trial consisting of a standard gastric bypass of a 15 cm 
segment of jejunum beyond the ligament of Treitz 
anastomosed to a 75 cm Roux limb compared to a 
long-limb bypass with a 30 cm afferent limb and a 150 
cm Roux limb. The mean weight loss was greater at 
24 and 36 months in the long-limb group but not at 
48 months when the number of patients followed de- 
creased. The  mean BMI was significantly lower at the 
24-month period only. The  final values for BMI at 36 
months were 45 -+ 14 kg/m 2 in the short-limb group 
and 37 -+ 6 k g / m  2 in the long-limb group. The  mean 
preoperative BMI was 63.4 _+ 10 kg/m 2 in the short- 
limb group and 61.6 _+ 9 kg/m 2 in the long-limb 
group. Persistent diarrhea and protein malnutrition 
did not occur in either group. The patients in this se- 
ries were very heavy (BMI >60 kg/m 2) preoperatively, 
and the difference between long- and short-limb re- 
suits was clinically important. 

Freeman et al. 8 have recommended a long-limb 
gastric bypass for all patients. They compared a short- 
limb gastric bypass (45 to 135 cm) to a long-limb by- 
pass (180 to 225 cm). The preoperative BMI was 46 _+ 
2 standard error of the mean [SEM] kg/m 2. Sixty-five 
percent of patients were available for follow-up at 2 
years. The  final BMI for both groups was 30 _+ 1 
(SEM) kg/m 2, for the long-limb group 29 _+ 1 (SEM) 
kg/m 2, and the short-limb group 31 -+ 1 (SEM) 

kg/m 2. Because of diarrhea, they now recommend 
that the long limb not exceed 180 cm. The results in 
this study were not as impressive because morbidly 
obese and superobese patients were both included and 
the mean preoperative BMI was only 46 kg/m 2, but 
the percentage of weight lost at 2 years was signifi- 
candy greater in the long-limb group. 

Murr  et al. 9 compared partial biliopancreatic by- 
pass with very, very long gastric bypass for superobe- 
sity. They  favored the very, very long gastric bypass 
because it was associated with fewer late complica- 
tions, especially refractory malnutrition and liver fail- 
ure, in patients undergoing partial biliopancreatic by- 
pass. The preoperative BMI was 67 -+ 3 k g / m  2 in the 
26 patients undergoing very, very long gastric bypass 
who were followed for a mean of 24 months (range 
18 to 60 months). Only one patient was lost to fol- 
low-up. The final BMI was 42 _+ 2 k g / m  2 without nu- 
tritional complications. The  operation was accom- 
plished by dividing the proximal jejunum 40 to 60 cm 
beyond the ligament of Treitz, advancing the distal 
end as the Roux limb, which was 300 to 400 cm in 
length, and reanastomosing the biliopancreatic limb 
100 cm proximal to the ileocecal valve. 

Sugerman et al. l° performed a distal gastric bypass 
in patients who failed the standard procedure. The  
small bowel was divided much more distally than in 
previous reports, 250 cm from the ileocecal valve, cre- 
ating a 145 cm alimentary limb and a 150 cm com- 
mon limb with the same length (250 to 400 cm) bil- 
iopancreatic limb. This operation required revision to 
a longer common limb in 3 of 22 patients because of 
malnutrition. These investigators advise this opera- 
tion only in superobese patients who have failed stan- 
dard gastric bypass and have significant comorbidity. 
The initial BMI in these 22 patients was 57 _+ 2 kg/m 2 
and fell to 37 -+ 2 kg/m 2 at 1 year and to 32 _+ 2 kg/m 2 
at 5 years in 10 patients available for follow-up at that 
late date. 

In our study the preoperative BMI in the super- 
obese group was 56 + 6 kg/m 2 and the final BMI was 
32.7 _+ 5.1 kg/m 2 when the long limb was used. This is 
a much less drastic intestinal bypass than was advised 
by Sugerman et al., 1° yet the results are very similar in 
terms of weight loss. In agreement with the reports by 
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Murr et al. 9 and Brolin et al., 7 who also retained most 
of the jejunum in the alimentary limb, none of our pa- 
tients developed protein malnutrition or required on- 
going treatment for diarrhea. 

The  risks of protein malnutrition and diarrhea can- 
not be predicted on the basis of the length of the com- 
mon  channel alone after Roux-en-¥ gastric bypass. 
The  Murr operation, which is well tolerated by super- 
obese patients, had only a 100 cm common channel, 
whereas the Sugerman operation (distal gastric by- 
pass), which was less well tolerated, had a 150 cm com- 
mon channel. 

Nei ther  persistent vomiting nor diarrhea has oc- 
curred in these patients. In the past we have found 
malnutrition (kwashiorkor or marasmus) only in pa- 
tients with severe diarrhea or persistent vomiting.  
This  is associated with a contraction of the body cell 
mass. 11 Patients who developed malnutrition had an 
intestinal bypass or gastroplasty, not a gastric bypass. 
T h e  capacity of the je junum to absorb water, elec- 
trolytes, and nutrients exceeds that of the ileum ex- 
cept for vitamin B12 and bile salts, which are selec- 
tively absorbed in the ileum. The  nutritional hazards 
of not  keeping je junum in the alimentary limb but 
also of shortening the alimentary limb and the com- 
mon limb have been described by Sugerman et al) ° It 
is not clear why Freeman et al. 8 could not exceed 180 
cm length of Roux limb without risk of serious diar- 
rhea, whereas Murr  et al. 9 used a 300 to 400 cm Roux 
limb. This  discrepancy may be due to the fact that 
Freeman et al. were dealing with patients who were 
not as obese. 

Although this and other studies emphasize freedom 
from protein-calorie malnutr i t ion in patients after 
gastric bypass, freedom from the microdeficiencies of 
iron, vitamin B12, folic acid, and even calcium are 
much less certain. Brolin et al. 12 and others 13-15 have 
reported iron deficiency and/or anemia in more than 
50% of patients followed for at least 4 years after gas- 
tric bypass or subtotal gastrectomy. 

We found that routine use of oral iron even when 
combined with vitamin C to enhance absorption did 
not solve the problem of iron deficiency and anemia.15 
These studies showed that patient compliance was an 
important factor inasmuch as oral iron is poorly tol- 
erated by many. However, severe anemia occurs rarely 
and can be successfully treated using intravenous iron. 
We are still collecting data from patients in the long- 
and short-limb gastric bypass groups reported herein 
until  all patients have been followed for at least 5 
years. A preliminary report at 33 months showed no 
difference in iron deficiency or anemia between these 
two groups of patients. 15 

Vitamin B12 deficiency is also common after gastric 
bypass but is readily treated prophylactically by oral or 

parenteral crystalline B12 , which is well tolerated. 16 
Folic acid deficiency is less common and easily avoided 
with a daily multivitamin preparation. The  incidence 
of osteoporosis after gastric bypass is unknown, but 
one must agree with Mason 17 that lifelong follow-up is 
essential to detect early indicators of bone calcium de- 
ficiency before the damage is done. 

C O N C L U S I O N  

We conclude from these studies that patients who 
are morbidly obese do not benefit from lengthening 
the Roux limb in a gastric bypass beyond 40 cm. Su- 
perobese patients do benefit from a longer limb Roux- 
en-¥. The  final mean BMI in these patients is signifi- 
candy closer to normal at 43.6 months than that in the 
short-l imb group. For patients with a BMI greater 
than 60 kg/m 2, the evidence from our own study and 
from the literature 7,9 strongly suggests that a long 
Roux limb is advantageous. In our experience a 100 cm 
Roux limb and 100 cm afferent limb yielded results 
similar to those of Murr  et al. 9 and Brolin et al., 7 
namely, loss of more than 50% of excess weight with- 
out macronutritional compromise or chronic diarrhea. 

Fur ther  prospective studies will be necessary to 
confirm our findings and to establish ideal Roux limb 
lengths for superobese patients and that  especially 
challenging group with a BMI >60 kg/m 2. 
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Effects of Endogenous Acetaldehyde Production 
by Disulfiram and Ethanol Feeding on Rat Pancreas 
Zhi-Jun He, M.D., Peter Eriksson, Ph.D., Hannu Alho, M.D., 
Aimo Harmoinen, Ph.D., Isto Nordback, M.D. 

Exogenous acetaldehyde infusion can induce pancreatitis-like injury of the pancreas in some isolated pan- 
creas models, whereas in vivo such treatment has failed to induce pancreatitis. In vivo exogenous ac- 
etaldehyde may not be effective because it is rapidly metabolized. The aim of this study was to investigate 
whether endogenous acetaldehyde accumulates in the pancreas after ethanol feeding when acetaldehyde 
metabolism is blocked by disulfiram, and whether this treatment can induce pancreatitis-like injury in the 
rat. The liver was studied for comparison. In part I of the experiment, adult male Wistar rats were given 
water (n = 24), ethanol (n = 24), disulfiram (n = 24), and ethanol plus disulfiram for 1 week (n = 24) or 
3 weeks (n = 24) and for 3 weeks with (n = 6) and without (n = 6) hypovolemia. In part II of the exper- 
iment, rats were given water (n = 6), ethanol (n = 6), and high-dose disulfiram (n = 6) and ethanol plus 
high-dose disulfiram (n = 6). Ethanol and acetaldehyde concentrations in blood, liver, and pancreas were 
measured. Animal behavior was monitored, and weight changes, plasma amylase activity, water content, 
and histomorphology of the pancreas and liver were studied without knowing the group. No increases in 
plasma amylase activity and no histomorphologic changes in the pancreas were observed under light or 
electron microscopy in part I of the experiment. In part II, treatment with ethanol induced acetaldehyde 
accumulation in the liver (33.6 -+ 2.6 Ixmol/L), but to a lesser degree in the blood (9.6 + 1.6 ~mol/L) and 
pancreas (5.0 + 1.2 ~mol/L). Ethanol plus disulfiram induced marked accumulation of acetaldehyde in 
the liver (83.2 + 15.9 txmol/L), blood (280.0 -+ 47.4 txmol/L), and pancreas (43.6 _+ 4.7 Ixmol/L). When 
tissue acetaldehyde levels reached 30 to 40 txmol/L, we found a decrease in zymogen granules along with 
formation of small intracytoplasmic vacuolizations in the acinar cells and accumulation of lipid droplets 
in the hepatocytes, whereas physiologic signs of pancreatitis (hyperamylasemia, edema) or increases in 
liver enzymes did not develop. High levels of acetaldehyde accumulate in the liver and pancreas with the 
treatment described. Although this was accompanied by lipid degeneration of the hepatocytes and some 
subcellular changes in the acinar cells, physiologic signs of pancreatitis did not develop. Thus acetalde- 
hyde accumulation alone, or in combination with hypovolemia, is not responsible for the induction of 
acute pancreatitis. (J GASTROINTEST SURG 2001 ;5:531- 539.) 

KEY WORDS: Acetaldehyde, acute alcoholic pancreatitis, disulfiram, liver changes, histopathology 

Ethanol-induced pancreatitis has been studied ex- 
per imenta l ly  and clinically for many  years, yet  its 
mechanism remains unclear. 1 Previously acetalde- 
hyde, the first stable product of  ethanol oxidation, has 
been suggested to play an important role in the patho- 
genesis of  acute alcoholic pancreatitis. 2-6 One  possi- 
ble mechanism is that  acetaldehyde may be oxidized 
by xanthine oxidase and release free radicals during 

the oxidation. 7 Al though subcellular changes have 
been described in rats chronical ly t reated with 
ethanol, no one has been able to induce acute pancre- 
atitis in rats using ethanol and exogenous acetalde- 
hyde.  Because aldehyde dehydrogenase  has been 
demons t ra ted  to exist in the human  and pig pan- 
creas, 8,9 we hypothesized that  the rat pancreas con- 
tains aldehyde dehydrogenase, which rapidly metabo- 

From the Departments of Surgery (Z.-J.H. and I.N.) and Clinical Chemistry (A.H.), Tampere University Hospital, University of Tam- 
pere School of Medicine, Tampere; and the Deparmaent of Mental Health and Alcohol Research (P.E. and H.A.), National Public Health 
Institute, Helsinki, Finland. 
Supported by grants from the Paulo Foundation and the Medical Research Fund of Tampere University Hospital. 
Reprint requests: Isto Nordback, M.D., Chairman, Department of Surgery, Tampere University Hospital, P.O. Box 2000, FIN-33521 
Tampere, Finland. e-maih isto.nordback@tays.fi 

531 



Journal of 
532 He et al. Gastrointestinal Surgery 

lizes acetaldehyde to nontoxic acetate. Disulfiram is 
an inhibitor of aldehyde dehydrogenase, which re- 
suits in the accumulation of endogenous acetalde- 
hyde in blood after exposure to ethanol, l°-12 The  
present studies were carried out to investigate 
whether a high dose of ethanol with or without disul- 
firam treatment could induce endogenous acetalde- 
hyde accumulation in the rat, and whether such ac- 
cumulation is associated with the development of 
physiologic signs of pancreatitis (edema, hyperamy- 
lasemia). For comparison, we also studied the liver to 
determine whether any changes in that organ could 
be observed with this treatment. 

M A T E R I A L  A N D  M E T H O D S  

Adult male Wistar rats, weighing 250 to 300 g 
(National Experimental Animal Centre, Kuopio, 
Finland), were used. Animals were housed in light- 
dark cycle-regulated, air-conditioned (23 ° C), and air 
humidified (60%) quarters, and given free access to 
drinking water and standard food pellets (Ewos, 
S6dertelje, Sweden). The rats were weighed at the be- 
ginning (weight 1) and at the end (weight 2) of the ex- 
periment. During the last 24 hours of the experiment, 
the animals were fasted in separate cages but had free 
access to drinking water. The  experiment was ap- 
proved by the Animal Committee of Tampere Uni- 
versity and performed in accordance with the "Guide- 
lines for the Care and Use of Laboratory Animals" 
(NIH publication No. 86-23, revised 1985). 

Part I 

The animals were randomly allocated to the fol- 
lowing groups. 

Reference Group (n = 6). Rats in this group were 
sacrificed and samples were obtained before the be- 
ginning of the experiment. 

Group I (n = 24): Controls. Rats in this group 
were fed tap water, 1 ml/100 g (twice a day, total 11 
times), for 6 days by cannula. In addition, they were 
given free access to food and tap water. 

Group I I  (n = 24): Ethanol. These rats were fed 
33% (weight/volume [w/v]) ethanol, 1 ml/100 g 
(twice a day, total 11 times), for 6 days by cannula. In 
addition, they were allowed free access to food and a 
drinking solution of 8% (w/v) ethanol/water. 

Group III  (n = 24): Disulfiram. These rats were 
fed tap water, 1 ml/100 g (twice a day, total 11 times), 
and 4 mg/ml disulfiram (Antabus; Dumex-Alpharma, 
Copenhagen, Denmark) 0.25 ml/100 g (once a day, 
total 6 times), for 6 days by cannula. In addition, they 
had free access to food and tap water. 

Group IV (n = 24): Ethanol + Disulfiram (I). 
These rats were fed 33% (w/v) ethanol, 1 ml/100 g 

(twice a day, total 11 times), and 4 mg/ml disulfiram, 
0.25 ml/100 g (once a day, total 6 times), for 6 days 
by cannula. In addition, they had free access to food 
and a drinking solution of 8% (w/v) ethanol/water. 

Group V (n = 24): Ethanol + Disulfiram (II). 
These rats were fed 33% (w/v) ethanol, 1 ml/100 g 
(twice a day, total 41 times), and 4 mg/ml disulfiram, 
0.25 rnl/100 g (once a day, total 21 times), for 3 weeks 
by cannula. In addition, they had free access to food 
and a drinking solution of 8% (w/v) ethanol/water. 

Rats in groups I to V were divided into three sub- 
groups (n = 8 in each subgroup), and samples were 
obtained at 1, 24, and 72 hours after the last treat- 
ment, respectively. 

Group I11 (n = 6): Hypovolemia + Ethanol + 
Disulfiram. Hypovolemia was induced by withdraw- 
ing 1.6 ml/100 g of blood by venesection under gen- 
eral anesthesia (Mebunat, Orion, Finland), 60 mg/kg 
body weight injected intraperitoneally. After venesec- 
tion, ethanol and disulfiram were given as in group V. 
Immediately after the last administration, hypo- 
volemia was induced for a second time in a similar 
manner. Samples were collected at 72 hours after the 
last ethanol and disulfiram treatment. 

Group VII  (n = 6): Hypovolemia-Control Group. 
Hypovolemia was induced as in group VI, but these 
rats were fed tap water, 1 ml/100 g (twice a day), in- 
stead of ethanol. In addition, they had free access to 
additional tap water. 

Part II  

The animals (n = 24) were randomly allocated to 
one of four groups and samples were drawn at 1 hour 
after the last treatment. 

Water Group (n = 6). These rats were fed tap wa- 
ter, 1 ml/100 g (twice a day, total 11 times), for 6 days 
by cannula. In addition, they had free access to food 
and tap water. 

Disulfiram Group (n -- 6). These rats were fed 
tap water, 1 ml/100 g (twice a day, total 11 times), and 
10% disulfiram, 320 mg/kg/day (once a day, total 6 
times), for 6 days by cannula. In addition, they had 
free access to food and tap water. 

Ethanol Group (n = 6). These rats were fed 33 % 
(w/v) ethanol, 1 ml/100 g (twice a day, total 11 times), 
for 6 days by cannula. In addition, they had free access 
to food and a drinking solution of 8% (w/v) 
ethanol/water. 

Ethanol + Disulf iram Group (n = 6). These 
rats were fed with 33% (w/v) ethanol, 1 ml/100 g 
(twice a day, total 11 times), and with 10% disulfi- 
ram, 320 mg/kg/day (once a day, total 6 times), for 6 
days by cannula. In addition, they had free access to 
food and an 8% (w/v) ethanol/water solution for 
drinking. 
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S a m p l i n g  

P a r t  I. With  the rats under  general anesthesia, 
laparotomy was performed and blood samples were 
drawn from the inferior vena cava into polystyrene 
tubes containing heparin, 100 units/ml. Plasma was 
centrifuged at 2000 rpm for 10 minutes. The  plasma 
samples were stored at - 7 0  ° C until assay. The  pan- 
creas was excised, and a small piece of tissue was cut 
and rapidly fixed in 10% (w/v) formalin for light mi- 
croscopic examination; another  specimen approxi- 
mately 1 m m  3 was then cut and immediately fixed in 
2.5% glutaraldehyde for electron microscopy. To 
measure the water content, the pancreas was weighed 
before and after dehydrating at 150 ° C for 24 hours. 

Par t  II. Specimens were taken as described in part 
I. In addition, 0.2 ml of the blood sample was imme- 
diately mixed with 1.8 ml of cold distilled water (0 ° C) 
and vibrated to induce hemolysis; specimens were then 
stored in liquid nitrogen for later measurement of ac- 
etaldehyde and ethanol. A small piece of tissue was 
rapidly freeze-clamped from the liver and from the 
pancreas, and stored in liquid nitrogen for measure- 
ment of acetaldehyde. Additional 1 m m  3 specimens of 
liver were cut and immediately fixed in 2.5% glu- 
taraldehyde for histologic analysis under a light micro- 
scope and an electron microscope. 

Measurement and Morphologic Analysis 

Plasma amylase, alanine aminotransferase, and 
bilirubin were measured using a Hitachi 704 analyzer 
(Hitachi Corp., Kyoto, Japan; reagents from Boeh- 
ringer Mannheim,  Mannheim,  Germany). Alkaline 
phosphatase was measured with the same instrument 
using homemade reagents. 13 Blood hemolysates and 
tissue powder treated with 0.6 mol /L perchloric acid 
containing 25 mmol /L  thiourea (to block artifactual 
acetaldehyde formation) were used for head-space 
analysis of ethanol and acetaldehyde by gas chro- 
matography as previously described. 14 To correct for 
artifactual acetaldehyde formation in the blood, cal- 
culations were made with a correction curve using 
control blood to which ethanol had been added. 

For light microscopic examination, the formalin- 
fixed specimens were cut and stained with hematoxylin 
and eosin. For electron microscopy, tissues were fixed 
in 2.5% glutaraldehyde for 2 to 6 hours, and then 
postfixed with ice-cold 1% osmium tetroxide in 0.1 
mol /L  phosphate buffer (pH 7.4) for 1 hour, dehy- 
drated in ethanol, and flat-embedded with Epon 812 
(Ladd Research Industries, Inc., Burlington, Vt.). Af- 
ter polymerization, thick sections were cut and stained 
with toluidine blue for light microscopic preview. Suit- 
able pieces were then cut into ultrathin sections with 
an Ultratome HI (model 8800, LKB, Wallac, Sweden), 
mounted on precoated grids, and observed under an 

electron microscope (JEM-1200X, JEOL Ltd., Tokyo, 
Japan). Morphologic analyses were carried out with- 
out knowing which group each specimen came from. 

Data are expressed as mean _+ standard error (SE). 
Analysis of variance and Student's t test were used. 
Differences were considered significant at P <0.05. 

R E S U L T S  
Part I 

During the experiment, the behavior of the rats 
was normal in groups I and III, but animals in groups 
II, IV,, V,, and VI showed marked anorexia, weakness, 
and confusion. In group II, the symptoms rapidly dis- 
appeared after the cessation of the ethanol adminis- 
tration. In the groups treated with ethanol plus disul- 
firam (groups IV,, V, and VI), the symptoms were most 
severe and continued for the duration of the experi- 
ment. In groups IV and V, two rats died without any 
obvious cause of death found at autopsy. 

T h e  weight changes in all groups are shown in 
Fig. 1. During the experiment, the rats treated with 
ethanol plus disulfiram showed a marked weight loss. 
The  water content of the pancreas is shown in Fig. 2. 
The re  were no significant differences in the water 
content of the pancreas among groups I to V, regard- 
less of sampling time. Hypovolemia with and without 
ethanol plus disulfiram exposure (groups VI and VII) 
resulted in increased water content  in the pancreas, 
which did not  differ between the hypovolemic rats 
with and without ethanol plus disulfiram treatment. 

The  serum amylase activity in all groups is shown 
in Fig. 3. Although the amylase activity in group VI 
(hypovolemia + ethanol + disulfiram)was higher 
than that in group VII (hypovolemia-control), it was 
still within the reference level. There  were no signif- 
icant differences in serum amylase activity among 
groups I to V, regardless of the sampling time. Ala- 
nine aminotransferase, bilirubin, and alkaline phos- 
phatase were within the reference levels in all groups. 

No  edema of the pancreas, acinar cell necrosis, 
leukocyte infiltration, hemorrhage of the pancreas, or 
changes in the acinar cell subcellular structure were 
observed in any of the groups under light or electron 
microscopy. 

Part II 

During this experiment, the behavior of the rats 
was normal  in the Water  and Disulfiram groups. 
Some confusion was observed in the Ethanol group, 
but the symptoms rapidly disappeared after cessation 
of high-dose ethanol treatment. Rats in the Ethanol 
+ Disulfiram group showed marked anorexia, weak- 
ness, and confusion. Moreover, these symptoms con- 
tinued throughout  the entire experiment. 
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Fig. 1. Weight changes in all groups of rats (mean -+ SE). Weight 1: beginning of experiment; weight 2: 
end of experiment. * = P <0.01, compared to groups I, II, and III, respectively; ** = P <0.01, compared 
to group VII; § = P <0.01, compared to Water, Ethanol, and Disulfiram groups. 
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Fig. 2. Water content of pancreas in all groups (mean -+ SE). * - P <0.01, compared to Reference group. 
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Fig. 3. Serum amylase activity in all groups (mew ± SE). * = P <0.0), compared to group VI I ;  ** = P 
<0.01, compared to Water and Disulfiram groups. 



Vol. 5, No. 5 
2001 Endogenous Acetaldehyde in Pancreas 535 

The weight changes in all groups are shown in Fig. 
1. Compared with the Water, Disulfiram, and Ethanol 
groups, the weight 2/weight 1 ratio was significantly 
lower in the Ethanol + Disulfiram group (P <0.01). 
The  water content of the pancreas did not differ sig- 
nificantly among the four groups (see Fig. 2). The  
serum amylase activity decreased a little in the 
Ethanol and Ethanol + Disulfiram groups compared 
with the Water and Disulfiram groups (see Fig. 3). 
There  were no significant differences among any of 
the groups with regard to alanine aminotransferase, 
bilirubin, and alkaline phosphatase levels. 

Ethanol and acetaldehyde were not found in the 
blood samples of the rats treated with water and those 
given water plus disulfiram. The blood ethanol con- 
centration was elevated in the Ethanol (26.2 + 3.1 
mmol/L) and Ethanol + Disulfiram (41.8 + 8.5 
mmol/L) groups, but the difference between these 
two groups was not significant. In the Ethanol group, 
the acetaldehyde concentration was markedly elevated 
in the liver (33.6 + 2.6 p~mol/L), but was less elevated 

in the blood (9.6 _+ 1.6 ~mol/L),  and the smallest 
increase was in the pancreas (5.0 + 1.2 I~mol/L) 
(P <0.05 in the pancreas compared to the liver; 
P <0.01 in the pancreas compared to blood). In the 
Ethanol + Disulfiram group, the acetaldehyde con- 
centrations were higher than in the Ethanol group in 
each organ studied (liver 83.2 + 15.9 ~zmol/L, blood 
280.0 + 47.4 p~mol/L, and pancreas 43.6 _+ 4.7 ~mol/L; 
P <0.01 for each organ comparison). 

Morphologic analyses showed normal pancreas in 
the Water, Disulfiram, and Ethanol groups. No aci- 
nar cell necrosis, leukocyte infiltration, or hemor-  
rhage of the pancreas was found in any of the speci- 
mens in any of these three groups. A decrease of zy- 
mogen granules by one half or more was found in 
four of six rats in the Ethanol + Disulfiram group, 
and small intracytoplasmic vacuolizations appeared in 
the pancreas in three of six rats in the Ethanol + 
Disulfiram group on light and electron microscopy 
(Figs. 4 and 5). The liver was normal in the Water and 
Disulfiram groups. Lipid deposits in the hepatocytes 

Fig. 4. Lightmicrograph of acinar cell from a 
rat treated with ethanol + disulfiram shows only 
a few zymogen granules (Z) and small intracy- 
toplasmic vacuolizations (V). (Toluidine blue 
stain; x400.) 

Fig. 5. Electron micrograph of acinar cell from 
a rat treated with ethanol + disulfiram shows a 
decrease in zymogen granules (Z) and small in- 
tracytoplasmic vacuolizations (V). (x5000.) 
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Fig. 6. Light mlcrograph of liver shows lipid deposits (D) in hepatocytes in Ethanol and Ethanol 
+ Disulfiram groups. (×200.) 

Fig. 7. Electron micrograph of hepatocyte shows lipid deposit (D) in hepatocytes in Ethanol and Ethanol 
+ Disulfiram groups. (× 5000.) 

were found in three of six rats in the Ethanol group. 
All six rats in the Ethanol + Disulfiram group demon- 
strated an abundant number of lipid droplets in the 
hepatocytes (Figs. 6 and 7). 

D I S C U S S I O N  

Ethanol metabolites may be involved in the patho- 
genesis of acute alcoholic pancreatitis. 2-4 Acetalde- 
hyde, the first oxidation product of ethanol, could be 
oxidized by xanthine oxidase and released free radi- 
cals during the oxidation. 7 In tissues the xanthine ox- 
idase presents as the inactive enzyme xanthine dehy- 

drogenase, which can be converted to xanthine oxi- 
dase by several stimuli including high-dose acetalde- 
hyde and ischemia, ls-2a Previous experiments have 
demonstrated that the exogenous acetaldehyde is able 
to induce pancreatic impairment. 3,5,6,22 Some investi- 
gators used acetaldehyde to infuse the isolated canine 
pancreas prepared together with secretin stimulation 
and found that the pancreas became edematous and 
hemorrhagic, and its secretory volume decreased. 3 
Nordback et al. 5,6 also demonstrated that acetalde- 
hyde infusion together with organ ischemia could ini- 
tiate acute pancreatitis in the isolated pancreas of dogs 
and found that the toxic oxygen metabolites mediated 
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the injury. In whole-body animal experiments, it is 
still unclear whether exogenous acetaldehyde is in- 
jurious to the pancreas. Some investigators have 
demonstrated that intraperitoneal injections of ac- 
etaldehyde in the rat could increase serum amylase ac- 
tivity and induce structural changes in the acinar 
cells. 22 But others have reported that infusion of ac- 
etaldehyde into the splenic artery in the pig did not 
induce histomorphologic changes in the pancreas or 
affect the amylase activity in the serum. 23 Inadequate 
experimental exposure of the pancreas to acetalde- 
hyde may cause these differences in results because 
acetaldehyde boils at room temperature and is readily 
metabolized by several mammalian tissues including 
red blood cells. 24,25 The appearance of acetaldehyde- 
induced pancreatitis-like acute injury of the pancreas 
is thus still limited in isolated pancreas models. 

Disulfiram is an inhibitor of aldehyde dehydroge- 
nase and can thus block acetaldehyde oxidation to ac- 
etate. This results in the accumulation of endogenous 
acetaldehyde when exposure to ethanol continues. 1°-12 
Plasma acetaldehyde accumulation results in reactions 
such as flush in the neck, hypotension, anorexia, 
weakness, vertigo, confusion, among others. 26,27 In 
part I of our experiment, we used high-dose ethanol 
plus disulfiram in a dose equivalent to human therapy 
and found typical disulfiram-ethanol reactions. Al- 
though we did not measure the acetaldehyde concen- 
tration in part I of our experiment, the symptoms sug- 
gested the accumulation of endogenous acetaldehyde 
in the rats treated with ethanol plus disulfiram. Even 
though we treated the groups with ethanol and disul- 
firam for either 6 days or 21 days, with or without in- 
duction of hemorrhagic shock to promote the relative 
ischemia, and obtained samples at three different time 
points, we did not find any signs of pancreatitis (in- 
creased serum amylase activity, edema, histomorpho- 
logic changes on gross examination or light mi- 
croscopy, or acinar cell changes on electron mi- 
croscopy). The mild increase in the water content of 
the pancreas in both hypovolemic groups (with and 
without ethanol + disulfiram) demonstrated that hy- 
povolemia was effective in inducing capillary "leak- 
age," but this was not ameliorated by treatment with 
ethanol plus disulfiram. In part 1I of the experiment, a 
very high "supratherapeutic" dose of disulfiram was 
used to ensure maximal acetaldehyde accumulation as 
verified by acetaldehyde measurements. Still signs of 
acute pancreatitis could not be induced in the pan- 
creas, although some intracellular changes were ob- 
served, similar to previous studies. 22 

In our previous clinical studies we found that 
short-term high-dose ethanol exposure did not induce 
pancrea t i c  injury, 28 and the occurrence and severity of 
acute alcoholic pancreatitis depended on the duration 

and degree of alcohol abuse in patients with alcoholic 
pancreatitis. 29-31 Maybe a much longer period of al- 
cohol exposure than was used in the present experi- 
ments is needed to induce pancreatitis. Because not 
all patients develop pancreatitis after high-dose, long- 
term ethanol exposure, other simultaneous cofactors 
may be important in the induction of acute clinical 
pancreatitis. These may be exogenous (diet, drugs, 
dehydration, other diseases) or endogenous (genetic 
variability). Because xanthine oxidase is activated in 
tissues from its dehydrogenase form by ischemia, and 
acetaldehyde may serve as a substrate to xanthine ox- 
idase resulting in the release of toxic oxygen metabo- 
lites, 5,21 hypovolemia-induced relative ischemia was 
tested as one possible exogenous cofactor that may be 
needed for pancreatitis to develop. In fact, excessive 
alcohol consumption is well known to result in dehy- 
dration (i.e., partial hypovolemia). In the present ex- 
periments, hypovolemia induced some edema of the 
pancreas, but this was not accompanied by pancreati- 
tis either in the rats treated with ethanol or in those 
treated with ethanol plus disulfiram. Thus  hypo- 
volemia alone is hardly such a cofactor. 

After a relatively long period of continuous high- 
dose (12.6 g/kg body weight/day, intubation + drink- 
ing) alcohol exposure, elevated endogenous acetalde- 
hyde concentrations were found in the liver but only 
slight increases in the pancreas and blood. Acetalde- 
hyde levels increased remarkably with disulfiram 
treatment in all tissues studied. This is a new finding 
in the pancreas, but one that has been well described 
previously in blood. 10-1L32 When tissue acetaldehyde 
levels reached 30 to 40 ixmol/L, subcellular structural 
changes appeared in the liver and in the pancreas. 
These changes were accumulation of lipid droplets in 
the hepatocytes and vacuoles in the acinar cells. Nei- 
ther pancreatitis nor hepatitis developed. The  bio- 
chemical results did not reveal such a severe subclin- 
ical cellular injury that it would have resulted in en- 
zyme leakage from either the pancreas or the liver, be- 
cause both the amylase and alanine aminotransferase 
concentrations remained normal. Also, we are not 
aware of any case reports where alcohol in disulfiram- 
treated patients would have induced pancreatitis. 

In addition to acetaldehyde, fatty acid ethyl esters, 
which are the result of nonoxidative metabolism of 
ethanol, have also been proposed as mediators of 
ethanol-induced damage to the pancreas. Concentra- 
tions found in intoxicated individuals have induced 
some edema, intracytoplasmic vacuolization, and in- 
trapancreatic activation of trypsin, but no cellular 
leakage of amylase into serum during a 24-hour pe- 
riod. 33 Thus accumulation of either acetaldehyde or 
fatty acid ethyl esters may result in similar vacuoliza- 
tion of the acinar cells. Pancreatitis with acinar cell 
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necrosis, however, has not yet been induced by ethanol 
or any of its metabolites. 

Acetaldehyde has also previously been considered 
responsible, at least in part, for the impaired excre- 
tion of hepatocytes resulting in lipid accumulation. 34 
In the acinar cells, ethanol increases the expresssion 
of mRNA in digestive enzymes and increases the in- 
tracellular lipase content. 35 Acetaldehyde may also de- 
crease the volume of secretory proteins in the acini. 36 
Thus it is possible that acetaldehyde disturbs acinar 
cell secretion mechanisms in a way that may, under 
certain preconditions, result in acinar cell injury. In 
the future it would be interesting to study whether the 
cur ren t ly  observed  changes  in cellular s t ruc ture  rep-  
resent  a dis turbance in the balance be tween  acinar cell 
p ro te in  synthesis,  packaging,  and exocytosis  tha t  m a y  
be fo l lowed by  colocal izat ion o f  lysosomal  and diges-  
tive p roenzymes ,  wh ich  is f ound  in the  initial m e c h a -  
n i s m  o f  ce l lu lar  i n ju ry  in ce ru le in  pancrea t i t i s  and  
duc t  obs t ruc t ion  pancreat i t is  models .  37 

CONCLUSION 

The study suggests that high concentrations of en- 
dogenous acetaldehyde can be achieved in the pan- 
creas, liver, and blood with the treatment described. 
Subcellular changes develop both in hepatocytes and 
in acinar cells beginning with acetaldehyde levels of 
30 to 40 txmol/L. On the other hand, such remark- 
able accumulation of acetaldehyde does not induce 
acute pancreatitis in the rat during 1 to 3 weeks of ex- 
posure. Thus a much longer exposure to acetalde- 
hyde, other metabolites of ethanol, or other cofactors 
(besides the currently studied hypovolemia) are 
needed for ethanol-induced pancreatitis. Such cofac- 
tors may well be endogenous genetic variabilities or 
other thus far unstudied exogenous conditions. 
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Bile Acid Absorption After Near-Total 
Proctocolectomy in Dogs: Ileal Pouch 
vs. Jejunal Pouch-Distal Rectal Anastomosis 
Fabio V. Teixeira, M.D., Alan E Hofmann, M.D., Lee R. Hagey, Ph.D., Migu¢l Pera, M.D., 
Keith A. Kelly, M.D. 

Bile acid malabsorption is often present in patients after near-total proctocolectomy and ileal pouch-anal 
canal anastomosis, suggesting ileal dysfunction. Experiments were performed in dogs to compare bile 
acid absorption after a modified procedure, in which a jejunal pouch was interposed between the termi- 
nal ileum and the distal rectum, with that after a conventional ileal pouch operation. Fecal bile acid out- 
put (equivalent to hepatic bile acid biosynthesis) and composition were determined by gas chromatogra- 
phy/mass spectrometry in five jejunal pouch dogs and in five ileal pouch dogs more than 6 months after 
operation. Fecal bile acid output in the jejunal pouch dogs (mean +_ standard deviation) was 215 + 59 
mg/day (10.1 + 2.7 mg/kg-day), a value similar to that obtained in the ileal pouch dogs (261 +_ 46 rag/day 
[12.8 _ 3.1 mg/kg-day]; P >0.05). These values were also similar to those reported by others for healthy 
unoperated dogs, indicating that increased bile acid biosynthesis occurring in response to bile acid mal- 
absorption was not present. Fecal bile acids in pouch dogs were completely deconjugated and extensively 
7-dehydroxylated (jejunal pouch = 90.4% -+ 3.9% dehydroxylated; ileal pouch = 88.6% + 6.6% dehy- 
droxylated) and consisted predominandy of deoxycholic acid derivatives. We conclude that when either 
a jejunal pouch or an ileal pouch is used as a rectal substitute in dogs, an anaerobic pouch flora develops 
that efficiently deconjugates and dehydroxylates bile acids, rendering tl~m membrane permeable. The re- 
sultant passive absorption of unconjugated bile acids appears to comp'~nsate for any loss of active ileal ab- 
sorption of conjugated bile acids, and bile acid malabsorption does not occur. (J GASTROINTEST SURG 
2001;5:540-545.) 

KEY WORDS: Bile acid absorption, proctocolectomy, ileal pouch-anal canal anastomosis, jejunal 
pouch-anal canal anastomosis 

In healthy adults, most bile acids are absorbed in 
conjugated form by active transport in the terminal 
i leum) In patients who have undergone near-total 
proctocolectomy and ileal pouch-anal canal anasto- 
mosis, bile acid malabsorption is often present, sug- 
gesting ileal dysfunction. 2-6 

We hypothesized that preservation of an intact 
ileum would decrease the bile acid malabsorption 
that was expected to be present in dogs that had un- 
dergone a conventional ileal pouch procedure. To 

accomplish this, we interposed a jejunal pouch be- 
tween the terminal ileum and the anal canal. We 
found in past tests that jejunal pouch dogs have 
slower small intestinal transit and fewer postprandial 
bowel movements than ileal pouch dogs. 7 Although 
both groups of dogs were shown to be similar in that 
they had greater numbers of anaerobic and aerobic 
bacteria in their pouches than are present in the 
ileum of healthy dogs, jejunal pouch dogs have 
higher basal and postprandial levels of peptide YY in 
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their sera. 7,8 Peptide YY is secreted by the ileal mu- 
cosa. These results suggest that ileal mucosal func- 
tion, hence bile acid absorption, is better preserved 
in jejunal pouch dogs than in ileal pouch dogs. Also, 
active absorption of conjugated bile acids might oc- 
cur in the relatively sterile terminal ileum of the je- 
junal pouch dogs prior to the entrance of ileal chyme 
into the jejunal pouch, where bile acids would be de- 
conjugated by anaerobic bacteria and, hence, only 
passively absorbed there. 

We report herein measurements of bile acid ab- 
sorption in dogs with jejunal pouches as compared to 
measurements in dogs that had undergone a conven- 
tional ileal pouch procedure. Our experimental results 
indicate that neither procedure induced bile acid real- 
absorption in dogs. Analysis of fecal bile acid sug- 
gested that the anaerobic flora in both pouches de- 
conjugated and dehydroxylated bile acids. Such bac- 
terial biotransformations render bile acids membrane 
permeable, permitting their rapid passive absorption 
and maintaining the enterohepatic circulation of bile 
acids. 

M E T H O D S  
Animal Prepara t ion  

Ten mongrel dogs underwent near-total procto- 
colectomy, preserving only the distal rectum and the 
anal canal. Five dogs (mean weight _+ standard error 
of the mean [SEM] = 20.4 _+ 0.5 kg) had a J-shaped 
pouch constructed from the distal 30 cm of jejunum 
and interposed between the unaltered terminal ileum 
and the distal 2 cm of rectum, as previously de- 
scribed. 7 Five dogs (mean weight -+ SEM = 20.0 __ 
0.5 kg) had a J-shaped pouch constructed from the 
terminal 30 cm of ileum and anastomosed to the dis- 
tal 2 cm of rectum, as in the conventional ileal pouch- 
anal canal anastomosis. Electrodes were implanted 
on the intestines of both types of dogs, but they were 
not used in the studies reported here. All dogs were 
allowed to recover from the operation for 6 months, 
after which fecal bile acid output was measured. Elec- 
trical, motility, bacteriologic, histologic, and clinical 
observations were made in both groups of dogs dur- 
ing the 6 months. The results of these tests were re- 
ported recently. 7 

Fecal Bile Acid Determinations 

Twenty-four-hour stool collections were made for 
2 days in the week before the dogs were killed. Three 
volumes of reagent-grade isopropanol were added, and 
the feces were homogenized. An aliquot of the well- 
mixed homogenate was sent to the University of Cal- 
ifornia, San Diego, for analysis. 

Thin-layer chromatography of the supernate using 
a solvent system for conjugated bile acids 9 indicated 
that all bile acids were in unconjugated form. A 200 ~1 
aliquot of the supernate was used for determination 
of bile acid composition by gas chromatography/ 
mass spectrometry. To this aliquot was added 40 txl 
of an internal standard. The internal standard con- 
tained nordeoxycholic acid (3et, 12et-dihydroxy- 
513-cholan-23-oic acid) at a concentration of 1.0 
mmol/L. The isopropanol was evaporated to dryness 
using a nitrogen stream and reconstituted in 1.0 ml of 
chloroform-methanol (2:1 volume:volume). To this 
was added 1 ml of ethereal diazomethane. After 15 
minutes for methyl esterification, samples were taken 
to dryness again. Peracetates were prepared by the 
addition of 1.0 ml acetylation solution (acetic acid- 
acetic anhydride-perchloric acid, 14:10:0.1 volume: 
volume). After 90 minutes' incubation, saturated NaC1 
was added (1.0 ml) and the aqueous phase was ex- 
tracted three times with an equal volume of ethyl ac- 
etate. The pooled ethyl acetate extracts containing 
the methyl ester peracetates of the bile acids were 
then evaporated. 

Samples were dissolved in isoamyl acetate for 
analysis by gas chromatography/mass spectrometry. 
A Hewlett-Packard 5970 Mass Selective Detector 
equipped with Hewlett-Packard 5890 Ion Detector 
and Chemstation (Unix) software was used. The cap- 
illary column (30 meters with an internal diameter of 
0.25 mm) had a 35% phenyl methyl silicone station- 
ary phase (SPB-35 [Supelco, Bellefonte, Pa.]). Chro- 
matography was performed isothermally at 268 ° C 
using helium as a carrier gas. Quantification was 
based on peak area generated by the total ion mass; it 
was assumed that all compounds ionized equally. 
Compound identification was based on relative re- 
tention time of compounds and mass spectrometric 
characteristics compared to those of known reference 
compounds. 1° 

Total bile acid output was obtained by summariz- 
ing all peaks. Peaks were assigned to the cholic fam- 
ily (possessing a hydroxy group at C-12) or the che- 
nodeoxycholic acid family (lacking a substituent at 
C-12). These values were used to calculate primary bile 
acid synthesis. In addition, the extent of bacterial 7- 
dehydroxylation was calculated by summing all peaks 
lacking a hydroxy group at C-7 and dividing this by the 
total bile acid mass in the corresponding family. A small 
amount of murideoxycholic acid (3et, 613-dihydroxy- 
513-cholan-24-oic acid) was present in some samples. 
This compound was assumed to arise from hepatic 6[3- 
hydroxylation of lithocholic acid 11 that had been ab- 
sorbed from the intestine during transport through the 
hepatocyte. Therefore this compound was included in 
the chenodeoxycholic acid family. Values were calcu- 
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Tab le  I. Bile acid metabolism in dogs after near-total  p roc tocolec tomy and enteric pouch-dis tal  rectal anastomosis 

Biosynthesis of bile acids Ileal pouch (n = 5) Jejunal pouch* (n = 5) 

Total fecal bile acid output (mg/day) 
Total fecal bile acid output (mg/kg-day) 
Cholic acid output (mg/day) 
Chenodeoxycholic acid output (mg/day) 
Cholic acid (% of total bile acid synthesis) 

261 ± 46 215 _+ 59 
12.8 +- 3.1 10.1 ± 2.7 
227 +_ 36 192 -+ 53 

34 ± 12 22 -+ 6 
86.1 ± 2.7 89.0 ± 1.8 

*Values (mean _+ standard deviation) do not differ from ileal pouch values; P >0.05. 

Tab le  I I .  Bacterial metabolism of  fecal bile acids in dogs undergoing  proc tocolec tomy and enteric pouch-dis tal  
rectal anastomosis 

Bacterial metabohsm of bile acids Ileal pouch (n = 5) Jejunal pouch (n = 5)* 

Cholic acid, 7-dehydroxylation (mg/day) 211 ± 56 174 ± 48 
Chenodeoxycholic acid, 

7-dehydroxylation (mg/day) 29 ± 12 19 ± 6 
Total primary bile acid, 

7-dehydroxylation (mg/day) 
Cholic acid (% dehydroxylated) 
Chenodeoxycholic acid (% dehydroxylated) 
Both primary bile acids (% dehydroxylated) 

240 +- 68 193 -+ 56 
90.3 -+ 7.4 91.1 -+ 4.7 
79.8 -+ 8.1 84.6 -+ 2.0 
88.6 -+ 6.6 90.4 -+ 3.9 

*Values (means +- standard deviation) do not differ from ileal pouch; P >0.05. 
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Fig. 1. Representative chromatogram of the fecal bile acid and sterol profile of an ileal pouch dog. Peak 
identifies and percentage composition are as follows: B = coprosterol, 8.8; C = cholesterol, 25.5; D = 5a- 
cholestane-313-ol, 1.5; E = campesterol, 2.2; F = lithocholic acid, 3.7; G -- stigmasterol, 0.5; H = nordeoxy- 
cholic acid (internal standard); I = [3-sitosterol, 3.4; J = sfigmastanol, 1.4; K = 3-oxo, 12a-hydroxy-5t3- 
cholan-24-oic acid, 0.2; L = allodeoxycholic acid, 1.5; M = deoxycholic acid, 36.5; N = chenodeoxycholic 
acid, 1.3; O = 3a, 12[3-dihydroxy-513-cholan-24-oic acid, 1.2; P = 3a, 1213-dihydroxy-5ct-cholan-24-oic 
acid, 0.2; Q = 3c~-hydroxy, 12-oxo-513-cholan-24-oic acid, 0.2; R = 3a, 613-dihydroxy-513-cholan-24-oic 
acid, 0.1; S = cholic acid, 7.0; T = 313, 7a, 12a, 6 = trihydroxy-Sa-cholan-24-oic acid, 0.1; and U = 3a, 12c~ 
dihydroxy-7-oxo-513-cholan-24-oic acid, 1.8. Peak A = e~-tocopherol acetate (a dietary constituent), 0.2. 
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T a b l e  III. Fecal bile acid composition in dogs after near-total proctocolectomy and ileal pouch or jejunal 
pouch-distal rectal anastomosis 

Ileal pouch Jejunal pouch Healthy controls* 
Substituents Trivial name (n = 5 dogs) (n = 5 dogs) (n = 4 dogs) 

Cholic acid and its bacterial metabolites 
Bile acids retaining a substituent at C-7 

3a-OH, 7a-OH, 12a-OH 
3a-OH, 7aO, Ha-OH 
5a, 313-OH, 7et-OH, 12c~-OH 

Bile acids that have undergone 
7-dehydroxylation 
3c~-OH, 12a-OH 
3 = O, 12a-OH 
3a-OH, 12J3-OH 
3a-OH, 12-O 
5a, 3c~-OH, 12a-OH 
5a, 3a-OH, 1213-OH 

Chenodeoxycholic acid and its bacterial 
rnetabolites 
Bile acids retaining a substituent at C-7 

3c~-OH, 7a-OH 
Bile acids that have undergone 

7-dehydroxylation 
3a-OH 
3a-OH, 613-OH 

Cholic acid 6.7 -+ 4.1 6.0 --- 3.8 13.1 _+ 11.4 
7-oxo-deoxycholic 2.3 _ 1.9 1.7 ,+ 1.2 3.8 - 3.7 
"Alloisocholic acid" 0.3 --- 0.3 0.3 - 0.1 ND 

Deoxycholic acid 67.0 _+ 6.0 70.7 ,+ 2.8 68.0 .+ 10.7 
0.6 _+ 0.2 0.4 .+ 0.1 NDf 

12-epideoxycholic acid 0.8 + 1.2 1.9 .+ 0.7 ND 
3.0 -+ 1.7 3.8 --- 1.0 5.8 -+ 4.0 

Allodeoxycholic acid 3.2 -+ 0.8 3.2 _ 0.4 ND 
1.2 + 1.2 1.1 + 0.6 ND 

Chenodeoxycholic acid 2.4 _+ 0.7 1.9 .+ 0.4 ND 

Lithocholic acid 10.8 + 3.2 8.7 .+ 1.2 7.0 _+ 2.7 
Murideoxyeholic acid 0.5 _+ 0.8 0.5 .+ 0.4 ND 

Values are means _+ standard deviation; ND = not detected. 
*Data from Horie et al. 13 from Beagle dogs ingesting commercial chow pellets. Horie et al. also reported that 2.3% of bile acids could not be identified. 
~-3-oxo bile acids such as this one are not determined by the enzymatic high-pressure liquid chromatography detector used by Horie et al. 13 The 
detector features an immobilized 3a-hydroxysteroid dehydrogenase that dehydrogenates bile acids having a 3a-hydroxy group. 

lated for each collection, the mean of  the two values for 
each dog was determined, and the overall means for 
each group of  dogs (n -- 5) were calculated and ex- 
pressed as the mean + standard deviation of  the mean. 
Differences having a Pvalue <0.05 using the Wilcoxon 
rank-sum test were considered significant. 

R E S U L T S  
Bile  A d d  S y n t h e s i s  

Bile acid synthesis in jejunal pouch dogs did not  dif- 
fer significantly from that in ileal pouch dogs (Table 
I). Moreover, total bile acid synthesis in pouch dogs 
was nearly identical to that  previously reported for 
healthy dogs using identical methodology. 12 Bile acid 
synthesis in both types of  dogs was predominandy as 
cholic acid, averaging 88% of total bile acid synthesis. 

B a c t e r i a l  M e t a b o l i s m  o f  B i l e  A c i d s  

Fecal bile acids were entirely in unconjugated form 
and had undergone  extensive 7-dehydroxylat ion in 
both jejunal and ileal pouch dogs. Bacterial modifica- 
tions of  bile acids in the fecal samples are summarized 
in Table II. T h e  extent of  dehydroxylation was iden- 
tical in the two experimental groups, and both cholic 

acid and chenodeoxycholic acid were dehydroxylated 
to the same extent. 

Fig. 1 shows a representative gas chromatogram of  
fecal bile acids, and Table III  summarizes fecal bile 
acid composition obtained using this methodology. A 
variety of  secondary bile acids were present because of  
other bacterial modifications. These were of  the fol- 
lowing three types: (1) epimerization (the change from 
an a - O H  group to a I3-OH group) at C-3 and/or  
C-12; (2) dehydrogenat ion  (oxidation of  a hydroxy 
group to an oxo group) at C-3, C-7, or C-12; and (3) 
A/B ring isomerizat ion (formation of  allo [5et] bile 
acids), Murideoxycholic acid (3or, 613-dihydroxy-) was 
present in most samples (see Discussion) in trace pro- 
portions. Table III also gives the values reported by 
Horie  et al. 13 for fecal bile acids in healthy dogs. The  
pattern of  bile acids in our dogs did not  differ from 
that reported by Horie  et al. 13 for healthy dogs. 

D I S C U S S I O N  

Nei ther  surgical procedure induced bile acid mal- 
absorption. W h e n  expressed as mg/kg-day, the daily 
synthesis rate of  our dogs was nearly identical to the 
value reported by Horie  et al. 13 for four healthy bea- 
gles. Because the body weights of  our dogs were twice 
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as great as those of Horie's dogs, the total fecal bile 
acid outputs were twice as great. 

The fecal bile acid output was similar in both ex- 
perimental groups. Although the output of bile acids 
was approximately 20% less in the jejunal pouch dogs 
than in the ileal pouch dogs, the difference was not 
statistically significant because of the variability be- 
tween animals. We cannot rule out a type II statistical 
error, but to do so would require 20 to 30 animals in 
each group, numbers that are impracticable. 

Fecal bile acids in all dogs had undergone complete 
deconjugation and extensive 7-dehydroxylation. De- 
hydroxylation is mediated only by anaerobic bacteria, 
a flora present in both types of dogs. 7 Others have also 
found that deoxycholic acid is the predominant fecal 
bile acid found in ileal pouch dogs. 14 These changes 
and the similarity of the fecal bile acid composition of 
our dogs to that reported for the dog with an intact 
colon by Horie et al. 13 indicate that both types ofneo- 
rectal pouch had developed an anaerobic flora differ- 
ing little from the colonic flora of a healthy dog. 

In dogs with an interrupted enterohepatic circula- 
tion of bile acids because of bile acid malabsorption 14 
or biliary diversion, 15 a several-fold compensatory in- 
crease in hepatic bile acid biosynthesis occurs. The ab- 
sence of any increase in compensatory bile acid syn- 
thesis in our pouch dogs indicates that total bile acid 
conservation by active and passive mechanisms was the 
same, on average, for the two surgical procedures. Be- 
cause unconjugated di- and monohydroxy bile acids 
can be absorbed rapidly by passive membrane trans- 
port, 13A5-22 it is likely that a major fraction of the se- 
creted bile acids was absorbed passively after under- 
going bacterial deconjugation-dehydroxylation. An in- 
creased flux of unconjugated bile acids from the intes- 
tine can be detected by the finding of an increased 
level of unconjugated bile acids in systemic venous 
plasma, and such has been reported to be present in 
patients with ileal pouch-anal canal anastomosis) 

No information is available on what fraction of bile 
acid absorption occurred by active transport of conju- 
gated bile acids. In retrospect, it would have been pos- 
sible to quantify active bile acid absorption by the ileal 
transport system by using a deconjugation-dehydrox- 
ylation-resistant conjugated bile acid such as cholyl- 
sarcosine 23 or the radioactive conjugated bile acid ana- 
logue 75Se-selenohomocholyltaurine.24-26 Decreased 
absorption of this conjugated bile acid homologue 
from ileal pouches has been reported to be present in 
patients with malfunctioning p o u c h e s .  27 

The bacterial modifications of bile acids observed in 
these studies (7-dehydroxylation, epimerization, dehy- 
drogenation, A/B juncture isomerization) are well 
known to occur in animals possessing an anaerobic 
cecum. 27 One novel fecal bile, murideoxycholic acid, 
was observed. We suggest that this compound was 

formed in the hepatocyte by 613-hydroxylation of litho- 
cholic acid, as is well known to occur in other species) 3 
Kurata 28 reported many years ago, using paper chro- 
matographic analysis, that lithocholic acid undergoes 
7a-hydroxylation (to form chenodeoxycholic acid) in 
the dog, but his methodology is unlikely to have de- 
tected a small proportion of 6[3-hydroxylation. 

It seems unlikely that the presumed increased flux 
of unconjugated bile acids across the pouch epithelium 
had deleterious effects. No changes in mucosal mor- 
phology in the dogs were seen by light microscopy. 7 
Considerable deconjugation of bile acids in the distal 
small intestine occurs in healthy humans 1 and healthy 
rats. 29 Unconjugated bile acids, such as chenodeoxy- 
cholic acid, have been administered orally 3° or infused 
into the proximal small intestine 31 without inducing ap- 
parent structural or functional changes. Conjugated 
and unconjugated dihydroxy bile acids induce mucosal 
damage in animals when perfused at concentrations ap- 
proaching their critical micellar concentration, 32 but 
the solubility of deoxycholic acid at the pH present in 
the pouch is likely to be too low to cause cytotoxicity. 33 

The change in bile acid metabolism induced by 
near-total proctocolectomy and pouch construction 
in our dogs differs from that reported in patients un- 
dergoing such a procedure. Among patients with an 
ileal pouch, bile acid malabsorption of a moderate 
degree is present in most patients based on recovery 
of fecal bile acids 3,5,6 or whole-body retention of Se- 
HCAT, a conjugated bile acid analogue/Bile acid de- 
hydroxylation is much less extensive in most ileal 
pouch patients than in healthy subjects or in the ileal 
pouch dogs described here. 2-6,34 Others have reported 
that the ratio of anaerobic to aerobic flora in the fe- 
ces of ileal pouch patients is smaller than in the feces 
of healthy subjects 35 and pouch dogs. 7 As a conse- 
quence of decreased bacterial 7-dehydroxylation, 
cholic acid, which is the major bile acid biosynthe- 
sized in humans, remains the major fecal bile acid in 
ileal pouch patients. Cholic acid, because of its extra 
hydroxy group, is absorbed passively at a much 
slower rate than deoxycholic acid,16-18,20-22 which was 
the predominant fecal bile acid in our pouch dogs. 

C O N C L U S I O N  

After enteric pouch-anal canal anastomosis, dog 
pouches develop an anaerobic fecal flora. Their  
fecal bile acids consist mostly of deoxycholic acid 
and its bacterial derivatives. Rapid, passive absorp- 
tion of deoxycholic acid and its derivatives likely oc- 
curs and prevents bile acid malabsorption. Human 
pouches, in contrast, do not develop such an abun- 
dant anaerobic fecal flora. Cholic acid is deconju- 
gated by bacteria in human pouches, but is not de- 
hydroxylated. It remains the dominant fecal bile 
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acid. Unconjugated cholic acid is not efficiently ab- 
sorbed by passive mechanisms, and so bile acid mal- 
absorption occurs. 
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Hypoosmotic Stress Stimulates Growth in HepG2 
Cells via Protein Kinase B-Dependent Activation 
of Activator Protein- 1 

Robin D. Kim, M.D., Timothy P. Rotb, M.S., Chad E. Darling, M.D., Rocco Ricciardi, M.D., 
Bradley K. Scbaffer, M.D., Ravi S. Cbari, M.D. 

Although hypoosmotic stress-induced cell swelling activates phosphatidylinositol-3-kinase, its impact on 
the downstream signal protein kinase B and cell growth is unknown. Activator protein-1 is in part phos- 
phatidylinositol-3-kinase dependent, and is important in proliferation. We hypothesized that cell swelling 
modulates proliferation in HepG2 cells via the protein kinase B-dependent activation of activator pro- 
tein-1. HepG2 cells pretreated with or without LY294002 were exposed for up to 30 minutes to hy- 
poosmotic medium (160 mOsm/L). Tumor necrosis factor-alpha (1.4 nmol/L) or normoosmolar medium 
(270 mOsm/L) served as positive and negative controls, respectively. Western immunoblots measured 
cytoplasmic phosphorylated and total protein kinase B. Electromobility shift assays measured nuclear ac- 
tivator protein-1. Methylene blue assays measured cell proliferation at 24, 48, and 72 hours after stimu- 
lation. Hypoosmotic stress phosphorylated protein kinase B by 10 minutes. Subsequently, hypoosmotic 
exposure stimulated activator protein-1 by 30 minutes. Pulse exposure to hypoosmotic stress potentiated 
HepG2 proliferation by 72 hours as compared to both negative controls and LY-inhibited cells (n = 4 per 
group, P = 0.009 and P = 0.004, respectively; P <0.001 analysis of variance. All three activation events 
were abolished with LY294002 pretreatment. In HepG2 cells, hypoosmotic stress-induced swelling stim- 
ulates proliferation via protein kinase B-mediated activation of activator protein-1. These data delineate 
a possible mechanism linking changes in cell volume to growth in human liver cancer. (J GASTROINTEST 
SURG 2001;5:546-555.) 

KEY WORDS: HepG2, cell volume, PKB, AP-1, proliferation 

Over the past 30 years, the number of cases of 
hepatocellular carcinoma in the United States has 
nearly doubled, with an annual incidence of 1 to 7 per 
100,000. At the present time, surgery (resection or 
transplantation) offers the only hope for prolonged 
survival, and survival rates in these patients range 
from 11% to 46%. 1 Studies investigating the mecha- 
nisms of liver carcinogenesis may provide insight into 
newer treatment strategies. 

Several investigations have associated cell swelling 
with hepatocarcinogenesis. 2-4 In mice, the adminis- 
tration of the hepatocarcinogen diethylnitrosamine 
and flumequine resulted in centrilobular hepatocyte 
swelling and increased proliferation. 5 However, this 
association has been questioned by at least one other 

study in which the inhibition of H6 hepatoma growth 
in vivo by amiloride was linked to intracellular Na + 
content in the absence of a change in cell volume. 6 
The  association of cell swelling with hepatocarcino- 
genesis is not surprising, as various studies have im- 
plicated an increase in hepatocyte volume as playing a 
role in proliferative signaling. 7-9 

The  phosphatidylinositol-3-OH-kinase/protein 
kinase B (PI-3-K/PKB) pathway represents one pro- 
liferative cascade. The  PI-3-K-dependent activation 
of PKB begins with the binding of 3' phosphorylated 
phosphoinositide lipids to its pleckstrin homology do- 
main, with subsequent phosphorylation at Thr308 
and Ser473 by upstream moieties such as PDKl.10 Al- 
though initially believed to function in preventing 
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apoptosis, recent studies have confirmed the role of 
PKB in cell proliferation. Studies in BaF/3 cells trans- 
fected with mutant PI-3-K confirmed both decreased 
PKB phosphorylation and cell proliferation in the ab- 
sence of an altered rate of apoptosis. 11 In cultured pri- 
mary vascular smooth muscle cells, IGF-I-induced 
migration and proliferation were dependent on the 
coactivation of PI-3-K and PKB. 12 In murine T cells, 
interleukin-3 receptor mutants Mc4 and Mc5, which 
did not proliferate with interleukin-3 exposure, 
showed decreased PKB activation as compared to 
wild-type controls) 3 In CV1 cells transfected with 
mutant FKHR1, a member of the forkhead family of 
transcription factors that is normally phosphorylated 
and exported from the nucleus on mitogenic stimula- 
tion, both PKB-mediated phosphorylation and export 
were abolished. 14 In addition, cultured bovine tracheal 
smooth muscle cells demonstrated the involvement of 
the PI-3-K/PKB pathway in proliferation) s As data 
accumulate demonstrating the correlation between 
PI-3-K and PKB in proliferative signaling, investiga- 
tors now describe the PI-3-K/PKB coactivation step 
in growth regulation. 16 

Activator protein-1 (AP-1) is another proliferative 
intracellular messenger. At phosphorylation on the c- 
jun subunit by JNK, this transcription factor (com- 
posed of c-jun and c-los proteins) enters the nucleus 
to bind and initiate various genes involved in cell cy- 
cle progression. Rat hepatocyte studies both in vitro 
and in vivo demonstrate that these events result in 
transcription of immediate early genes of growth. 17 
Recent studies demonstrate that PI-3-K can activate 
AP-I. 18,19 A change in volume has been shown to ac- 
tivate PI-3-K, suggesting that hepatocyte swelling 
may play a role in the promotion of liver cancer. In 
this study, HepG2 cells exposed to hypoosmotic stress 
demonstrated a proliferative response involving the 
above-mentioned second messengers. Specifically, hy- 
poosmotic stress induced an initial phosphorylation 
of PKB followed by the nuclear translocation of AP- 
1. These signaling events correlated with increased 
cell proliferation by 72 hours. 

MATERIAL A N D  M E T H O D S  
Cell Lines and Reagents 

HepG2 cells (American Type Culture Collection 
[ATCC], Rockville, Md.) were maintained at 37 ° C 
in 5% CO2 in Eagle's minimum essential medium 
(MEM) with Earle's salts (ATCC) and supplements 
(1% nonessential amino acids, 10% fetal calf serum, 
1% penicillin/streptomycin, and 1% sodium pyruvate 
[Gibco BRL, Rockville, Md.]). For cytoplasmic and nu- 
clear protein extractions, cells were plated in six-well 
plates (Becton Dickinson, Franklin Lakes, N.J.) at 1 x 

106 cells/well. For proliferation assays, cells were plated 
in 96-well plates (Dow Coming, Coming, N.Y.) at 5 
x 103 cells/well. Tumor necrosis factor-alpha (TNF-a) 
was obtained from Sigma (St. Louis, Mo.). 

Experimental  Condi t ions  

Two days after plating, HepG2 cells at 60% conflu- 
ence were studied. For cytoplasmic and nuclear ex- 
tractions, cells were serum starved for 4 hours to in- 
duce quiescence. Hypoosmolar medium was created 
by diluting serum-free Eagle's MEM (270 mOsm/L) 
with sterile water at a ratio of 2:1 for a final osmolar- 
ity of 160 mOsm/L according to the method of Sa- 
doshima et al) ° and confirmed by osmometry (Preci- 
sion Systems, Natick, Mass.). HepG2 cells were stim- 
ulated over various time periods by gently replacing 
old Eagle's MEM with hypoosmolar medium and in- 
cubating them at 37 ° C in 5% CO2. TNF-~ (1.4 
nmol/L) served as positive controls. Serum-free Ea- 
gle's MEM served as controls. All replacement media 
were preincubated to 37 ° C in 5% CO2. Parallel ex- 
periments were performed as above; however, these 
cells were pretreated for 1 hour with either LY294002, 
an inhibitor of PI-3-K (50 ~mol/L) (Calbiochem, 
La Jolla, Calif.), or an identical dimethylsulfoxide 
(DMSO; Sigma) vehicle control. As the vehicle for 
LY294002 and alone as a vehicle control, DMSO was 
added to cell culture media at a 1:1000 dilution. 

Cytoplasmic and Nuclear Protein Extraction 

Cytoplasmic proteins were extracted by membrane 
lysis at 4 ° C using RIPA buffer (50 mmol/L Tris, pH 
7.4, 150 mmol/L NaC1, 0.25% deoxycholate, 1% NP- 
40, 1 mmol/L EGTA, 1 mmol/L NaF, 1 ~I/ml apro- 
tinin, 1 ~l/ml leupeptin, 1 ~l/ml pepstatin, 1 mmol/L 
Na3VO4,  1 mmol/L NaF, and 1 mmol/L PMSF) and 
subsequent centrifugation. 

Nuclear proteins were isolated using a modified 
version of the method of Dignam et al. 9,21 Briefly, cells 
were lysed by adding ice-cold buffer I (HEPES, 10 
retool/L; MgCI2, 1.5 mmol/L; KC1, 10 retool/L; and 
protease inhibitor [Sigma]), scraped, and dounce 
homogenized. The nuclear membrane was removed 
by serial washing and centrifugation in buffer II 
(HEPES, 10 retool/L; KCI, 10 retool/L; EDTA, 0.1 
mmol/L; EGTA, 0.1 mmol/L; and protease in- 
hibitor), and the nuclear proteins were isolated by 
centrifugation in buffer III (HEPES, 20 retool/L; 
glycerol, 10%; KC1, 400 mmol/L; EDTA, 1 retool/L; 
and EGTA, 1 retool/L). For both nuclear and cyto- 
plasmic extracts, protein concentrations in each sam- 
ple were quantified using the Lowry assay (Bio-Rad 
Laboratories, Inc., Hercules, Calif.). 
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Western Immunoblot Analysis 

For the detection of PKB, rabbit polyclonal im- 
munoglobulin G (IgG) antibodies specific for total 
PKB (New England Biolabs, Beverly, Mass.) were 
used. For the detection of phosphorylated PKB, these 
same membranes were stripped using standard strip- 
ping formula per antibody vendor's recommendations 
(2-mercaptoethanol, 10 retool/L; Tris-HC1, 62.5 
mmol/L at pH 7.6; and SDS 2%) and rabbit poly- 
clonal IgG antibodies specific for phosphorylated 
PKB (Ser473) (New England Biolabs) were used. 
Protein extracts from PDGF-treated NIH 3T3 cells 
served as a control for the phosphorylated PKB (New 
England Biolabs) antibody binding. Protein bands 
were visualized using a commercially available chemi- 
luminescence kit (Bio-Rad) and autoradiographic film 
exposure (Eastman Kodak, Rochester, N.Y.). 

Electromobility Shift Assay 

[gamma-32p] Adenosine triphosphate (ATP) was 
used to label a commercially available AP-1 double- 
stranded consensus oligonucleotide probe (Promega, 
Madison, Wis.). Briefly, 3.5 pmole of oligonucleotide 
and 10 ~Ci of [gamma-32p]ATP were incubated with 
T4 polynucleotide kinase (1 U) at 37 ° C, and then pu- 
rified by column chromatography (Bio-Rad) to yield 
50,000 cprn/Ixl. For cold competition samples, unla- 
beled AP-1 oligonucleotide probes were prepared by 
omitting the radioisotope. 

The binding reaction was a modification of the 
method of Sen and Baltimore22; 10 p~g nuclear pro- 
tein extract was incubated in a buffer (20 mmol/L 
HEPES, 50 mmol/L KCI, 0.1 mmol/L EDTA, 1 
mmol/L DTT, 200 p~g/ml bovine serum albumin, and 
5% glycerol), with 2 ~g poly dI/dC and 1 ~1 radiola- 
beled oligonucleotide probe. The binding reaction 
was incubated for 30 minutes at room temperature, 
then run on 6% polyacrylamide gels with 0.255< TBE 
(22 mmol/L Tris-HC1, 22 mmol/L boric acid, and 
0.5 mmol/L EDTA). Autoradiographic films were 
exposed to the gels for 24 hours at -70  ° C and then 
developed. 

Cell Proliferation Assay 

Using HepG2 cells at 60% confluence 2 days after 
plating, experiments were performed as described ear- 
tier with or without preinhibition with LY294002. Fol- 
lowing exposure to experimental conditions, cells were 
washed with phosphate-buffered saline solution and 
replenished with Eagle's MEM plus 10% fetal calf 
serum. Methylene blue proliferation assays 23 were per- 
formed 24, 48, and 72 hours following experimental 
conditions as follows. Cells were washed twice with 

phosphate-buffered saline, fixed with 10 % phosphate- 
buffered formalin, then washed twice with 10 mmol/L 
borate buffer (pH 8.5) and stained with 100 Ixl of fil- 
tered 1% methylene blue in 10 mmol/L borate buffer. 
These cells were then washed with borate buffer, and 
absorbed dye was eluted from the cells by adding 100 
~1 of 1:1 volume:volume ethanol: 0.1N HCI to each 
well. Dye absorbance was then read at 650 nm (Micro- 
plate Reader, Molecular Devices, Sunnyvale, Calif.). 

Statistical Analyses 

All experiments were performed in triplicate. To 
quantify both Western immunoblots and electromo- 
bility shift assays, densitometries were measured us- 
ing the Stratagene Eagle-Eye system (Stratagene, La 
Jolla, Calif.). Relative densitometries with respect to 
time 0 band strengths were then calculated for each 
experimental time course, and statistical significance 
between paired blots (i.e., experimental conditions vs. 
control, or LY294002 exposed vs. nonexposed) was 
confirmed using Student's t test. For methylene blue 
assay, mean absorbance values and standard deviations 
were calculated for eight replicate wells for each treat- 
ment in four experiments. Statistical significance was 
determined by Student's t test and analysis of variance. 

RESULTS 
Phosphorylation of Protein Kinase B 
by Hypoosmolar Medium and TNF-0~ 
Is Inhibi ted by LY294002 

Although hypoosmotic stress-induced cell swelling 
has been shown to activate PI-3-K, its impact on the 
downstream moiety of PKB in HepG2 cells is un- 
known. Therefore Western immunoblots were used 
to detect total or phosphorylated PKB within cyto- 
plasmic protein extracts after hypoosrnotic stress. Ex- 
periments examining HepG2 ceils exposed to hy- 
poosmolar medium (160 mOsm/L) for 0, 5, 10, 30, 
45, and 60 minutes demonstrated an initial increase 
in phosphorylated PKB at 10 minutes with a maxi- 
mum level at 30 minutes (data not shown). Subse- 
quent experiments then focused on 0, 10, and 30 min- 
utes of stimulation as time points representing base- 
line, initial, and maximum PKB activation, respec- 
tively. The relative densitometries of these blots 
demonstrated statistically significant increases in 
phosphorylation of PKB initially at 10 and maximally 
at 30 minutes (Student's t test, * = P <0.05; Fig. 1, A 
and B). When cells were pretreated for 1 hour with 
LY294002 (50 wmol/L), an inhibitor of PI-3-K- 
mediated PKB phosphorylation, there were persis- 
tently undetectable levels of phosphorylated PKB on 
exposure to hypoosmolar medium over time (see Fig. 
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Fig. 1. Phosphorylation of PKB by hypoosmotic stress. After 4 hours of serum starvation, HepG2 cells 
were pretreated for 1 hour with or without 50 )xmol/L LY294002 (LY+ or - ,  respectively), then ex- 
posed to hypoosmolar serum-free medium (160 mOsm/L) for the indicated times. A, Equal amounts of 
cytoplasmic proteins were separated by Western immunoblots on 10% SDS-polyacrylamide gels, pro- 
teins were transferred, and membranes were probed for phosphorylated PKB (Ser473). As positive con- 
trols, parallel experiments were performed using 1.4 nmol/L TNF-et in lieu of hypoosmolar medium. As 
negative controls, parallel experiments were also performed using normoosmolar serum-free medium 
(270 mOsm/L). B, Densitometries were measured and relative values with respect to time 0 band 
strengths were calculated. Statistical significance was determined by Student's t test (1) between treated 
and normoosmolar controls for each time interval (* = P <0.05) and (2) between LY nonpretreated and 
pretreated (# = P <0.05) cells for each experimental condition. All experiments were performed in trip- 
licate (solid = LY294002[-] and 160 mOsm/L; dotted = LY294002[+] and 160 mOsm/L, vertical stripe 
= LY294002[-] and TNF-a; horizontal stripe = LY294002[+] and TNF-a; diagonal stripe = LY[-] 
and normoosmolar; checkered = LY[+] and normoosmolar). 

1), and this inhibition was no t  reduced over time. T h e  
relative densitometries o f  these blots demonstra ted a 
statistically significant decrease in PKB phosphoryla-  
tion between the LY-nonpretreated and LY-pretreated 
cells at both  0 and 30 minutes (Student's t test, # = P 

<0.05; see Fig. 1). W h e n  these same immunob lo t s  
were reprobed for total PKB, levels remained stable 
f rom 0 to 30 minutes demonstra t ing that  hypoosmo-  
lar medium, ei ther alone or following LY294002, had 
no effect on total PKB (Fig. 2, A and B). 
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Fig. 2. Total PKB levels following hypoosmotic stress. After 4 hours of serum starvation, HepG2 cells 
were pretreated for 1 hour with or without 50 Ixmol/L LY294002 (LY+ or - ,  respectively), then exposed 
to hypoosmolar serum-free medium (160 mOsm/L) for the indicated times. A, Equal amounts of cyto- 
plasmic proteins were separated by Western immunoblots on 10% SDS-polyacrylamide gels, proteins 
were transferred, and membranes were probed for PKB. As positive controls, parallel experiments were 
performed using TNF-a (1.4 nmol/L) in lieu of hypoosmolar medium. As negative controls, parallel ex- 
periments were also performed using normoosmolar serum-free medium (270 mOsm/L). B, Densitom- 
etries were measured and relative values with respect to time 0 band strengths were calculated. Statistical 
significance by Student's t test was not found (1) between treated and normoosmolar controls for each time 
interval and (2) between LY nonpretreated and pretreated cells for each experimental condition. All ex- 
periments were performed in triplicate (solid = LY294002[-] and 160 mOsm/L; dotted = LY294002[+] 
and 160 mOsm/L; vertical stripe = LY294002[-] and TNF-cx; horizontal stripe = LY294002[+] and 
TNF-a; diagonal stripe = LY[-] and normoosmolar; checkered = LY[+] and normoosmolar). 

TNF-c~ is a potent  mitogen found to activate PI- 
3-K and PKB in various cells. Positive control exper- 
iments using T N F - a  (1.4 nmol/L) were performed in 
parallel to confirm the appropriate HepG2 response. 
Cells stimulated with T N F - a  alone showed increased 
levels of  phosphorylated PKB from 0 to 30 minutes, 
and this increase was abolished with preinhibi t ion 
with LY294002 (see Fig. 1). W h e n  these same im- 

munoblots were reprobed for total PKB, cells showed 
unchanging  levels of  total PKB, with or wi thout  
preinhibition (see Fig. 2). 

HepG2 cells pretreated with or without LY294002 
and then  exposed to no rmoosmola r  med ium (270 
m O s m / L )  served as negative controls.  These  cells 
demonstrated unchanging levels of  both phosphory- 
lated and total PKB (see Figs. 1 and 2). 
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Fig. 3. Activation of AP-1 following hypoosmotic stress. After 4 hours of serum starvation, HepG2 cells 
were exposed to hypoosmolar serum-free medium (160 mOsm/L) for either 0 (lane 1) or 30 minutes 
(lane 2). A, Equal amounts of nuclear proteins were probed with [gamma-32p]ATP-labeled AP-I con- 
sensus oligonucleotides and were separated by electromobility shift assays on 6% Tris-borate-EDTA 
gels. As positive controls, parallel experiments were performed using TNF-c~ (1.4 nmol/L) in lieu ofhy- 
poosmolar medium for 0 and 30 minutes (lanes 4 and 5, respectively). As negative controls, parallel ex- 
periments were also performed using normoosmolar serum-free medium (270 mOsm/L) for 0 and 30 
minutes (lanes 7 and 8). For all three stimulation conditions, another group of cells were preinhibited for 
60 minutes with LY294002 (lanes 3, 6, and 9). B, Densitometries were measured and relative values with 
respect to time 0 band strengths were calculated. Statistical significance was determined by Student's t 
test (1) between cells either not exposed or exposed to experimental conditions for 30 minutes (* = P 
<0.05) and (2) between LY nonpretreated and pretreated cells (# = P <0.05) for each experimental con- 
dition. All experiments were performed in triplicate (solid = LY294002 [-] and stimulus[-]; vertical 
stripe = LY294002[-] and stimulus[+]; diagonal stripe = LY294002[+] and stimulus[+]). 

Translocation of  Activator Protein- 1 
b y  H y p o o s m o l a r  M e d i u m  a n d  T N F - o t  
Is  I n h i b i t e d  b y  LY294002 

Although the P I -3 -K/PKB cascade is known to 
translocate AP-1 following exposure to mitogens, the 
relationship between these two signals in HepG2 cells 
following hypoosmotic stress is unknown. Electromo- 
bility shift assays were performed on nuclear protein 
extracts from HepG2 cells to detect activated AP-1. 
Initial experiments in HepG2 cells stimulated for 0, 10, 
30, and 60 minutes with hypoosmolar medium demon- 

strated nuclear AP- I by 10 minutes with maximum lev- 
els at 30 minutes (data not  shown). Subsequent exper- 
iments focused on 0 and 30 minutes of  stimulation as 
time points representing baseline and maximum AP-1 
translocation, respectively. The  relative densitometries 
of  these electromobility shift assays demonstrated sta- 
tistically significant increases in AP-1 shift band densi- 
ties in cells exposed for 30 minutes to hypoosmotic  
stress (Student's t test, * = P <0.05; Fig. 3, A and B). As 
positive controls, HepG2 cells exposed to TNF-oL also 
exhibited increased nuclear AP-1 at 30 minutes.  In 
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Fig. 4. Potentiation of HepG2 growth by hypoosmotic stress. Two days after plating, HepG2 cells at 
60% confluence were exposed for 10 minutes to hypoosmolar serum-free medium (160 mOsm/L) in 
the presence (triangles) or absence (diamonds) of LY294002 (50 wmol/L). Parallel experiments were 
performed by exposing cells to 10 minutes of normoosmolar serum-free medium (270 mOsm/L) either 
in the presence (circles) or absence (squares) of LY294002. Cell numbers were determined at 24, 48, and 
72 hours by methylene blue assays reading absorbances at 650 nm. Statistical significance was deter- 
mined by t test and analysis of variance (n = 4). 

both hypoosmotic and TNF-~t treatment groups, 
preinhibition for 1 hour with LY294002 blunted the 
increase in nuclear AP-1. The  relative densitometries 
of these electromobility shift assays demonstrated sta- 
tistically significant decreases in AP- 1 shift band densi- 
ties in cells pretreated with LY294002 prior to hypoos- 
motic stress (Student's t test, # -- P <0.05; see Fig. 3). 
Parallel negative control cells undergoing normoos- 
molar medium change alone failed to induce nuclear 
AP-1 above initial baseline levels (see Fig. 3). Cold 
competi t ion assays using unlabeled AP-1 oligonu- 
cleotide probes demonstrated abrogation of shift bands 
with hypoosmotic stress and TNF-c~ (data not shown). 

H e p G 2  P r o l i f e r a t i o n  P o t e n t i a t e d  
by  H y p o o s m o l a r  M e d i u m  Is I n h i b i t e d  

by LY294002 

To investigate the proliferative impact of hypo- 
osmotic stress-induced activation of PKB and AP-1, 
methylene blue proliferation assays were performed 
on cells 24, 48, and 72 hours after exposure to the 
same experimental conditions used in the cytoplasmic 
and nuclear analyses above. At 72 hours following a 

10-minute exposure to hypoosmolar  med ium (160 
mOsm/L),  HepG2 cells showed statistically signifi- 
cant increases in optical densities as compared to cells 
exposed to normoosmolar medium (negative controls) 
(P = 0.009, n -- 4). Similarly, HepG2 cells exposed to 
hypoosmolar medium alone demonstrated statistically 
significant increases in optical densities as compared 
to cells exposed to LY294002 (50 ixmol/L) and hy- 
poosmolar  med ium (P -- 0.004, n = 4). Cells that 
were exposed to both LY294002 and normoosmolar 
medium showed both persistent growth and no dif- 
ference in optical densities at 72 hours as compared 
to negative controls. W h e n  compared to negative 
controls, LY294002-hypoosmolar medium,  and 
LY294002-normoosmolar medium as a group, cells 
stimulated with hypoosmolar medium showed a sta- 
tistically significant increase in proliferation at 72 
hours (P <0.001 analysis of variance, n = 4) (Fig. 4). 

D I S C U S S I O N  

In the first part of this study, hypoosmotic stress 
stimulated the phosphorylation of PKB at Ser473 by 
10 minutes in HepG2 cells (see Fig. 1). Because Ser473 
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phosphorylation is essential for the proliferative activ- 
ity of PKB, 1° this event shows that PKB may be initiat- 
ing its growth response through osmosignaling. 

The early phosphorylation of PKB following hy- 
poosmotic stress is consistent with the role of PKB as 
both an early proliferative signal and a direct target 
of PI-3-K/°-14 The close correlation between PKB 
and PI-3-K activity has led some investigators to de- 
scribe the PI-3-K/PKB coactivation step in growth 
regulation. 15,16 Studies correlating hepatocellular 
swelling with PI-3-K cascade activation support our 
data. Swelling induced by hypoosmotic stress, gluta- 
mine, or proline activates both PI-3-K and p70S6 
kinase downstream in primary hepatocytes. 24 Simi- 
larly, hepatocytes exposed to insulin demonstrate in- 
creased proliferation in a p70S6 kinase-dependent 
fashion, suggesting that hormone-induced swelling 
may induce PI-3-K proliferative ac t iv i ty .  25 In H4IIE 
rat hepatoma cells, swelling-mediated NF-KB activa- 
tion was abolished by PI-3-K inhibition with 
LY294002, suggesting PI-3-K involvement in tran- 
scriptional activation. 26 

Our data demonstrate that hypoosmotic stress in- 
duces the translocation of AP-1 in HepG2 cells (see 
Fig. 3). The role of cell swelling in the activation of 
AP-1 has been reported by others. In the setting of 
liver regeneration following partial hepatectomy, ac- 
tivated JNK phosphorylates AP- 1 at its c-jun activa- 
tion domain. Furthermore, pretreatment with anti- 
TNF-et antibody prior to partial hepatectomy inhib- 
ited both DNA synthesis and JNK activation. 27 Be- 
cause TNF-et has been shown to cause hepatocyte 
swelling, 28 part of its mechanism of JNK/AP-1 acti- 
vation in regenerating livers may be through increas- 
ing cell volume. In another study, lipopolysaccharide 
potentiated the human growth factor (HGF)-induced 
activation of JNK and AP-1 with resultant increases in 
hepatocyte replication. 29 Since endotoxin induces a he- 
patocyte volume increase, 3° this lipopolysaccharide- 
mediated AP- 1 activation may also be due to swelling. 

Our data suggest that swelling-mediated trans- 
location of AP-1 is dependent on the activation of the 
PI-3-K/PKB pathway. A number of studies have al- 
ready confirmed the involvement of PI-3-K/PKB 
in AP-1 activation. In JB6 cells, both 12-O-tetra- 
dec-anoylphorbol-13-acetate and epidermal growth 
factor-induced activation of AP-1 were inhibited by 
pretreatment with wortmannin or LY294002. TM In 
both HepG2 and KB cells, the interleukin-l-induced 
activation of AP-1 was abrogated by PI-3-K inhibi- 
tion via wortmannin and in a dominant negative mu- 
tant of the p85 subunit. 19 Similar studies in murine 
T cells showed that AP-1 activation was also inhib- 
ited by both wortmannin and in a dominant negative 
mutant of the p85 regulatory subunit of PI-3-K. 31 In 

contrast, one study of HGF-stimulated HepG2 cells 
revealed that PI-3-K inhibition by wortmannin in- 
creased AP-1 ac t iv i ty .  32 However, as this study used a 
different stimulus and inhibitor, these findings likely 
represent an independent mechanism from the one 
presented here. 

In the third part of this study, HepG2 cells ex- 
posed to hypoosmotic stress demonstrated statisti- 
cally significant increases in growth by 72 hours as 
compared to cells exposed to negative control condi- 
tions with normoosmolar medium (Fig. 4). These 
data demonstrate for the first time that swelling alone 
may act as a potent mitogenic stimulus that influ- 
ences cancer cell growth. W-hen HepG2 cells were 
preinhibited with LY294002 prior to hypoosmotic 
stimulation, the decline in cell growth at 72 hours 
was statistically significant as compared to noninhib- 
ited cells (see Fig. 4). These results suggest that hy- 
poosmotic stress-induced growth potentiation is at 
least partly dependent on PKB and AP-1 activation. 
The similar growth patterns between cells exposed to 
normoosmolar medium with and without LY294002 
confirmed that preinhibition did not have a toxic ef- 
fect on baseline HepG2 growth. Therefore the ob- 
served effects of LY294002 were likely due to its ef- 
fects on hypoosmotic stress-induced cell signaling. 
The possibility of swelling-induced hepatocyte 
growth was initially suggested by liver regeneration 
studies; hepatocyte volume in the regenerating rat 
livers following partial hepatectomy increased by 
25 % at 6 hours and then returned to control values 
by 12 hours. In addition, DNA synthesis in these 
livers increased with amino acid uptake-induced 
swelling. 33 A more direct study describing swelling- 
induced growth potentiation involved in vitro and in 
vivo experiments on system A in rat hepatocytes. 
When system A, the sodium-dependent neutral 
amino acid transporter that is activated following 
partial hepatectomy, was inhibited 60 minutes prior 
to partial hepatectomy, DNA synthesis decreased by 
45%, liver mass by 46%, and DNA synthesis by 56% 
at 24 hours. 33 These data demonstrated that cell vol- 
ume increase is an important factor in hepatocyte 
proliferative competence. 

Although no studies have shown a direct relation- 
ship between swelling and hepatocyte proliferation, 
studies in other cell lines have suggested that physical 
perturbation may induce cell cycle progression and 
growth. The calcium channel blockers bepridil and 
nifedipine decreased both cell volume and prolifera- 
tion in ras+ NIH 3T3 fibroblasts, 34 suggesting a cor- 
relation between cell hydration and growth. In fetal 
spleen cells, mitogens were shown to increase both 
cell volume and DNA synthesis, again linking cell 
swelling with proliferation. 35 
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C O N C L U S I O N  

Our data describe a possible mechanism in which 
HepG2 growth may be modulated via osmosignaling. 
In this study, hypoosmotic stress-induced swelling in- 
creases the normal proliferative state of these cells by 
the activation of the PI-3-K/PKB cascade with the 
subsequent induction of AP-1. Hypoosmotic stress 
has already been shown to stimulate ERK-1 and 
2-mediated translocation of NF-KB, another prolif- 
erative transcription factor. 9 Whether this mechanism 
represents a proliferative response that is active in all 
liver cells or is specific to human hepatoma cells is un- 
known. In order to delineate completely this signaling 
cascade, studies in different human cancer cell lines, 
using chemical and genetic inhibitors at all levels of 
the PI-3-K pathway, are warranted. 
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The Gut and Food Intake: An Update for Surgeons 
Erik Ndslund, M.D., Ph.D., Per M. Hellstrb'rn, M.D., Ph.D., John G. Kral, M.D., Ph.D. 

Food intake is the simplest and most obvious measure of gastrointestinal function, yet it rarely receives 
more than cursory attention from surgeons. In this review we cover recent findings on relationships be- 
tween gut function and appetite regulation mediated via neuropeptides influenced by afferent and ef- 
ferent vagal activity. Evidence from the new discipline known as neurogastroenterology elucidates gas- 
tric and intestinal signals involved in the elicitation of hunger, satiety, and aversion. Discovery of the 
adipose-tissue-derived hormone, leptin, has energized the field of metabolism spawning increasing 
numbers of publications related to interactions between leptin and insulin release and glucose disposal, 
as well as appetitive behavior. Peptides such as cholecystokinin (CCK), the proglucagon-derived pep- 
tides, glucagon-like peptides 1 and 2 (GLP-1 and GLP-2), and the recently identified powerful intake- 
stimulating molecule, orexin, are examples of potential targets for drug development and studies of sur- 
gical pathophysiology. A major conclusion of this work is that the considerable redundancy and overlap 
between mediators of caloric intake subserving survival of the species, while beneficial after foregut sur- 
gery, contribute to the complexity of treating the global epidemic of obesity. Possibly knowledge derived 
from basic research in neurogastroenterology can translate into advances in surgical treatment of obe- 
sity. (J GASTROINTEST SURG 2001;5:556-567.) 

KEY WORDS: Appetite regulation, gastrointestinal surgery, neurogastroenterology, glucagon-like 
peptide-I, cholecystokinin, vagus nerve 

Food intake not only has a vital nutritive function, 
but it is also an essential component of the quality of 
life of any individual. As gastrointestinal surgeons, we 
exclusively diagnose and treat diseases that either have 
a direct impact on food intake or have the potential 
to do so pursuant to our treatment. Remarkably, food 
intake is ignored in surgical texts, even those special- 
izing in metabolism and surgical nutrition. In routine 
clinical practice we limit ourselves to the question of 
whether the patient is "tolerating" a liquid or solid 
diet, without attempting to assess the quantity or 
quality of food intake. Heretofore we might be for- 
given for our preoccupation with mechanical prob- 
lems such as stenosis, stricture, and dysmotility, but 
with recent advances in neuroscience it behooves us 
to broaden our knowledge base to include appetite 
regulation and ingestive behavior. 

P E P T I D E S  A N D  I N G E S T I V E  B E H A V I O R  

Our understanding of the regulation of food intake 
is rapidly increasing with frequent reports of "new 
peptides" influencing ingestion (Table I). These pep- 
tides act as hormones and transmitters and have tra- 
ditionally been described as having single functions, 
being organ specific, synthesized, or active in the 
brain, the gut, or more recently, adipose tissue (lep- 
tin). It has become increasingly clear, however, that 
many of the peptides are ubiquitous and multifunc- 
tional with considerable redundancy and overlap, 
which is understandable in view of the primal impor- 
tance of nutrition for the survival of all organisms. A 
sophisticated system of neurocircuitry and neuro- 
chemistry serves to monitor signals indicating sub- 
strate levels in various tissues including the liver, adi- 
pose tissue, and blood. When these signals reach the 
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Table I. Some peptides and hormones implicated in 
the control of food intake 

Increased food intake Reduced food intake 

Agouti-related hormone 
(AGRH) 

Aldosterone 
Dynorphin 
13-Endorphin 

~-Casomorphin 

Corticosterone 
Galanin 
Growth hormone- 

releasing hormone 
(GHRH) 

Orexin A and B 
Neuropeptide Y (NPY) 

Peptide YY (PYY) 

Amylin 

Bombesin 
Calcitonin 
Calcitonin gene-related peptide 

(GGRP) 
Cocaine and amphetamine- 

regulated transcript (CART) 
Cholecystoldnin (CCK) 
Enterostatin 
Gastrin-releasing peptide 

Glucagon 
Glucagon-like peptide- 1 

(GLP-I) 
Glucagon-like peptide-2 

(GLP-2) 
Insulin 
Leptin (ob protein) 

-Melanoeyte-stimulating 
hormone (~-MSH) 

Neurotensin (NT) 
Oxytocin 
Somatostatin 
Thyrotropin-releasing 

hormone (TRH) 
Urocortin 
Vasopressin 

cognitive level they are experienced as "hunger" or 
"satiety," ultimately resulting in ingestive behaviors 
such as eating and drinking. 

T H E  F O R E G U T  AS A S M A L L  B R A I N  

Although the close relationship between the brain 
and the gut has been known for many years, it is only 
recently that the field of neurogastroenterology has 
been recognized as a specialty in its own right.  1 
Novel peptides originally thought  to be found only 
in the feeding centers of  the brain have just been 
identified in the intestine, 2 just as gut peptides such 
as insulin, cholecystokinin (CCK), glucagon-l ike 
peptide-1 (GLP-1),  and glucagon-like peptide-2 
(GLP-2) have been found to have important  func- 
tions in the brain and nerve tissue. 3-6 Similarly, neu- 
ropeptide Y (NPY), a potent  stimulator of food in- 
take in the brain of rodents, has also been found in 
the gu t7,8 (for a thorough review of the role of NPY 
in appetite regulation see Kalra et al.8). These  find- 
ings, along with the realization of the complex in- 

teractions between the different organs of the gas- 
trointestinal tract, underlie the concept of the gut as 
a "small brain." 

Food intake is an intricate process involving cogni- 
tive and psychosocial components ,  as well as au- 
tonomous physiologic ones. Hunger is regulated by a 
central feeding drive modulated by peripheral satiety 
signals that are activated during and after a meal. 9-12 
In humans, it is also common for psychological fac- 
tors to override or modulate physiologic signals that 
regulate food intake. These factors can limit intake, 
even in the presence of hunger, and can sustain intake 
despite sensations of fullness or lack of hunger. 13 Thus  
there are considerable interactions between physio- 
logic and psychological signals in regulating ingestive 
behavior. 

"Satiety," the opposite of hunger, refers to the state 
of replet ion or the feeling of  having consumed 
enough, whereas the verb "to satiate" means to satisfy 
the appetite or to feed to repletion. Nimiety, on the 
other hand, is defined as being filled to excess, an un- 
pleasant aversive state. Blundell et al. 9 have empha- 
sized that although there is an overlap between satia- 
tion and satiety, they should be separated and consid- 
ered to operate independently. Satiation (the process 
by which feeding is brought to an end) and satiety (the 
end result causing inhibition of food intake) may be 
regulated by similar or separate processes. 

In a recent study using positron emission tomog- 
raphy, increased regional blood flow was present in 
the vicinity of the hypothalamus, insular cortex, para- 
limbic and limbic areas, and other areas of the brain 
when subjects reported hunger. In contrast, 30 min- 
utes after the intake of a liquid meal during satiety, re- 
gional blood flow was increased in the ventromedial 
and dorsolateral prefrontal cortex and inferior pari- 
etal lobule, t4 It  is reasonable to assume that these 
"brain signals" are mediated by signals from the gut. 

Recently much of the focus of research in the area 
of  energy intake has focused on leptin. Lept in  is a 
hormone  secreted from adipose tissue. Circulating 
plasma concentrations of leptin reflect fat mass. In ro- 
dents lack of leptin or a defective leptin receptor is as- 
sociated with obesity. Administration of leptin inhibits 
food intake and decreases weight  in obese rodents 
lacking circulating leptin. However, in the majority of 
obese humans plasma leptin concentrations are high. 
Administration of leptin to obese humans does not  
seem to have a major effect on food intake. Thus  
there are differences between the effects of leptin in 
genetically obese mice and obese humans. There  is a 
growing body of evidence suggesting an interaction 
between leptin and gastrointestinal signals in the reg- 
ulation of food intake in the central nervous system 
of rodents. 15,16 
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The  gut, as the portal of entry of all nutrients, nat- 
urally has a fundamental role in appetite regulation. 
Several of the signals arising from the gastrointesti- 
nal tract that influence food intake are altered in "sur- 
gical" disease states and after surgical intervention. 
The  aim of this report was to review the current lit- 
erature on relationships between gut function and ap- 
petite regulation focusing on foregnt signals, most of 
which are mediated via the vagus nerve and interac- 
tions with the "old" gut peptide CCK and the "new" 
proglucagon-derived peptides GLP-1 and GLP-2. 

G A S T R I C  S I G N A L S  

It is obvious that the stomach has an important role 
in the regulation of food intake, yet the mechanisms 
are only partly understood.  Best appreciated are 
mechanisms related to mechanoreceptors involved in 
the reservoir and propulsive functions of the stomach, 
where distention is the adequate stimulus influencing 
all types of motility. Although less well characterized, 
gastric chemoreceptors have a fundamental role in all 
aspects of gastric physiology involved in appetite reg- 
ulation. For example, noncaloric liquid saline empties 
exponentially from the stomach, whereas nutrients 
empty rapidly during the first few minutes and there- 
after at a steady linear rate until the stomach is com- 
pletely empty. There  is evidence that the pylorus me- 
ters the energy content of the food: a fixed number  of 
calories empties into the duodenum per unit  of time, 
regardless of the composit ion of the food. 17 At the 
same time, a host of other endogenous and exogenous 
factors influence emptying rates. 

Gastric distention produces a feeling of satiety in 
humans. 18-2° Balloon distention of the stomach in- 
duces an unpleasant sensation rather than the hedon- 
ic feeling of satisfaction normally experienced after a 
meal. Intragastric balloons may reduce food intake in 
obese subjects, but the effect is very short-lived. 21 A 
pleasant postprandial-l ike satisfying feeling is 
achieved if lipid is infused into the duodenum at the 
same time that the gastric balloon is inflated. 22 Vis- 
cous substances such as xylitol and guar gum delay 
gastric emptying and also decrease food intake. How- 
ever, this effect is short-lived unless nutrients are in- 
cluded with the guar gum. 23'24 

Hunger  and fullness are often interpreted as being 
reciprocal, although they are mediated by different 
mechanisms. After a fatty meal, postprandial fullness 
but not  hunger  ratings were related to intragastric 
content measured by ultrasonography. 25 After inges- 
tion of a meal containing olive oil and low-calorie 
beef soup, postprandial fullness was related to gastric 
content  of soup, whereas hunger  was related to the 
gastric oil conten t .  18,19 In a recent study, postprandial 
fullness but not  hunger  was found to be closely re- 

lated to antral distention after 3 50 ml of 20% glucose 
measured as antral area by means of ultrasound. 26 
These findings suggest that gastric distention by food 
may play a major role in eliciting satiation, whereas 
reduction of hunger feelings after a meal most likely 
results from an interaction of nutrients with receptors 
in the small intestine and postabsorptive signals from 
the liver and/or central nervous system. Interestingly, 
infusion of food into the totally denervated stomach 
in rats decreased food intake, implying a humoral  
mechanism independent of neural effects. 27 Gastrin- 
releasing peptide (GRP) and somatostatin are released 
from the antrum of the stomach. These two peptides 
have been shown to have satiating effects after food 
intake in humans and laboratory animals. 28,29 It is not 
clear whether those effects are systemic or local. Re- 
cently leptin has been found in rodent  and human 
gast r ic  mucosa ,  3°,31 although it is not  clear whether 
this has any implications for food intake. 

The  vagus nerves have extensive projections to the 
gastrointestinal tract, both afferent and efferent. In- 
formation from the gut is in large part relayed to the 
central nervous system via afferent vagal fibers that 
project to the nucleus tractus solitarius. Fibers from 
the nucleus tractus solitarius project further to differ- 
ent nuclei of the hypothalamus. Circulating factors 
such as gut peptides and signals relaying information 
regarding the size of adipose tissue (leptin and insulin) 
are thought  to enter the brain at the arcuate nucleus, 
which projects fibers to the paraventricular nucleus of 
the hypothalamus and the lateral hypothalamus. The  
neurons in the arcuate nucleus, paraventricular nu- 
cleus, and lateral hypothalamus (LH) contain several 
neuropeptides known to influence energy intake, such 
as NPY, orexin, cocaine and amphetamine-regulated 
transcript (CART), c~-melanocyte-stimulating hor- 
mone  (ot-MSH), GLP-1,  CCK, and agouti-related 
p ro t e in  (AGRP) .  3,32-35 

Gastric distention results in an increased discharge 
rate of vagal afferent fibers. 36 The  receptive fields of 
these fibers are localized to small regions (<3 mm) of 
the stomach, and the fibers show a short response la- 
tency suggesting that  they may be involved in the 
feedback control of propulsive and retropulsive grind- 
ing forces necessary to achieve the small particle size 
needed for nutrients to pass the pylorus. 36 c-fos ex- 
pression is increased in the nucleus tractus solitarius 
and dorsal motor  nucleus after gastric distention in 
rats. 37 Furthermore, c-]bs-like immunoreactivity is in- 
creased in the dorsal motor  ganglion and hypoglos- 
sus nucleus after feeding in rats, implying afferent sig- 
naling from the stomach to the central nervous sys- 
tem via the vagus nerve during and after food intake. 38 
Close arterial infusion of picomolar doses of CCK 
increases the discharge rate in these gastric vagal 
mechanosensitive afferent fibers. 36 This synergistic el:- 
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fect of C C K  and gastric distention will be explored 
further below. A newly discovered peptide, urocortin, 
from the corticotropin-releasing factor family has re- 
cendy been shown to inhibit food intake and gastric 
emptying in lean and obese ob/ob mice when given pe- 
ripherally. 39 This  lends further support to the concept 
of the stomach having a central role in the control of 
food intake. 

As surgeons, on a daily basis we encounter a type of 
"gastric" anorexia--that is, anorexia seen during post- 
operative ileus. The  motility of the stomach can be 
impaired for 24 to 48 hours after abdominal sur- 
gery. 4°,41 In contrast, the small intestine regains motil- 
ity earlier, perhaps within a few hours of surgery. 
Thus  the small intestine is ready to process food early 
after surgery, but the stomach is not  ready to accom- 
modate food intake. This  makes a case for early en- 
teral nutr i t ion through a jejunostomy when gastric 
emptying is thought  to be impaired for a long period 
of time. 

I N T E S T I N A L  S I G N A L S  

Infusion of lipid into the small bowel before and 
during a meal induces a feeling of satiety and a reduc- 
tion in food intake. If  the same lipid solution is in- 
fused intravenously, no effects on satiety or eating be- 
havior can be demonstrated. 42 This  suggests a nutri- 
ent receptor in the small intestine, which may be va- 
gal since the effects are blocked by vagotomy. 43 Also, 
if visceral afferent nerve fibers are defunctionalized by 
capsaicin (a selective neurotoxin derived from red hot 
chili peppers), rats overconsume a high-fat diet, sug- 
gesting a role for capsaicin-sensitive afferent fibers in 
providing negative feedback resulting in early termi- 
nation of meals. 44 Since nutrient infusions into the in- 
testine inhibit gastric emptying and intestinal tran- 
sit, 45,46 it could be argued that the satiety-inducing ef- 
fect of lipid infusion is secondary to gastric signals. 
However, infusion of lipid into the duodenum sup- 
presses food intake even in animals equipped with 
esophageal or gastric fistulas that allow food to empty 
without causing gastric distention. 47,4s This  suggests 
that intestinal factors alone can induce satiety. How- 
ever, there is likely an additive effect between gastric 
and intestinal signals. 

The  length of intestine in contact with nutrients 
and the duration of nutrient stimulation may be im- 
portant  determinants of intestinal satiety. 49,5° Guar 
gum added to a lipid-rich soup induces satiety that 
lasts for several hours, much  longer than the soup 
alone. The  rate of gastric emptying was the same for 
guar gum with and without  lipid, suggesting a pro- 
longed exposure of the intestine to nutrients or an in- 
creased distention of the small bowel after intake of 
guar gum. It is possible that guar gum delays small 

intestinal absorption,  pro longing the t ime during 
which nutrients are in contact  with the absorptive 
mucosa of the small intestine, thus inducing a pro- 
longed period of postprandial satiety. 24,51,52 This  sug- 
gests that nutrient-sensitive receptors in the small 
intestine can signal satiety. 

Nutrient-sensitive fibers have been demonstrated 
in rats. s3 Vagal afferent fibers have been found to pro- 
ject from the duodenal villi to the nodose ganglion, s4 
In addition, load-sensitive vagal afferent fibers have 
been demonstrated in the upper duodenum. These  
fibers respond briskly to small loads of isotonic saline 
solution or inflation of a small balloon in the duode- 
num. T h e  fibers also respond to close intra-arterial 
injection of CCK in a similar manner to the vagal af- 
ferent fibers seen in the stomach. CCK pretreatment 
sensitizes these duodenal vagal afferent fibers to sub- 
sequent duodenal  loads, indicating that C C K  and 
duodenal loads act synergistically to stimulate these 
mechanosensitive fibers to a greater degree than stim- 
ulation by CCK or duodenal loads alone. 55,56 Since 
endocrine cells located in the upper duodenum re- 
lease CCK in response to intraluminal nutrients, it is 
possible that CCK acts in an endocrine or paracrine 
manner, stimulating gastric and duodenal vagal fibers 
and other  neurons in the stomach and intestine, 57 
thus influencing food intake through central nervous 
mechanisms (fig. 1). 

G U T  P E P ' r I D E  S I G N A L S  
C h o l e c y s t o k i n i n  

C C K  is found in the I-cells (an endocrine cell 
mainly found in the duodenum and jejunum) 58,59 and 
is released into the circulation after food intake. The  
family of C C K  peptides exists in several bioactive 
molecular forms with 4 to 58 amino acid residues. All 
forms of native CCK have the bioactive C-terminal 
portion of the molecule in common and CCK-8 and 
CCK-3 3 have been reported to have biologic actions 
after food intake. 6°,61 There  are two types of CCK re- 
ceptors that have been classified as CCK-A and CCK- 
B on the basis of their affinity for structurally and 
functionally related pept ides .  62,63 

Several studies in humans have demonstrated that 
CCK infusion reduces food intake 64°67 and CCK re- 
ceptor blockade, using the experimental drug MK- 
309, increases food intake. 68 However, it seems as if a 
gastric preload is necessary to achieve a satiating effect 
with CCK-33. CCK-33 infused to high physiologic 
levels in fasting humans had no influence on satiety 
or food intake, 69 whereas infusion after a banana pre- 
load decreased food intake in both obese and lean 
subjects. 7° 

The  relationship between decreases in plasma lev- 
els of CCK and reports of hunger has also been in- 
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fig. 1. Schematic illustration of sites of action of the gut peptides choleos'stokinin (CCK) and glucagon- 
like peptide-1 (GLP-1) influencing satiety through vagal afferent signals from the gut and direct effects 
on central feeding centers. CCK and GLP-1 are found throughout the gut, whereas CCK is found in 
higher concentrations in the proximal gut and GLP-1 in the distal gut. To the right are peptides with ap- 
petitive effects at different levels (NPY = neuropepfide Y; a-MSH = a-melanocyte-stimulating hor- 
mone; AGRH = agouti-related hormone). Leptin receptors have also been demonstrated in the brain. 

vestigated in humans. Considerable between-subject 
variations in postprandial CCK concentrations and 
sensations of hunger and fullness were present. 71 It 
has been suggested that nausea might contribute to 
the reduction of food intake after CCK infusion, but 
this was refuted in a recent article. 72 

The concept that a preload of  nutrients is neces- 
sary to unveil a satiating effect of C C K is consistent 
with neurophysiologic studies. As mentioned earlier, 
intra-arterial injection of  C C K  close to the stomach 
and duodenum of rats potentiates the response of af- 
ferent gastric and duodenal vagal fibers, -~6 suggesting 
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that afferent fibers show polymodal sensitivity to 
both CCK and mechanical stimulation. Also, a com- 
bination of a gastric distending load and CCK acts 
synergistically to produce greater discharge rates 
than those of either stimulus alone. 73 Thus  there 
seems to be a dose-response relationship between 
gastric distention, CCK, and the vagal afferent dis- 
charge rate. Less gastric distention is needed to 
achieve similar vagal afferent discharge rates in the 
presence of high levels of CCK. This may be impor- 
tant for dosing CCK and similar peptides in order to 
inhibit food intake. 

Administration of CCK antibodies and receptor 
antagonists results in increased food intake, suggest- 
ing that CCK may be an inhibitor of food intake. 74-76 
Peripheral CCK acts on CCK-A receptors in the 
antrum of the stomach and is involved in the inhibi- 
tion of gastric emptying after CCK administration. 77 
CCK-A receptors have also been shown to be present 
in the subdiaphragmatic vagus nerve. 78 Studies in gas- 
trectomized rats have shown that extragastric CCK 
inhibits food intake, 79 suggesting a direct effect on the 
vagus nerve of CCK released from the duodenum af- 
ter food intake. Also, feeding results in the release of 
CCK locally in the brain where it can act on CCK-B 
receptors indicating an additional pathway for the ac- 
tion of CCK on food intake. 4 Many of the studies of 
CCK and food intake have used doses of CCK in the 
pharmacologic range making it difficult to draw clear 
conclusions regarding a physiologic role for CCK in 
the control of  food intake. 

Proglucagon-Derived Peptides 
(GLP-1 and GLP-2) 

GLP-1 and GLP-2 are peptides that are produced 
in the L-cells (endocrine cells mainly found in the 
ileum and colon) of the intestinal mucosa and are se- 
creted after intake of a mixed meal. GLP-1 and GLP- 
2 arise as the result of proteolytic cleavage of  pro- 
glucagon in the L-cells of the gut. 8°,81 The amino acid 
sequence of GLP-1 and GLP-2 is highly conserved 
indicating a physiologically important function of the 
peptides.82. 83 

To date, only one GLP-1 receptor type is known. 
GLP-1 receptors have been found in the central ner- 
vous system, lung, stomach, skeletal muscle, and fat 
cells. 84-87 In the brain, GLP-1 immunoreactive cell 
bodies are present in the caudal portion of the soli- 
tary tract, and in the dorsal and ventral parts of the 
medullary reticular nucleus, corresponding to regions 
that receive afferents from the gastrointestinal tract 
via the vagus nerve. 3 GLP-1 immunoreactive nerve 
fibers have been found in the paraventricular nucleus 
and the periventricular strata, 3,88,89 as well as in tha- 
lamic nuclei, and in the brainstem. 89,9° GLP-1 binding 

sites have been found in the sensory circumventricu- 
lar organs including the subfornical organ and area 
postrema. Because the various regions of the circum- 
ventricular organs lack a perivascular blood-brain bar- 
tier, free exchange of molecules between the blood 
and cerebrospinal fluid is possible. 91-93 

At physiologic plasma levels, GLP-1 is insulino- 
tropic and glucagonostatic and thus lowers blood glu- 
cose concentrations. It inhibits meal- and pentagastrin- 
induced gastric acid secretion and increases insulin- 
induced glucose clearance. Furthermore, GLP-1 in 
slightly supraphysiologic doses delays gastric emptying 
of liquid 94 and solid meals, 95 as well as plain water (un- 
published observation), suggesting that GLP-1 is an 
"ileal brake" hormone. 94 There is evidence that the ef- 
fect of GLP- 1 on gastric secretion and motility is me- 
diated via the vagus nerve in both animals and hu- 
mans 96°98 and the blood glucose-lowering effect of  
GLP-1 is partly mediated through the peptide's in- 
hibitory effect on gastric emptying. 99 

GLP-1 has a direct central action on feeding be- 
havior. Several reports have demonstrated that in- 
tracerebroventricular injection of GLP-1 in rats in- 
hibits food and water intake 1°°°1°2 and leads to in- 
creased c-fos gene expression in the paraventricular 
nucleus) °2 Intracerebroventricular administration of 
the GLP-1 receptor antagonist, exendin (9-39)amide, 
originally found in the venom of the lizard Heloderma 
suspectum, to satiated but not fasted rats, resulted in 
increased food intake. 1°2 Furthermore, administration 
of exendin (9-39)amide twice daily for 10 days not 
only increased food intake but also resulted in a sig- 
nificant weight gain. 1°3 No effect on food intake has 
been found after intraperitoneal injection of GLP- 
1,1°2 suggesting a central nervous rather than periph- 
eral mode of action in rats. However, the very short 
half-life of GLP- 1 in rodents may account for the lack 
of effect of peripheral GLP-1 on food intake. 

To date, seven studies have shown that GLP-1 in- 
creases satiety and decreases food intake in normal- 
weight ,  104-106 diabetic, 1°7,1°8 and obese humans, 1°9,11° 
whereas one study failed to demonstrate any effect of 
GLP-1 on food intake or appetite. 1H These studies 
range from 2 to 48 hours in duration with either in- 
travenous or subcutaneous infusions. The GLP-1 in- 
fusion resulted in slightly supraphysiologic plasma 
concentrations in all of these studies and was similar 
to the concentrations seen in studies investigating the 
possible role of GLP- 1 in the treatment of non-in-  
sulin-dependent diabetes mellitus. No nausea or other 
side effects have been associated with GLP-1 infusion 
at the rates used in the preceding studies. As with 
CCK, many studies have used pharmacologic doses 
of GLP-1 making it difficult to ascertain whether the 
effect of  peripheral GLP-1 on food intake is physio- 
logic. The  use of the GLP-1 receptor antagonist ex- 
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endin (9-39)amide in humans may shed further light 
on the effect of endogenous GLP- 1 on food intake. 

Indirect data also suggest effects of GLP-1 on food 
intake. It has been proposed that the meal response 
of GLP-1 is attenuated in obese humans, implying 
that lower postprandial GLP-1 concentrations may 
result in a shorter intermeal period. 112-114 It is of in- 
terest that  genetic studies in families with morbid 
obesity have shown a linkage with islet 1 locus (Isl-1) 
on chromosome 5q. Isl-1 is a positive regulator of 
proglucagon gene transcription and may thus influ- 
ence GLP-1 secretion, 115 possibly resulting in de- 
creased plasma GLP-1 concentrat ions with a con- 
comitant increase in food intake. 

The  effects of GLP-2 are not as clearly character- 
ized as those of GLP-1.  GLP-2 has been shown to 
have trophic effects on the intestinal mucosa of ro- 
dents 116 and is currently being investigated as a treat- 
ment  for intestinal failure in humans, n7 In pigs, GLP- 
2 inhibits antral motility 118 and has been shown to in- 
hibit gastric acid secretion in humans. 119 Recently a 
GLP-2-containing neuronal pathway connecting the 
nucleus tractus solitarius and dorsomedial hypotha- 
lamic nucleus has been found in rats, and GLP-2 re- 
ceptor m R N A  was found in the dorsomedial hypo- 
thalamic nucleus. Central administration of GLP-2 
resulted in a 35% decrease in food intake compared to 
placebo. 5 Thus,  in terms of gastric function, it would 
seem as if both GLP-1 and GLP-2 contribute to the 
"ileal brake" effect and that the two peptides have 
similar effects on food intake. The  physiologic role of 
GLP-2 in humans has yet to be determined. 

teraction of short- term and long-term mechanisms 
for regulating appetite. 

S U R G I C A L  I M P L I C A T I O N S  

As seen in this review, signals arising from the 
foregut seem to influence short-term (intermeal) ap- 
petite and food intake interval. In addition, there is 
evidence that gastrointestinal peptides such as CCK 
and GLP-1 interact with signals involved in the long- 
term regulation of food intake such as leptin from adi- 
pose tissue and the afferent vagal system of the gut 
and liver. There  are two opposite clinical problems 
that create the need for understanding relationships 
between the gut and food intake: undernutrit ion and 
obesity. The  former has been in the domain of gas- 
trointestinal surgeons throughout history, whereas the 
latter has only relatively recently become the object 
of our interest. Major foregut surgery such as gas- 
trectomy, pancreatoduodenectomy, and vagotomy ob- 
viously greatly interferes with many appetite signals, 
stimulatory as well as inhibitory, arising from the gut. 
However, the scarcity of long- term clinical conse- 
quences such as involuntary weight loss postopera- 
tively can be interpreted as evidence of considerable 
reciprocity between the systems regulating hunger  
and satiety. Alternatively, because of their crucial im- 
portance for survival, hunger signals exhibit consid- 
erable redundancy. The  liver, via glycogen for short- 
term regulation, and proteins of the lean body for 
long-term homeostasis are likely peripheral sources 
of such signals. 

I N T E R A C T I O N  B E T W E E N  D I F F E R E N T  
T Y P E S  O F  P E R I P H E R A L  S I G N A L S  

Two recent publications have shown synergistic ef- 
fects of CCK and leptin in the control of food intake 
in rodents. Concomitant administration of leptin cen- 
trally and C C K  peripherally decreased food intake 
more than the administration of either peptide 
alone. 12° In a second study, synergy between leptin 
and C C K  on food intake was confirmed, and it was 
also shown that the combination of leptin and CCK 
caused greater c-fos activation in brain areas associated 
with food intake than with either peptide alone. 121 
Taken together, these reports suggest that the pro- 
posed " long-term" satiety agent, leptin, also may 
modulate intermeal satiety by interacting with gut sig- 
nals, which are mainly thought  to affect intermeal 
satiety. In addition, it has been shown that CART-de- 
rived peptides are found in vagal afferent neurons sen- 
sitive to CCK, implying that CART may mediate the 
satiety effect of CCK. 122 In analogy with CCK, there 
is evidence that  GLP-1 and leptin interact in the 
brain to influence food in take ,  123,124 suggesting the in- 

General Surgery 
Postlaparotomy ileus is a short- term inhibitor of 

food intake likely with only minor consequences for 
overall energy balance. However, with the recent 
demonstration of significant improvements in patient 
well-being as shown by the elimination of the tradi- 
tional preoperative fast in favor of energy-rich liquids 
up to 2 hours before the time of operation 125 and early 
postoperative enteral feeding with rapid mobiliza- 
tion, 126 it is conceivable that reduced gastric ileus con- 
tributes to more rapid postoperative recovery. This  
mechanism has not  yet been evaluated, however. A 
significant component of postoperative anorexia is also 
attributable to cytokine release caused by the surgical 
trauma of the wound. Reduction of the cytokine re- 
sponse through minimally invasive laparoscopic surgi- 
cal approaches 127 might explain the characteristically 
earlier return to full function seen after laparoscopic 
surgery, although the energy consequences of cytokine 
release in this context have also not yet been studied. 

Gastrectomies of varying extent for ulcer disease or 
cancer have not been well studied with respect to their 
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appetitive effects, although there is a reasonable body 
of literature on their nutritional sequelae. The results 
of gastric resection on gut peptide levels show in- 
creased plasma concentrations of enteroglucagon, in- 
sulin, and neurotensin after a meal. 128 These studies 
have been performed with respect to the dumping syn- 
drome and not appetite. Vagotomy, on the other hand, 
as is obvious from this review, has been studied exten- 
sively, although there is a paucity of information on 
the effects ofvagotomy on peptides in patients. Motil- 
ity and mechanisms of acid secretion including 
polypeptide analysis after vagotomy have been investi- 
gated in the context of ulcer disease without analysis of 
effects on ingestion. Our own studies of truncal vago- 
tomy in a small series of obese patients concerned in- 
sulin releasO 29 and food and liquid intake 13° without 
determinations of other gastrointestinal polypeptides. 

Patients with short bowel but preserved colon of- 
ten show evidence of functional adaptation and nor- 
mal gastric emptying compared to patients with short 
bowel and jejunostomy. Recent data demonstrate that 
patients with a resected ileum but an intact colon have 
elevated fasting GLP-1 and GLP-2 plasma concen- 
trations and greater meal-stimulated responses of the 
two peptides compared to nonoperated control sub- 
jects. Possibly this reflects the trophic effects of GLP- 
2 on gut mucosa and inhibitory effects of GLP-1 on 
gastric emptying. TM 

Antiobesity Surgery 

Gastrointestinal surgery for severe obesity, on the 
other hand, deals with a different threat to the quality 
and duration of life. Its goal is to enhance satiety 
and/or reduce hunger signals to create undernutri- 
tion. 132 Purely gastric restrictive procedures, such as 
vertical banded gastroplasty or gastric banding, in- 
crease gastric and/or esophageal distention from 
solids in an attempt to elicit early satiety. Signals from 
distention are neural or neurohumoral. The human 
esophagus is well characterized with respect to neu- 
ropeptide distribution, t33 Recent positron emission 
tomography studies of esophageal afferents have 
identified brain loci stimulated by distention. 134 In- 
terestingly, these loci are in proximity to loci stimu- 
lated by appetitive behavior. 14 Hypothetically, esoph- 
ageal signals could participate in regulating (inhibit- 
ing) food intake. Our observations during endoscopy 
of reduced esophageal sensitivity in severely obese pa- 
tients might indicate a "satiety defect" in obese pa- 
tients (unpublished observations). Gastric distention 
of the~cardia-does not yet seem to have been evalu- 
ated with respect to neural or humoral signals rele- 
vant to appetitive behavior. 

As indicated earlier, truncal vagotomy alone, with- 
out drainage, has been studied as a treatment for obe- 

sity 13s in a small group of patients. Because of the 
modest weight loss, vagotomy was abandoned as a 
single procedure. However, based on our findings of a 
reduction in calorically dense liquid intake after vagot- 
omy, 13° the hallmark of the "soft calorie syndrome," 
the primary cause of failure of gastric restrictive pro- 
cedures, 136 we added vagotomy to gastroplasty in an- 
other small group of patients. We found that the 
vagotomy potentiated the weight loss of the vertical 
banded gastroplasty procedure. 137 The mechanisms 
are not known, although motility factors as well as 
neurohumoral signals are certainly involved. 

Gastric bypass relies on gastric restriction much 
like gastroplasty in the initial phase of weight loss (6 
to 18 months), subsequently relying on the bypass to 
maintain the loss. The maintenance phase accounts 
for the superior performance of gastric bypass over 
gastroplasty, whether by banding or a combination of 
banding and stapling. The mechanisms of the diver- 
sionary component of gastric bypass are partly ab- 
sence of a pyloric "meter" or "brake" allowing rapid 
transit via the gastrojejunostomy and partly the 
maldigestion caused by the absence of acid and pepsin 
and the grinding-mixing forces of the stomach. Thus 
undigested food rapidly shunted into the jejunum 
causes nimiety via mechanoreceptors and possibly 
satiety via chemoreceptors. A few studies have ana- 
lyzed patterns ofpeptide release after gastric antiobe- 
sity operations. 138-141 After vertical banded gastro- 
plasty, changes in meal-stimulated plasma concentra- 
tions of gut hormones are few, whereas after gastric 
bypass hormones mainly found in the upper gut are 
decreased and hormones found in the distal gut such 
as enteroglucagon are elevated. GLP-1 has not specif- 
ically been measured after gastric bypass, but since 
plasma concentrations of enteroglucagon are elevated 
after gastric bypass, and enteroglucagon and GLP-1 
are secreted in parallel from the L-cells of the gut, it 
is reasonable to assume that plasma concentrations 
of GLP-1 might also be elevated, thus influencing 
hunger sensations. 

Intestinal bypass operations used clinically, experi- 
menting with varying lengths of jejunum and ileum 
in continuity, 142 have been studied with respect to gas- 
trointestinal polypeptide patterns. Although these op- 
erations are no longer performed as primary proce- 
dures for surgical treatment of obesity, their effects 
on gut peptides are relevant and the information pro- 
vided can be used in developing other strategies for 
weight control. As we have recently demonstrated, 
GLP-1 concentrations are elevated both short term 
(9 months) and long term (20 years) after jejunoileal 
bypass, indirectly giving evidence of the satiety effects 
of GLP- 1 after jejunoileal bypass. 143,144 

The most extensive of the gastrointestinal opera- 
tions for obesity are biliopancreatic bypass (BPD) 145 
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and its modi f ica t ion  w h e r e b y  a duodena l  switch is 
added ( B P D - D S ) .  146 Sarson et al. 147 p e r f o r m e d  an 
analysis o f  pep t ide  pa t te rns  in the  ear ly 1980s, but  
such studies do not  seem to have been repeated since 
the discovery of  m a n y  of  the "newer"  peptides.  Stud- 
ies of  gastric empty ing  of  solids and liquids and of  en- 
te roglucagon levels in patients 148 after the duodenal  
switch give some indi rec t  indicat ion of  the m e cha -  
nisms account ing for weight  loss after B P D - D S .  

W e  conclude that  detailed studies of  the neurohu-  
moral  effects o f  antiobesity surgery should help in de- 
veloping drugs for the t r ea tmen t  o f  this serious dis- 
ease and also, by  increasing the unders tanding  o f  the 
p h e n o m e n o n  of  satiety, contr ibute  to refining opera-  
tions for obesity. W e  also conclude that  surgeons can 
contr ibute  substantially to the new field of  neurogas-  
troenterology, just as this field will likely improve out-  
comes of  gastrointestinal surgery. 
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Letter to the Editors 

To the Editors: 
1 have been requested by the Board of Trustees of The 

Society for Surgery of the Alimentary Tract to write a letter 
of apologia. At issue is the suggestion that my group and I 
have published two manuscripts with sufficient similarity to 
approximate duplicate publication.l,2 This is a most serious 
concern, and I view it as such. Clearly, neither I nor any of 
my group desire or need duplicate publication. If any im- 
propriety occurred, it was certainly not intentional, and I 
do apologize. 

Both manuscripts were derived from our prospective 
database initiated in 1983, and both were related to infec- 
tious complications following pancreaficoduodenectomy. It 
is correct that sections of the materials and methods of 
these two manuscripts are essentially identical. However, I 
believe it is equally true that we provide substantially dif- 
ferent data between the two papers. The first paper referred 
to 161 patients, and the second to 240 patients. The two 
papers together contained 20 tables. The first manuscript 
contained eight tables and the second manuscript 12 tables. 
Although they contained different numbers, three of the 
total 20 tables have the same tide and similar data. In ret- 
rospect, we clearly should have informed the editors of the 

existence of the Annals of Surgery manuscript at the time of 
presentation of the manuscript to the JOURNAL OF GAS- 
TROINTESTINAL SURGERY. 

I do acknowledge my serious oversight in not comparing 
the manuscripts in parallel, although I do believe that there 
is room for genuine debate over the extent of similarity. I do 
wish to emphasize that the responsibility is mine and not 
that of my coauthors. 

Murray E Brennan, M.D. 
Department of Surgery 
Memorial Sloan-Kettering Cancer Center 
New York, N. Y 
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