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Preface

As an addition to the European postgraduate training system for young
neurosurgeons, our predecessors began to publish in 1974 this series of
Advances and Technical Standards in Neurosurgery which was later
sponsored by the European Association of Neurosurgical Societies.

This series was first discussed in 1972 at a combined meeting of the
Italian and German Neurosurgical Societies in Taormina, the founding
fathers of the series being Jean Brihaye, Bernard Pertuiset, Fritz Loew
and Hugo Krayenbiihl. Thus were established the principles of European
co-operation which have been born from the European spirit, flourished in
the European Association, and have been associated throughout with this
series.

The fact that the English language is now the international medium for
communication at European scientific conferences is a great asset in terms
of mutual understanding. Therefore we have decided to publish all con-
tributions in English, regardless of the native language of the authors.

All contributions are submitted to the entire editorial board before
publication of any volume for scrutiny and suggestions for revision.

Our series is not intended to compete with the publications of original
scientific papers in other neurosurgical journals. Our intention is, rather, to
present fields of neurosurgery and related areas in which important recent
advances have been made. The contributions are written by specialists in
the given fields and constitute the first part of each volume.

In the second part of each volume, we publish detailed descriptions of
standard operative procedures and in-depth reviews of established knowl-
edge in all aspects of neurosurgery, furnished by experienced clinicians.
This part is intended primarily to assist young neurosurgeons in their post-
graduate training. However, we are sure that it will also be useful to expe-
rienced, fully trained neurosurgeons.

We hope therefore that surgeons not only in Europe, but also through-
out the world, will profit by this series of Advances and Technical Stan-
dards in Neurosurgery.

The Editors
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Abstract

Clinical audits have suggested up to 40% of patients with disorders of con

sciousness may be misdiagnosed, in part, due to the highly subjective process
of determining, from a patient’s behaviour, whether they retain awareness of
self or environment. To address this problem, objective neuroimaging meth

ods, such as positron emission tomography and functional magnetic resonance
imaging have been explored. Using these techniques, paradigms, which do not
require the patient to move or speak, can be used to determine a patient’s level
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of residual cognitive function. Indeed, visual discrimination, speech compre
hension and even the ability to respond to command have been demonstrated
in some patients who are assumed to be vegetative on the basis of standard
behavioural assessments. Functional neuroimaging is now increasingly consid
ered to be a very useful and necessary addition to the clinical assessment
process, where there is concern about the accuracy of the diagnosis and the
possibility that residual cognitive function has remained undetected. In this
essay, the latest neuroimaging findings are reviewed, the limitations and caveats
pertaining to interpretation are outlined and the necessary developments,
before neuroimaging becomes a standard component of the clinical assessment
are discussed.

Keywords:  Vegetative state; minimally conscious state; functional magnetic
resonance imaging,

Introduction

The management and rehabilitation of severely brain damaged patients with
disorders of consciousness is highly dependent on obtaining an accurate and
reliable evaluation of their level of cognitive processing [21]. At present a
diagnosis is made predominately on the basis of a patient’s clinical history
and exhibited behaviour. This assessment, however, is often fraught with diffi
culties, as many patients are unable to move or vocalise and thus demonstrate
awareness of self or environment. The interpretation of exhibited behaviour is
therefore highly subjective and attributed as one of the main reasons for the
high rate of misdiagnosis found in the vegetative state (VS), minimally con
scious state (MCS) and locked in syndrome [1, 7, 37]. Recent advances in
functional neuroimaging, however, have suggested a novel solution to this
problem; so called “activation” studies, which do not require the patient to
move or speak, can be used to assess whether a patient retains the ability to
comprehend and even respond to speech.

In several recent studies, neuroimaging has been used to detect residual
cognitive function and even conscious awareness in patients who behaviourally
met the criteria defining the vegetative state [8 10, 26, 28]. These studies are
amongst a growing number of examples suggesting neuroimaging may provide
important additional information to inform the diagnostic decision making
process, inform prognosis and reduce the current rate of misdiagnosis.
Crucially, neuroimaging is also enabling scientists and clinicians to glean a
greater understanding of the mechanisms underlying conditions of impaired
consciousness. In two recent studies this information has been used to guide
therapeutic interventions and track recovery [35, 40] and it is anticipated neu

roimaging will play an even greater role in guiding therapeutic choices in the
future [17, 21].
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Positron emission tomography

The first neuroimaging studies in patients with disorders of consciousness used
either flurodeoxyglucose (FDG) positron emission tomography (PET) or
single photon emission computed tomography (SPECT) to measure resting
cerebral blood flow and glucose metabolism [0, 15, 23, 34, 39]. These studies
typically found widespread reductions in metabolic activity of up to 50% [2, 30],
although in some cases, isolated ‘islands’ of preserved metabolic activity
were identified, suggesting the possibility that some patients may harbour re
sidual function [36]. While these studies undoubtedly provided further impetus
to explore residual cognitive function with neuroimaging, metabolic studies
were only able to identify functionality at the most g%eneral level.
Neuroimaging investigations therefore turned to the use of H,'"O PET and
functional magnetic resonance imaging (fMRI), which are able to link specific
changes in blood flow or metabolism to circumscribed cognitive processes
[25].

The first activation study using H,'? O PET measured regional cerebral
blood flow in a post traumatic vegetative patient during an auditorily presented
story told by his mother [14]. Compared to non word sounds, activation was
observed in the anterior cingulate and temporal cortices, possibly reflecting
emotional processing of the contents, or tone, of the mother’s speech. In
another patient diagnosed as vegetative, Menon ¢z a/. [24], used PET to study
covert visual processing in response to familiar faces. When the patient was
presented with pictures of the faces of family and close friends, robust activity
was observed in the right fusiform gyrus, the so called human “face area”.
Importantly, both of these studies involved single, well documented cases; in
group studies of patients meeting the criteria defining the vegetative state,
normal brain activity in response to external stimulation has generally been
the exception rather than the rule. For example, in one study of fifteen vegeta
tive patients, high intensity noxious electrical stimulation activated midbrain,
contralateral thalamus and primary somatosensory cortex in every patient [22].
However, unlike control subjects, the patients did not activate secondatry so
matosensory, insular, posterior parietal or anterior cingulate cortices.

Early activations studies in patients with disorders of consciousness used
H,"°O PET, in part because the technique was more widely available and in
part because the multiple logistic difficulties of scanning critically ill patients in
the strong magnetic field, that is integral to fMRI studies, had yet to be re
solved. However, H215o PET studies are limited by issues of radiation burden
which make longitudinal or follow up studies difficult and prevent a compre
hensive examination of multiple cognitive processes within a single session.
The power of PET studies to detect statistically significant responses is also
low and group studies are often needed to satisfy standard statistical criteria
[31]. These limitations thus fall short of clinical demands, which require objec
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tive information for each individual in terms of diagnosis, residual function and
potential for recovery. fMRI in contrast has no associated radiation burden,
offers increased statistical power, improved spatial and temporal resolution and
the ability to comprehensively assess the residual function of an individual
during a single session.

Functional magnetic resonance imaging

An increasing number of event related fMRI studies are now being published
cach year demonstrating various degrees of retained function in patients with
disorders of consciousness [4, 8, 9, 16, 38]. fMRI, however, is not without its
complexities and challenges when applied to this patient group. Work in a
strong magnetic field has well known safety and logistical constraints, but
the behaviour of patients with disorders of consciousness also creates chal
lenges. For example, many vegetative patients only have transient periods of
eye opening, making the use of visual paradigms difficult. Similarly, scanning a
patient who is unable to communicate presents numerous ethical dilemmas,
particularly when they are unable to tell you if they are in pain.

Where these difficulties are overcome, the design of fMRI paradigms and
their interpretation must also be carefully planned in order to ensure that a
specific cognitive process is appropriately assessed and where neural activation
is observed this is known to occur in healthy volunteers. Unfortunately, many
neuroimaging paradigms are let down by the use of a reverse inference ap
proach, whereby a given cognitive process is inferred based on an observed
activation in a particular brain region. For instance, a patient is presented with
his/her name spoken by the voice of his/her mother in one condition and the
sound of scanner noise in another condition. Using a simple subtraction anal
ysis the experimenters observe greater cortical activation in the primary audi
tory cortex when the patient hears his mother’s voice versus the scanner noise.
One conclusion could be that the patient recognised his/her name, but the
activation observed could equally reflect a low level orienting response to
speech in general or an emotional response to the mother’s voice. Such a
paradigm therefore lacks cognitive specificity and provides limited information
about the retained cognitive function of a patient with impaired consciousness.
fMRI paradigms require careful planning in order to ensure that they are
appropriately counterbalanced and can be directly attributed to a specific cog
nitive process under study. Using mother voice as an example, a study by
Statfen et al. [38], compared the response of a patient to hearing their own
name versus another name. In this case, because identical speech stimuli were
used which differed only with respect to the name itself, activations could be
confidently attributed to cognitive processing that is specifically related to the
patient’s own name. Staffen ¢ a/. found activation in the medial prefrontal
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cortex in response to the patient’s own, but not in response to other names.
This pattern of activation was similar to that observed in three healthy
volunteers and corresponds closely to the findings of an electrophysiological
study, which reported responses to patients own names (compared to other
peoples names) in locked in, minimally conscious and some vegetative patients
[32].

Although knowing that a patient recognises their own name or the voice
of a family member is often comforting to their relatives, a response to one’s
own name is one of the most basic forms of language and may not depend
on the higher level linguistic processes that are assumed to underpin compre
hension. We have therefore previously proposed a hierarchical approach to
the fMRI assessment of language comprehension in patients with disorders
of consciousness; beginning with the simplest form of auditory processing
and progressing sequentially through more complex cognitive operations
[8, 28, 29].

In a recent study of 22 vegetative and nineteen minimally conscious
patients, we assessed each patient’s response at three levels of auditory proces
sing to four conditions (sentences containing ambiguous words, sentences
containing unambiguous words, signal correlated noise and silence) presented
pseudorandomly [10]. At the lowest level we determined whether these
patients retained basic primary auditory processing in response to hearing
sound (both intelligible speech and unintelligible noise) in contrast to a silent,
inter scan baseline. This level of analysis identifies those brain regions that
process the acoustic properties of sound that is common to both speech
and non speech stimuli. In healthy controls this contrast produces activation
in primary auditory regions on the superior temporal plane, centred on
Heschl’s gyrus [33].

The second level of analysis assesses speech specific perceptual processing
by comparing fMRI responses to intelligible speech zersus acoustically matched
unintelligible noise stimuli. It therefore goes further than our first level of
analysis because it specifically isolates the brain’s response to intelligible speech,
whereas the first level of analysis was designed to identify the brain’s response
to sound in general (ie. both intelligible and non intelligible sounds) when
compared to silence.

At the third level of analysis, sentences containing ambiguous words (e.g
bark, or rain/reign) are contrasted with sentences containing no ambiguous
words. In healthy volunteers this comparison reveals distributed higher order
processing in the left inferior frontal and left temporal cortex reflecting the
retrieval of semantic information that is essential in order to process the
intended meaning of the ambiguous words. The presence of appropriate acti
vations in this contrast provides strong evidence that some high level semantic
aspects of speech comprehension are preserved.
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Level of auditory processing revealed by fMRI

Fig. 2. Level of auditory processing achieved by each patient grouped by diagno-
sis and aetiology during fMRI, plotted against their six-month highest Coma
Recovery Scale (CRS) score. Images at the bottom show left-hemisphere activation
for each level of auditory processing from groups of healthy participants in
previous control studies. Responses to sound only depicts the contrast of non-
speech noise compared to silence from Davis and Johnsrude [13]. Responses to
speech versus non-speech and high versus low ambiguity are reported from
Ref. [33]. Reproduced from Ref. [10]
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Fig. 1. Residual language function in patients diagnosed as either vegetative or
minimally conscious. Seven of the twenty-two patients who had a clinical diagnosis
of vegetative state (VS) and twelve of nineteen patients who had a clinical diagnosis of
minimally conscious state showed normal responses to sound versus silence and intel-
ligible speech versus unintelligible noise (shown). Activations are thresholded at
P<0.05 FDR corrected for multiple comparisons and shown on slices where the peak
activation was observed. Numbers represent the x-value of MNI co-ordinates. Repro-
duced from Ref. [10]
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Our fMRI investigation of 22 vegetative and nineteen minimally conscious
patients found that seven vegetative patients and twelve minimally conscious
patients retained significant temporal lobe responses in the first and second
level of analysis i.e., basic primary auditory cortex responses to sound, but also
more elaborate responses to intelligible speech versus non intelligible noise sti
muli (Fig. 1; [10]). However, of particular importance, our investigation also
found evidence of high level language function (i.e., retrieval of semantic infor
mation), in two of the vegetative patients. This striking finding not only showed
aspects of normal speech processing in some vegetative patients with negative
behavioural markers, but it also revealed a potentially important prognostic
tool. When the level of auditory processing achieved by each patient was
compared to their subsequent outcome six months post scan, a highly signifi
cant correlation (r; 0.81, P<<0.001) was found. Indeed, every patient, who at the
time of scanning had shown a behavioural profile consistent with the vegetative
state, but a high level of speech processing on brain imaging, subsequently
progressed to a minimally conscious state six months post scan (Fig, 2; [10]).

Using neuroimaging to detect awareness

In order for brain imaging to be able to inform the diagnostic decision making
process, it needs to be able to provide unequivocal evidence that a patient is
aware without requiring him/her to move ot speak. Although evidence from a
study of healthy sedated volunteers undertaking our speech processing para

digm suggests a person needs to be conscious to demonstrate aspects of
speech comprehension [12], a similar pattern of activation in a patient does
not necessarily imply they are conscious. Moreover, speech comprehension per
se, 1s a subcategory of consciousness; the ability to respond to command and
ultimately describe ones feelings, beliefs and experiences being higher exam

ples, which clearly demonstrate a person is aware. In order to address this
problem we have recently turned our attention to creating a paradigm that
demonstrates that a patient is able to respond to command and answer basic
questions without moving or speaking. To do this we instruct patients (who
have firstly demonstrated aspects of speech comprehension on our paradigm
described above) to perform two mental imagery tasks when cued by the
instructions “imagine playing tennis” or “imagine moving around the rooms
of your home”. In healthy volunteers these tasks elicit robust and reproducible
patterns of activation in the supplementary motor cortex and parahippocampal
gyrus respectively [5]. Hence, where a patient demonstrates these anatomically
distinct patterns of activation, they are not only showing that they understand
the instruction (to imagine playing tennis, for example), but also retain the
ability to wilfully follow the instruction. This creates the most important benefit
of brain imaging to the clinical team, namely a non verbal means of communi
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cation to explore the full extent of retained cognition. Where a patient is able to
demonstrate appropriate areas of activation to these commands, they can be
turther instructed to undertake one of these tasks to indicate “Yes” and the
other to indicate “No”.

We have recently used this approach to demonstrate that a young woman
who fulfilled all internationally agreed criteria for the vegetative state was, in
fact, consciously aware and able to make responses using her brain activity,
despite her clinical diagnosis [26]. In July 2005, the 23 year old woman sus
tained a severe traumatic brain injury as a result of a road traffic accident.
During the 5 months between her accident and the fMRI scan, she was
assessed by a multidisciplinary team employing repeated standardised assess
ments consistent with the procedure described by Bates [3] and her condition

Tennis imagery Spatial navigation imagery

b
SMA . e
- S ‘ iy

Controls

Fig. 3. Volitional responses to command suggesting awareness of self and environ-
ment in a patient who fulfilled the clinical criteria defining the vegetative state. In
response to the command “imagine playing tennis’”’ the patient showed sustained
activity in the supplementary motor area consistent with healthy volunteers. Similarly,
in response to the command ““imagine moving through the rooms of your home'’ the
patient showed activity in the parahippocampal gyrus, the posterior parietal lobe and
the lateral premotor cortex consistent with healthy volunteers. Reproduced from
Ref. [26]
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was entirely consistent with a diagnosis of vegetative state. During the fMRI
scan, the patient was instructed to perform the two mental imagery tasks
described above. When she was asked to imagine playing tennis, significant
activity was observed in the supplementary motor area (Fig. 3; [26]), that was
indistinguishable from that observed in the healthy volunteers scanned by Boly
et al. [5]. In contrast, when she was asked to imagine moving through the
rooms of her home, significant activity was observed in the parahippocampal
gyrus, the posterior parietal cortex and the lateral premotor cortex (Fig. 3; [26]),
which was again, indistinguishable from those observed in healthy volunteers
[5]. We concluded that, despite fulfilling all of the clinical criteria for a diagnosis
of vegetative state, this patient retained the ability to understand spoken com
mands and to respond to them through her brain activity, rather than through
speech or movement, confirming beyond any doubt that she was consciously
aware of herself and her surroundings. Three years post investigation, this
patient has progressed to a severely disabled condition. She retains many phys
ical and cognitive impairment’s, but is crucially able to communicate verbally,
respond to command and use objects functionally.

The hierarchical fMRI approach described in this essay therefore provides
an important additional source of information to the clinical assessment of
patients with disorders of consciousness. In patients unable to move, these
paradigms are able to reveal evidence of retained cognitive function such as
speech comprehension, but they are also able to reveal whether someone is
able to willfully respond to command. Crucially, the described hierarchal ap
proach may provide an early communication channel between the patient and
clinician, where movement and speech are impaired and provide reliable prog
nostic information from which to plan therapeutic interventions.

Interpretation of fMRI findings

The interpretation of experimental fMRI data naturally creates scientific debate,
especially where the acquired evidence suggests a patient otherwise thought to
be in a vegetative state, is in fact, aware of her self and environment. Indeed,
following the publication of the above case, Owen e al [27] responded to
several commentaries, which suggested the patient’s response to the mental
imagery instructions could have been automatic rather than an act of will. It is
true that many forms of stimuli, including speech will elicit relatively “automat
ic” responses, which do not require the patient to participate. However, such
responses are transient and occur in the primary sensory cortex. In the mental
imagery task described, a participant is asked to imagine playing tennis and
importantly to sustain this form of mental imagery for 30 sec, before entering a
period of rest for 30 sec on command. This period of mental imagery followed
by a period of rest is requested in total five times during the scan. Hence, the
participant must wilfully modulate their brain activity in precise sequence with
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the commands. As both conditions (tennis and rest) are preceded by a verbal
instruction, the presence of sustained neural activation to one command and
not the other cannot be attributed to merely an automatic response. Indeed, the
instruction to imagine playing tennis produced activation in the supplementary
motor area (SMA), consistent with motor planning and motor imagery in
healthy volunteers [5]. We did not observe any activation in the primary audi
tory cortex, which would be expected if the response was simply an automatic
response to speech. Moreover, the cortical activation seen in the SMA was
sustained for a full 30 sec before it ceased on command. We know of no data
supporting the inference that such a paradigm can unconsciously elicit sus
tained hemodynamic responses in these anatomically specific regions of the
brain. Indeed, non instructive sentences containing the same key words
(e.g “The man enjoyed playing tennis”) produce no sustained activity in any
of these brain regions in healthy volunteers [27]. Similarly, when the words
“tennis” and “house” are presented to uninstructed participants no activity is
observed in either the SMA or the PPA.

Limitations of neuroimaging

Although neuroimaging has the potential to inform the clinical assessment of
patients with disorders of consciousness, it is not without its own challenges
and complexities [17]. Patients with disorders of consciousness have very dif
ferent behavioural presentations, many creating challenges for functional imag
ing. For example, some patients demonstrate long periods of eye closure;
others demonstrate a bruxism or spontaneous movement of the head.
Others intermittently cough and demonstrate flexion/extension through the
trunk and limbs. Such spontaneous movement can severely impair the quality
of the imaging and limit meaningful interpretation. Similarly, the pathological
presentation of patients can also complicate the fitting of functional imaging
data to structural imaging data, and the normalisation of these images through
reference to a healthy brain. Under these circumstances, statistical assessment
of activation patterns is complex and interpretation of activation foci with
standard stereotaxic coordinates may be impossible.

As already alluded to, the design of the fMRI task is also critically impor
tant. The task must be complex enough that the cognitive process of interest is
appropriately studied, but not so complex that the task places too greater
demand on a patient who might have fluctuating periods of wakefulness and
attention. Moreover, unlike most imaging studies of healthy volunteers, the
tasks used must be able to produce robust and reproducible, anatomically
specific, patterns of activation in each and every individual, rather than a
statistically significant proportion of a healthy cohort.

Whilst the interpretation of positive patterns of activation creates
challenges, the absence of appropriate activation requires careful interpretation



14 M. R. COLEMAN and ]. D. PICKARD

too. Whilst it may genuinely reflect the severely impaired condition of
the patient, it can never be used as evidence of lack of awareness, since
‘false negative’ results are well documented in healthy volunteers and thus
we cannot exclude that at another time that same person may show a response
to the task [30]. For example, rather than underlying pathological reasons,
the patient may have fallen asleep during the scan or may have even decided
not to perform it.

Conclusions

The incidence of misdiagnosis in patients with disorders of consciousness
remains alarmingly high [1, 7, 37]. Despite the development of specialist beha
vioural tools and an acceptance that patient’s should be assessed repeatedly
over a period of time, behavioural tools continue to require the patient to
move or speak in order to demonstrate awareness of self and/or environment
[18 20]. The development of objective tools which do not have this handicap
is therefore imperative to reducing misdiagnosis and accurately guiding thera
peutic choices. One such tool to aid the clinician in addressing this challenge
is the use of positron emission tomography and particularly functional mag
netic resonance imaging. These techniques are not only able to reveal the
pathophysiology underlying these conditions, but are also able to quantify
the extent of retained cognitive function, without requiring the patient to move
or speak [8]. Indeed, in several neuroimaging studies, patients who have beha
viourally met the criteria defining the vegetative state have been found, in fact,
to retain evidence of speech comprehension and even ability to respond to
command. Whilst the incidence of such retained function is likely to be ex
tremely low, these techniques undoubtedly offer the clinician an additional
source of information to aid the challenging diagnostic decision making pro
cess. In our opinion there is now sufficient brain imaging evidence to warrant
reconvening the Royal College of Physician working party on vegetative state
and other International bodies to develop standardised protocols for this

purpose [8].
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Abstract

Appetite modulation in conjunction with enhancing metabolic rate with hypo
thalamic lesions has been widely documented in animal and even in humans. It
appears these effects can be reproduced by DBS, and the titratability and
reversibility of this procedure, in addition to well established safety profile,
make DBS an appealing option for obesity treatment. Targeting the hypothal
amus with DBS has already been shown to be feasible and potentially effective
in managing patients with intractable chronic cluster headache [26]. The surgi
cal risk however must be cautiously taken into account when targeting the
hypothalamus, where some mortality cases have been reported when targeting
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the posterior part [34]. The development of new surgical approach will proba
bly reduce this surgical risk. Moreover, the role of functional neurosurgery in
obesity is not a new idea. In fact, LH was targeted in obese humans with
electrocoagulation more than 30 years ago, resulting in significant yet transient
appetite suppression and slight weight reduction [36]. All those elements have
made possible the recent regain of interest in DBS for morbid obesity and
open an exciting new area of research in neurosurgery and endocrinology.

Keywords: Eating disorder; obesity; hypothalamus; deep brain stimulation.

Introduction

Obesity is a complex disorder characterized by the accumulation of excess adi
pose tissue. It is defined in terms of Body Weight Index (BMI), calculated as
weight (kg) /height (m)°. Although BMI is a continuous variable, epidemiological
studies based on risk of comorbidities have permitted to classify groups of popu
lations. A BMI less than 25 is considered to be normal; 25 29.9 is overweight and
greater or equal to 30, obese [22]. The definition of morbid obese is less consen
sual, but in general a 45kg over ideal weight is used in the bariatric surgery
literature [9]. Obesity has reached epidemic proportions globally, with more than
1 billion adults overweight  at least 300 million of them clinically obese. Obesity
accounts for 2 6% of total health care costs in several developed countries; some
estimates put the figure as high as 7%. The true costs are undoubtedly much
greater as not all obesity related conditions are included in the calculations.
Obesity is associated with diminished quality of life (qol) [37], high risk of
comorbidities [30] and reduced life expectancy by 5 to 20 years [15]. Treatment of
obesity includes non pharmacological measures, pharmacological agents and sur
gical therapy. Non pharmacological treatments include behavior therapy, exercise,
and calorie restricted diets. The main issue remains to overcome barriers to com
pliance with diet and physical activity. Long term use of drugs like sibutramine and
orlistat have demonstrated a discreet 4 6% weight loss over a 6 month period in
controlled trials, depending upon the intensity of the diet, exercise, and behavioral
program administered. Other agents (Noradrenergic releasing agents) induce
more weight loss than placebo in short term studies, but this kind of agents are
only approved for short period using, For the surgery, some patients with morbid
obesity still remain poor candidates for standard Roux en Y gastric bypass, in
which a small gastric pouch prevents those patients from eating large quantities
at a single meal. In the longest follow up study of patients after bypass, Pories ez a/.
reported 58%, 55% and 49% loss of excess weight (defined as the patient’s weight
minus the patients estimated “ideal” body weight) at 5, 10, and 14 years postoper
atively. However, complications occur in 15 55% of bariatric patients, and the
perti surgical mortality rate is about 1.5% even in experience centers [35]. By
comparison, Deep Brain Stimulation (DBS) Surgery in movement disorders has
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a pett operative morbidity 11.1 19.3% and mortality directly related to the pro
cedure of about 1% [23, 44, 48]. Safer procedures, as laparoscopic adjustable
banded gastroplasty are simpler but are not as effective.

While obesity has long been considered as a behavioral disorder, discovery
of the hormone “leptin” catalyzed the field of obesity research by demonstrat
ing the existence of an afferent humoral signal from adipose tissue to the
central nervous system. Current evidence suggests that once adipose tissue
accumulates, a system of overlapping neuroendocrine hormones prevent it
from diminishing, making volitional weight loss difficult [49]. As a conse
quence, modulation of brain circuits emerges as a valuable clinical and research
strategy in obesity. Advances in our knowledge of the functional anatomy and
electrophysiology of the relevant neural circuitry underlying this condition may
unveil novel targets and applications of neuromodulation in obesity. Finally, the
possibility to activate or inhibit deep brain structures in a reversible manner
with an acceptable range of side effects and morbidity has renewed the interest
of modulating the hypothalamus to control food intake disorders and obesity.

In this review, potential neural targets implicated in the pathophysiology of
this disease are explored, recent experimental data accumulated in animals are
presented and future directions of DBS in this field are discussed.

Central nervous system control of food intake and weight

The brain regulates many aspects of energy homeostasis, adjusting both drive
to eat and the expenditure of energy in response to a wide range of nutritional
and other signals. This process is highly complex and involves several brain
regions ranging from cortex to brainstem, but most interest has focused on the
hypothalamus. The understanding of hypothalamic mechanism has increased
dramatically in later years. It has become clear that various neural circuits
operate to different degrees and probably serve specific functions under par
ticular conditions of altered energy balance.

Central regulation of food intake (FI) and body fat mass is characterized by
complex interaction between several brain centers and peripheral signals:

A decrease in body fat is sensed in the arcuate nucleus (ARC) of the hypothalamus
by a decrease in Leptin and insulin concentrations. This causes the suppression
of anorexigenic signals (melanocyte stimulating hormones MSH) and the stim
ulation of orexigenic signals (agouti related protein ARGP or neuropeptide
Y NPY). The net balance of these signals results in an increase in FI and
decrease in energy expenditure that ultimately aims to restore fat cell mass.
The ingestion of food generates neural and hormonal satiety signals to the
hindbrain: Leptin/insulin sensitive central effectors pathways interact with
hindbrain satiety circuits to regulate the meal size, thereby modulating FI
and energy balance [43].
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DMH: Dorsomedian hypothalamus
VMH: Ventromedian hypothalamus
LH: Lateral hypothalamus

Pvn: Periventricular nucleus

Opt.T.: Optic tract
Fx: Fornix
V 3: Third ventricle

Fig. 1. Schematic representation of the anterior hypothalamus. The ventro-medial
region of the hypothalamus, located anteriorly to the mamillary body, contains the
dorsomedian, the paraventricular and the ventro-median nuclei. It constitutes the
lateral wall of the third ventricle. The fornix crosses the hypothalamus from anterior
to posterior in a parasagittal plane and splits the hypothalamus into a ventral and a
lateral region. The lateral hypothalamus is a reticular region rather than a nucleus

Food intake
Electrical Lipolysis body mass Lipogenesis
stimulation

Lesion Lipogenesis / \ Lipolysis

Fig. 2. Schematic representation of the central control of food intake and body mass.
The electrical activation of the VMH reduces the food intake and the body mass, and
activates the lipolysis. The electrical activation of the LH increases the food intake and
the body mass and increases the lipogenesis. In experimental condition, bilateral lesion
of the VMH or the LH is known to produce respectively obesity or meagreness (when
the animal survives)
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Obesity can results from difficulties in sensing changes in metabolic envi
ronment. Low leptin and leptin deficiency are all related with low feelings of
tullness and ravenous hunger [18]. Leptin receptor resistance produces also
morbid obesity and weight loss treatment failures [25]. This is likely to be one
way in which FI regulation is adjusted in obese individuals or during weight
gaining. In addition, obese subjects failed to display the normal hypothalamic
inhibitory responses to glucose infusions, suggesting that there is poor recog
nition of postprandial satiety signals at the end of the meal [28]. It is a long
standing idea that obese people display weak satiety signals, which allow them
to consume persistent large meals and gain weight. In general, humans display
a system of weight regulation that is asymmetrical ~ a reduction in body weight
is strongly defended but weight gain is not. The body seems to tolerate a
positive energy balance. There is no mechanism that can detect a positive
energy balance per se and that can induce a behavior which can correct the
body weight in an environment that promotes consumption [7].

Deep brain stimulation of the hypothalamus: rationale
and putative hypothalamic targets

The imbalance between FI and energy expenditure leads to weight gain in
individuals with weak central (hypothalamic) recognition of peripheral signals
(Leptin, ghrelin, glucose or insulin) [18]. Activation using Low Frequency
Stimulation (LFS) of discreet brain center or inhibition (using High
Frequency Stimulation, HFS) of overacting areas may change the body weigh
“set point” in intractable morbid obese patient [4, 5].

Lateral hypothalamus

The Lateral Hypothalamus (LH) has long been implicated in feeding behavior and
energy expenditure [6]. Its role in appetite regulation is well described in eatly
studies of ILH lesions. In 1951, Anand and Brobeck, have shown that bilateral
lesions of the lateral hypothalamus provoked weight loss with aphagia [1] and
have demonstrated that a diencephalic center that regulates FI in the hypothal

amus did exist. This impact on appetite can be partially explained by the
presence of orexigenic peptides, expressed predominantly in the LH such as
melanin concentrating hormone (MCH) and orexins. Conversely, activation of
the LH using electrical stimulation provoked a pronounced bout of eating in
previously satiated cats, while electrical stimulation of The Ventromedial
Hypothalamus (1”MH) caused food deprived cats to stop eating [2].

Here also a metabolic effect is suggested by Teitelbaum and Stellar, because
theirs rats were able to keep a low weight and regain normal FI after bilateral
lesion of LLH [46]. Several biochemical and neurophysiological studies have
shown activation of LLH neurons during fasting period. Recently, Ruffin and
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Nicolaidis have confirmed that the metabolic response comes prior to behav
ioral changes in FI [39].

Given this evidence, it was proposed that chronic bilateral High frequency
stimulation (HFS) of LH would mimic the results of lesion studies, just as HFS
STN mimics the effects of subthalamotomy. In one study of Sani and collea
gues, on post operative day 24, 13% of total body weight reduction was ob
served in rats that were maintained on 7 day high fat diet undergoing LH DBS,
a difference that was significant compared to controls [41].

Ventromedial hypothalamus

In 1940, Hetherington and Ramson published that the bilateral lesion of the
ventro medial region of the hypothalamus produced hyperphagia followed by
obesity with normophagia [19, 21]. Later on, it was confirmed that lesions of
the VMH could induce obesity [8]. Like LH, VMH has also been implicated
in appetite regulation, as well as maintaining energy homeostasis. VMH
lesions results in substantially more lipid and hyperinsulinemia in rats even
if pair fed with sham lesion controls, suggesting a metabolic bias towards
obesity [13].

In contrast to electrolytic lesion, electrical stimulation of VMH at low
intensities (20 25uA) suppresses feeding in rats and increases their meta
bolic rate [38]. Beltt and Keesey have shown earlier (1975) that VMH low
frequency stimulation was susceptible to inhibit FI [3]. Pauwson in 1987 has
also suggested that a metabolic effect is probable during low frequency
stimulation of VMH, leading to a chronic decrease in weight without change
in FI behavior [32]. This increase in energy expenditure was associated with
increased fat oxidation given a concomitant drop in the respiratory quotient
(CO, produced/O, consumed). Thus, heightened metabolism induced by
VMH stimulation is sustained by utilization of fat stores via the lipolytic
pathway and is most likely due to noradrenergic turnover [40]. Recently, it
has been reported that VMH DBS in rats at four different frequencies
(25, 50, 75 and 100 Hz) replicated this effect on energy expenditure, dem
onstrating an increase in metabolism measured by indirect calorimetry [12].
There was a trend towards an indirect relationship between energy expen
diture and increase frequencies, confirming that lower frequencies have
stimulating effects (Benabid 2006 Personal communication) [29].

In brief, VMH/LH critical involvement in feeding regulation can be sum
marized as following:

1) suppression and facilitation of feeding regulation can be obtained by elec
trical stimulation (activation) of the VMH and the LH respectively.

2) hyperphagia and hypophagia are produced by bilateral electrolytic ablations
as well as bilateral chemical lesions of the VMH and LH respectively.
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3) The presence of neurons in both nuclei that sense the metabolic signals
such a glucose, free fatty acid and leptine [14]. It is clear that hypothalamic
nuclei play an important role in weight regulation, FI and motivation for
feeding.

Attempts have been made to use this knowledge in preclinical settings. In
1984 Brown and collaborators using implantable chronic platinum tipped elec
trodes in the ventromedial hypothalamic area (VMH) showed changes in FI in
fasted dogs. Dogs that received 1 hour of VMH stimulation every 12 hours for
3 consecutive days maintained an average daily FI of 65% of normal baseline
levels [10]. In the light of their results and the availability of this new technol
ogy, the authors recommended deep brain stimulation as a potential mean of
regulating FI and therefore a possible therapeutic modality for human morbid
obesity. Feeding suppression was also elicited by electrical and chemical stimu
lation in non human primate’s hypothalamus. Ventromedial, dorsomedial and
ventromedial part of lateral hypothalamus produced prolonged suppression in
FI suggesting neuronal inhibitory mechanism of feeding in these centers in
awake monkeys [45]. Some concern remains for this target however. Lacan
et al. assessed the feasibility of ventromedial hypothalamus (VMH) DBS in
freely moving vervet monkeys to modulate food intake as a potential treatment
of eating disorders, showing interesting results in terms of procedure safety, but
failed to reduce weight [24]. Before translating into clinical settings, more work
has to be done in preclinical studies, addressing possible collateral sides effects
encountered in this area, like changes in blood pressure [11] or changes in
memory function [17].

Experimental studies: Grenoble experience

The effect of low and high frequency stimulation of the hypothalamus has been
studied in our laboratory on rats and monkeys. We present here data collected
after electrical stimulation of the ventro medial hypothalamus.

Acute and semi chronic DBS of the VMH in rats.

Material and methods

1) Animals:

Male Whistar rats were used, with at the time of implantation, an average
weight of 349 4= 7 g and 271 & 2 g for the acute and chronic stimulation groups
respectively. Each rat was fed at libitum with water and food pellets and placed
in individual cages, at least 72 hours before any experimentation. The animal
house was kept at a constant temperature of 22°C, with a regular day (8 am to
8 pm) night (8 pm to 8 am) light cycle.
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2) Surgery:
A unilateral electrode implantation in VMH was performed, on a stereotac
tic Kopf frame under general anaesthesia (chroral hydrate 4%, 1ml/100g
Lp.).

The implantation coordinates were deduced from the Paxinos and Watson

Atlas [33]:

VMH: antero posterior 2.56 mm behind the bregma, lateral 0.6 mm left
from the midline, depth 9.5 mm below the level of the bregma.

3) Implanted electrodes:

Concentric bipolar tungsten electrodes (twisted 200 micron tungsten wires, 400
microns for external diameter), were connected to a socket, in which the
stimulation cable could be plugged, and secured on the skull with dental
cement.

4) Stimulations:
All stimulations were continuous, bipolar cathode at the tip, anode at the large
contac, at 30 Hz for LFS, with a pulse width set at 60 ms.

The applied intensity was determined for each rat during previous prelimi
nary sessions, at about 222 & 103 pA. This value corresponded to the minimal
intensity necessary to induce food intake during HFS in VMN.

After surgery, the rats were allowed for 10 days to recover their initial
weight and to get accustomed to the new cage as well as holding the connector.
The rats were connected to their stimulation cable at least 2 hours before the
onset of stimulation. The measures of FI during acute stimulation was repeated
for all rats 3 to 5 times, due to important individual variations. Each rat was
therefore stimulated at efficient intensity (condition ON) and at zero intensity
(condition OFF), 3 to 5 times, each session and each condition being separated
by at least 48 hours.

The duration of each stimulation session was 30 minutes for acute stimu
lation, and 4 hours/day for chronic stimulation.

5) Experimental protocol:
Acute stimulations: The acute effects on food intake of stimulation at high and
low frequency were studied in a group of rats (#  12) implanted in VMH. HFS
was performed between 11 and 12 am, and LES between 8 and 9 pm, which
correspond to the usual periods during which the animals are fasting or eating
respectively. The food intake (FI) was measured at the end of the period of
stimulation, and 1 hour later. The sessions of stimulation at high and low
frequency were separated by 7 days at least.

The control situation consisted of applying no stimulation, each rat being
its own control.
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Semi-chronic stimnlations: A first group of rats (“chronic” group, »  5) was used
to study the long term effect of HFS on weight and food intake. The chosen
intensity (100 pA) was the same for all rats.

Stimulations were continuously applied between 1 and 5 pm, which is the
usual period of fasting, for a total of 16 stimulated days (5 days out of 7, during
3 weeks). A second group of rats (“control” group, »  10) were not implanted
and used as a control group. The FI, as well as the weight of the animals, were
measured during the period of stimulation and 10 days later, every 2 days, the
weighing session being done in the morning, between 9 and 10 am. These

p: 0.01

Mean food intake (g)

OFF ON OFF ON
VHM group control group

Graph 1. Mean food intake during ON high frequency stimulation compared to sham
stimulation in rats implanted in VMH (VMH group) and in rats implanted outside the
VMH (control group)
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Graph 2. Mean food intake during ON low frequency stimulation compared to sham
stimulation in rats implanted in VMH (VMH group) and in rats implanted outside the
VMH (control group)
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Graph 3. Chronic HFS of the VMH reduces the body weight intake in rats

parameters of stimulation, particularly the duration (4 hours/day) of stimula
tion, were based on those of the literature.

6) Results:
The main results of this study can be summarized as follows:

1) Acute high frequency stimulation (130 Hz) of the VMH can increase the
amount of food intake compared to sham stimulation (Graph 1).

2) Acute low frequency stimulation (30 Hz) of the VMH can reduce the
amount of food intake compared to sham stimulation (Graph 2).

3) Chronic electrical stimulation using 130 Hz slows down the body weight
intake in juvenile rats compared sham group (Graph 3).

Human studies

In the early 70s, Sano and colleges, explored and selectively destroyed the
posteromedial part of the hypothalamus in men in cases of violent, aggressive
behavior. This approach also allowed them to stimulate discreet zone and to
observe autonomic, somatomotor and other responses. In a series of 51 le
sioned patients, a tendency to gain weight after posteromedial hypothalamic
destruction was seen. Also during acute electrical stimulation (100 pps, 1 msec,
5 10V) of the medial hypothalamus, autonomic sympathetic response were
obtained, probably related with stress and energy expenditure mechanisms [42].
The first human study specifically centered in treating human obesity using
lesion and stimulation of the specific brain centers was carried out by Quaade
in 1974. In that study, five patients with morbid obesity were subject to an
electro stimulatory exploration of the lateral hypothalamic area. In three cases a
convincing transoperatory hunger response was elicited. Two of theses patients
received unilateral electro coagulatory lesion, and in a third a contralateral
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coagulation was performed. The patients with lesions showed a statistically
significant, but transient decrease in caloric intake and a slight and transient
decrease of body weight [36]. Although no direct DBS of the hypothalamus has
been attempted for weight control, indirect evidence of weight modulation can
be found as a secondary effect in the established or experimental indication of
DBS in the hypothalamic or near hypothalamic area. For instance, several
studies have reported increased body weight and body mass index after high
frequency stimulation in the subthalamic nucleus. While the mechanism is still
unknown, possible explanations of body weight gain after DBS STN might

Fig. 3. Hypothalamic hamartoma: Postoperative X-ray of 3 DBS Electrodes implanted
in a case of drug resistant gelastic epilepsy. Acute stimulation at a frequency of
130 Hz-100 ps—0.4 mA, reduced Interictal spikes; but chronic high frequency stimula-
tion (130 Hz/90 us/0.5V, and then 185Hz/60 ps/0.1V) produced 10 kg weight gain,
which returned to baseline after turning stimulation off [20]
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include reduction of energy output related to elimination of dyskinesias, im
proved alimentation or direct influence on function of lateral hypothalamus by
DBS STN [27, 31, 47].

Chronic unremitting cluster headache refractory to medical treatment is a
developing indication of DBS in the posterior hypothalamus. Stimulation in
this region in a previous hyperphagic and hypersexual patient has produced
pain relief and 25 kg weight reduction [16].

Indirect observations of the effect of DBS applied in the hypothalamic
regions, on weight, have been also made in our center. A patient with intracta
ble gelastic epilepsy due to a hypothalamic hamartoma was implanted with
3 DBS quadripolar electrodes in the hamartoma which was attached to the
inferolateral part of the floor of the 3rd ventricle (see Fig. 3). While her number
and severity of crises were greatly reduced, a 15kg weight gain associated to
menstrual cycle disturbance appeared following high frequency stimulation of
the medial hypothalamus [20].
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Abstract

Gustation is a multisensory process allowing for the selection of nutrients and
the rejection of irritating and/or toxic compounds. Since obesity is a highly
prevalent condition that is critically dependent on food intake and energy
expenditure, a deeper understanding of gustatory processing is an important
objective in biomedical research. Recent findings have provided evidence that
central gustatory processes are distributed across several cortical and sub

cortical brain areas. Furthermore, these gustatory sensory circuits are closely
related to the circuits that process reward. Here, we present an overview of the
activation and connectivity between central gustatory and reward areas.
Moreover, and given the limitations in number and effectiveness of treatments
currently available for overweight patients, we discuss the possibility of modu

lating neuronal activity in these circuits as an alternative in the treatment of

obesity.

Reywords: Taste; postingestive; feeding; deep brain stimulation.

Abbreviations

AMP adenosine monophophate

AP area postrema

ARC arcuate nucleus of the hypothalamus
ATP adenosine triphosphate

BLA basolateral amygdala

CCK cholecystokinin

CeA central nucleus of the amygdala

CNS central nervous system

cNTS caudal division of the solitary tract nucleus
CoA coenzyme A

DBS deep brain stimulation

DMH dorsomedial nucleus of the hypothalamus
ENaC epithelial sodium channel

GABA gamma-aminobutyric acid

GC gustatory cortex

GIT gastrointestinal tract

GLP-1 glucagon-like peptide 1

GPCR G-protein coupled receptors

IC insular cortex

LH lateral hypothalamus

MCH melanin concentrating hormone
MSH melanocyte stimulating hormone
NAcc nucleus accumbens

NPY neuropeptide Y

NTS solitary tract nucleus
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OFC orbitofrontal cortex

PbN parabrachial nuclei

PLCG2 phospholipase C 32

POMC pro-opiomelanocortin

PP pancreatic polypeptide

PVH paraventricular nucleus of the hypothalamus
PYY peptide YY

INTS rostral division of the solitary tract nucleus
SNAP-25 synaptosomal-associated protein of 25kDa
TRC taste receptor cell

TRP transient receptor potential ion channel
VMH ventromedial nucleus of the hypothalamus
VPpc parvicellular division of the ventral posterior nucleus of the thalamus
VTA ventral tegmental area

Introduction

In most societies the prevalence of obesity has risen dramatically to reach
epidemic proportions. In the United States alone, a staggering 30% of all adults
are obese [158]. Increase in adiposity leads to significant metabolic dysregula

tion, with important health and economic consequences [158]. Increased avail

ability of palatable and high calorie food and reduced requirement for energy
expenditure through physical activity are usually identified as the main culprits
of this obesity epidemic [86]. Nonetheless, the participation of genetic factors
in the definition of individual susceptibility for the occurrence of obesity is also
widely accepted and has been extensively described [123]. While such factors
are commonly assumed to influence metabolic rate or the partitioning of excess
calories into fat, current data suggests that a significant part of the genetic
influence on human obesity has a direct impact on neural regulation of hunger,
satiety and food intake [51]. An important objective in neuroscience research is
thus to further understand the central mechanisms of food reward and appetite
regulation, which will predictably allow a deeper comprehension of eating dis

orders such as obesity.

Gustation and the gustatory system: definitions

Gustation has historically been defined as a synonym of taste. Recently, how
ever, this term has been used to define a broader concept, which extends
beyond taste [151]. In this broader sense, gustation is considered as the multi
sensory process that allows for the selection of nutrients and rejection of
irritating and/or toxic compounds [151].

Gustatory processing begins when a motivated animal searches for and
detects a desired food, usually using visual and/or olfactory cues. Once a
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desired substance is found, the decision to pursue and maintain consumption
usually involves active oral exploration. The unitary sensory perception result
ing from taste, odour, texture and temperature of that stimulus, i.e., its flavour,
will be a central contributor in the decision of ingestion vs. rejection [153].
Gustatory decision making is also impacted by the organisms’ internal state.
The central nervous system (CNS) detects a multitude of neural and humoral
signals from the periphery, reflecting several aspects of homeostatic balance
such as gastrointestinal status, current energy needs and availability, and energy
stores [27]. The maintenance of energy homeostasis and stable body weight
depends on the integration of these endogenous signals with sensory feedback,
and the ability to respond adequately through modulation of both energy
expenditure and food intake [145]. Finally, the memories of orosensory, olfac
tory and postingestive effects of previous encounters with a similar substance
also influence food secking and ingestion [147], as do emotional, cognitive and
social factors [178].

The multisensory properties of intra oral and ingested stimuli are conveyed
to the brain through specialized taste, somatosensory, olfactory and visceral
sensory neurons that converge on several CNS centres. Thus, once beyond the
periphery, many single neurons responding to gustatory stimuli are often found
to be broadly tuned to diverse combinations of chemosensory, somatosensory,
olfactory and even visual information [140]. Furthermore, the CNS detects
humoral signals that cross the blood brain barrier and transmit information
not only about the properties of ingested stimuli, but also about internal phys
iological states [189], providing additional modulatory influences for central
gustatory neurons [115]. Neurons with these multimodal response properties,
distributed through several CNS areas, integrate sensory and homeostatic in
formation, participating with neural circuits of affective, cognitive and motor
processing to organize ingestive behaviour [87].

Orosensory gustatory input

The peripheral gustatory system extracts multisensory information from sub
stances placed in the mouth, and conveys this information through multiple
neural pathways to brainstem structures [84]. Taste receptor cells (TRCs) are
responsive to the type and quantity of chemicals dissolved in saliva and allow
for the detection of at least five distinctive taste qualities: salt, sweet, bitter, sour
(acidic) and umami (savoury taste of amino acids) [157]. Information about less
water soluble compounds, as well as food characteristics such as texture, vis
cosity and temperature, is primarily transduced by specialized somatosensory
neurons with endings distributed throughout the oral epithelium [62].

In vertebrates, TRCs are found in specialized microscopic taste receptor
organs  the taste buds. Mammalian taste buds are onion shaped cell groups
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embedded at the surface of several intra oral structures, mainly the palate and
tongue, where they cluster into macroscopic structures named gustatory papillae.
Each taste bud contains several distinct morphological cell types that can be
distinguished by ultrastructural and immunohistochemical features [114]. Type 1
or dark cells have processes that envelop nerve fibres and other taste cells and,
given their expression profile of neurotransmitter related enzymes and transpor
ters, are thought to have a support function [10]. However, a recent report
demonstrated that type I cells have responses that depend on epithelial sodium
channels (ENaCs  see below), suggesting a possible role in salt taste transduc
tion [171]. Type II (light or receptor cells) and type I1I (intermediate or presyn
aptic cells) are considered the main chemosensing TRCs. Type II receptor cells
express G protein coupled receptors (GPCRs), phospholipase C (32 (PLC32)
and transient receptor potential ion channel M5 (TRPM5). Different type II cell
subtypes appear to respond exclusively to sweet, bitter or umami tastants [163].
Given their ultrastructural and molecular characteristics, these cells do not seem
to have conventional synapses and, rather, appear to release transmitters via
pannexin or connexin hemichannels [77]. Type III presynaptic cells have synaptic
contacts with intragemmal nerve fibres and, accordingly, express synapse related
proteins such as SNAP 25 (synaptosomal associated protein of 25kDa) [182].
Since they have broadly tuned responses to tastants of multiple qualities, some
authors propose that presynaptic cells may receive converging information from
receptor cells, presumably via purinergic signaling [163]. Finally, type IV or basal
cells, in contrast to the remaining cell types, do not have an elongated shape.
They are thought to have a proliferative role to support constant cell turnover in
the taste bud [114].

Microvillar processes from taste receptor cells extend towards the bud
pore, on the mucosal surface, where contact with sapid chemical stimuli occurs.
Taste receptors are transmembrane proteins found on these microvilli and are
the basis for many of the chemosensory properties of TRCs. Upon detection of
a specific stimulus, they will activate intracellular transduction cascades to initi
ate the process of gustatory neural signalling [105]. Proteins belonging to the
GPCR superfamily have been established as receptors for sweet (T1R2/T1R3
receptors), umami (T'1R1/T1R3 receptors), and bitter (T2 R receptors) tastants
[113, 188]. The predominant downstream signaling pathways for these recep
tors require PLC32 and TRPMS5 [186]. There is also evidence implicating
gustducin, a G protein almost exclusively expressed in TRCs, in bitter and
sweet taste transduction [180]. Sour and salt taste qualities rely on a different
set of receptors and signaling pathways [186]. Recently, two TRP ion channels
from the polycystic kidney disease like family, co expressed in a subset of TRCs
that are necessary for sour taste transduction [75], were proposed to form a
candidate sour receptor [79]. Alternate mechanisms for detection of sour
tastants have been described, but it is unclear to what degree these putative
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pathways for sour taste are specific for different species and/or regions of the
tongue [78]. For salt taste, at least two distinct mechanisms exist in rodents: an
amiloride sensitive epithelial sodium channel (ENaC) accounts for part of the
responses to sodium and lithium ions [69] while other, amiloride insensitive
mechanisms, serve as receptors for multiple ions including sodium, potassium,
ammonium and calcium [42]. A variant of TRPV1, a transient receptor poten
tial vanilloid receptor, has been proposed as an amiloride insensitive salt taste
receptor [104] but the perceptual relevance of this receptor mechanism is still
controversial [167].

Perception of a given taste quality seems to reflect the activation of a
specific population of TRCs rather than the properties of a specific interaction
between a tastant and a taste receptor (such as the kinetics of taste receptor
activation). In fact, taste receptors for sweet, bitter, umami and sour are present
in largely segregated populations of taste cells that function as narrowly tuned
sensors for each of these taste qualities [75, 186]. Additionally, the selective
activation of a TRC population expressing a particular taste receptor is, in itself
and irrespective of the actual receptor being activated, sufficient to generate
approach or rejection behaviours that are specific for that taste quality
[113, 188]. It is therefore clear that sweet, bitter, umami and sour taste path
ways are segregated at the TRC level. However, this labelled line model does
not seem to be conserved in the CNS, where most authors suggest the occur
rence of multisensory and distributed gustatory processing [151].

Adenosine triphosphate (ATP) signaling is necessary for transmission of
taste information to the CNS. Tastant evoked ATP release activates
P2X,/P2X; ionotropic purinoreceptors on primary gustatory afferent nerve
terminals [48]. Serotonin and norepinephrine are also released from taste buds
upon chemosensory stimulation, but their functional role is not as clear as that
of ATP [68, 76]. Other transmitters, peptides and respective receptors, namely
acetylcholine, glutamate, cholecystokinin (CCK), vasoactive intestinal peptide,
substance P and leptin, have also been identified in taste cells. Many of these
compounds are thought to modulate, in an autoctine or paracrine mannet, the
responses to tastants [68, 76].

The chorda tympani and greater supetior petrosal branches of the facial
(VIIth) nerve carry sensory axons of cells in the geniculate ganglion and inner
vate taste buds respectively in the anterior tongue and palate. Sensory axons of
the glossopharyngeal (IXth) nerve, with cell bodies in the petrosal ganglion,
terminate in taste buds in the posterior tongue (lingual branch) and pharynx
(pharyngeal branch). The nodose ganglion of the vagus (Xth) nerve contains
primary taste neurons with axons that integrate the pharyngeal, superior laryn
geal and internal laryngeal branches to innervate taste buds in the epiglottis,
larynx and oesophagus [109]. Primary sensory neurons in these nerves transmit
activity generated in TRCs centrally to the solitary tract nucleus (NTS) [151].
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Fig. 1. Peripheral taste mechanisms. Tastants activate two classes of taste bud cells:
Type Il or receptor cells and Type Il or presynaptic cells. Different subclasses of receptor
cells (green, red and blue cells), express TIR2/T1R3, T2R or T1R1/T1R3 G-protein-
coupled taste receptors and are activated respectively by sweet, bitter or umami
compounds. Downstream signaling pathways in these cells require phospholipase C
(32 and transient receptor potential ion channel M5 (TRPM5). When activated, receptor
cells release adenosine triphosphate (ATP), which is then thought to act upon intra-
gemmal taste nerve fibers (black fibres) and/or presynaptic cells. Presypnaptic cells
(purple cell) express synapse-related proteins such as synaptosomal-associated protein
of 25kDa and form conventional synapses with intragemmal processes of peripheral
taste neurons. In contrast with receptor cells, presynaptic cells are broadly tuned to
tastants of multiple qualities — currently, they are thought to be activated directly by
sour stimuli, through a different set of receptors and signaling pathways than those
used by receptor cells, and indirectly by sweet, bitter and umami compounds, through
ATP released from receptor cells. Serotonin (5-HT) is also released from taste buds
upon chemosensory stimulation, presumably in synapses between receptor cells and
taste neurons. Several taste bud cell types, including receptor cells and type | cells, have
been proposed to transduce salt stimuli, but there is still no consensus (see text;
adapted from Ref. [163] used with permission)
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Peripheral neural taste pathways are functionally and anatomically very
close to the somatosensory system, allowing chemical, thermal and tactile
detection to act in concert to evaluate substances in the mouth. In fact, the
glossopharyngeal and vagal nerves also carry somatosensory nerve fibres
from the oral and upper digestive mucosa, as does the lingual branch of
the trigeminal (Vth) cranial nerve [107], allowing for the transduction of
information relating to the temperature and texture of ingested stimuli [62].
Some intra oral somatosensory nerve endings are activated by high concen
trations of the same chemical stimuli that define some primary tastants, such
as NaCl [175], usually producing irritating sensations. Oral mucosa nerve
endings may also have other chemosensing properties, as exemplified by
the responses to capsaicin, found in chilli peppers and producing a burning
sensation [99], and to menthol, producing a cooling sensation [34], mediated
by the thermo sensitive TRPV1 and TRPMS8 channels respectively.
Furthermore, dietary fats and oils, thought to be sensed mainly by their
texture [80] have recently been shown to activate chemosensory mechanisms,
such as a fatty acid receptor/transporter, CD36, which is expressed in TRCs
and modulates preference for long chain fatty acid enriched solutions [97].
On the other hand, physical variables, such as temperature, can affect TRC
taste transduction function, as exemplified by thermal modulation of sweet
taste intensity [161]. Thus, it becomes clear that, already in the mouth, input
to the gustatory system is inherently multisensory.

Postingestive sensory processes

Once a stimulus has been ingested it is not beyond detection by the CNS. In
fact, there are multiple and complex humoral and neural postingestive
mechanisms that signal not only the presence but also the character of intes
tinal content. Neural signals depend on the intrinsic and extrinsic enervation
of the gastrointestinal tract (GIT). The latter is performed by the autonomic
nervous system through both its divisions: parasympathetic (vagal and pelvic
nerves) and sympathetic (splanchnic nerves) [189]. These nerves, the vagus in
particular, contain afferent neurons that transmit mechanical (i.e., touch,
distension, contraction) and chemical sensory information from the GIT
to the brain. The neural transmission of chemical information is thought
to result from the detection of signaling peptides, such as CCK, produced
by enteroendocrine epithelial cells with chemosensing properties [38]. These
peptides also reach the circulation, acting on the brain as humoral signals,
and are thus called ‘gut hormones’. Absorbed nutrients (e.g., glucose) and
feeding related peptides produced in sites other than the gut (e.g., insulin),
can also be humoral signals that modulate the activity of central gustatory
circuits [189].
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With a single exception, discussed below; all known sensory mechanisms
originating in the gut are negative feedback signals that lead to decreases in
food intake. They are called satiety or satiation signals [38]. Gastric content is
detected by vagal afferent fibres in the mucosa, sensitive to touch, while other
mechanosensory vagal afferents, in or between muscle layers, report intragas
tric volume [173]. While gastric satiation processes are predominantly mechan
osensory, those originating from the intestine are essentially chemosensory or
nutritive [134]. Enteroendocrine cells in the gut lining detect chemical proper
ties of intraluminal content and respond by releasing peptides through their
basolateral membrane [38]. Chemosensing activity in enteroendocrine cells is
thought to occur through mechanisms and transduction molecules similar to
those used in taste, such as T1R3 receptors and gustducin, involved in both
orosensory and intestinal responses to sugars [106].

CCK, glucagon like peptide 1 (GLP 1), oxyntomudulin, peptide YY (PYY)
and ghrelin are all examples of gut hormones that have been well established as
regulators of food intake [38]. CCK is produced in the duodenal and jejunal
mucosa, mainly in response to lipids and proteins, and acts hormonally or via
the vagal nerve to reduce food intake [21, 155]. GLP 1, oxyntomudulin and
PYY are produced in the more distal segments of the small intestine and the
colon, in response to lipids and carbohydrates and, to a lesser extent, proteins
[29]. When administered systemically or directly into the CNS, these peptides
act as satiation factors [12, 40, 169] and, again, their effects upon peripheral
administration involve afferent activity in the vagus nerve [1]. Many other gut
peptides have been described but, at this time, the regulation of their secretion
and their status as physiologic modulators of feeding is unclear [19].

Ghrelin is the only gut hormone that has been described to act as a positive
feed forward stimulus of ingestion [168]. It is secreted from neuroendocrine
cells in the gastric mucosa with a temporal pattern of release that is out of
phase from all other known gut and pancreatic peptides. Peak circulating levels
occur prior to meals and a rapid decrease is observed when nutrients are
emptied into the duodenum [39]. Other than ghrelin and palatable oral gusta
tory stimulation, other ingestion stimulating mechanisms have been proposed
to exist, but remain undefined [147].

Gut peptides are not the only humoral factors that modulate food intake.
Free fatty acids, amino acids and glucose, can also convey information about
nutritional status to the CNS. In fact, in the first theories for control of energy
balance, circulating levels of glucose [108] or of lipids [88] were proposed as
the signals of nutritional status. We now know that nutrients in the blood
stream can cross the blood brain barrier [94] and act directly on the CNS.
Oleic acid (a long chain fatty acid) [125], the amino acid leucine [36] and
glucose [22] are examples of nutrients shown to inhibit food intake when
administered centrally. Direct CNS nutrient sensing is thought to occur
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through key intracellular energy sensors in CNS neurons, found predomi
nantly in the hypothalamus, such as ATP sensitive potassium channels
[124], malonyl coenzyme A (malonyl CoA) [100], AMP activated protein ki
nase [110], long chain fatty acyl CoAs [93] and mTOR (a highly conserved
serine threonine kinase) [30].

Circulating nutrients also activate chemosensors in the pancreas and liver,
resulting in the release of hormonal satiation peptides and/or vagal afferent
activation [38]. In response to caloric load or vagal efferent activity, the pan
creas releases insulin, pancreatic polypeptide (PP) and amylin [83, 103, 146].
With the exception of PP, that acts peripherally [9], these peptides act directly in
the CNS to exert an anorectic effect [102, 124]. Portal hepatic vagal afferents
are also sensitive to circulating metabolites such as glucose [117], amino acids
[162] and fatty acids [129], and also to gut peptides such as GLP 1 [111]. While
the chemosensing mechanisms in the porto hepatic system are still unclear
[95], it is well established that the activity of this system is relevant for the
regulation of food intake [164]. Finally, glucose sensing cells have also been
described in the carotid body [132].

Central gustatory sensory pathways

Taste pathways in the CNS are intimately associated with general viscerosen
sory afferents from the cardiovascular, respiratory and, importantly, gastroin
testinal systems [101]. This is the case for all central taste relays, namely the
NTS, parabrachial nuclei (PbN) of the pons, parvicellular division of the ven
tral posterior nucleus of the thalamus (VPpc) and insular or gustatory cortex,
through which gustatory taste and visceral projections ascend mostly ipsilater
ally [101]. However, in contrast to what happens in rodents, the primate PbN
are essentially visceral relays and the N'TS projects taste afferents directly to the
thalamus [120]. Circulating metabolic signals can also modulate neural
responses in relays of the gustatory system, such as the N'TS, and in areas that
receive direct or indirect gustatory afferents such as the hypothalamic homeo
static centres and reward related areas in the midbrain [189].

Taste related information derived from all chemoresponsive cranial nerves,
and visceral input, mainly from the vagus nerve, converge in the NTS. The
rostral division of the nucleus (tNTS) receives mostly taste afferents while the
caudal NTS (cNTS) is the main target for vagal visceral information [4].
Trigeminal somatosensory inputs from oral branches of the fifth nerve also
project to the tNTS [165]. Thus, trigeminal stimulants with irritating effects can
modulate taste responses in the tNTS [152], as does afferent vagal activity, such
as that produced by gastric distension [54]. The NTS has ascending projections
to the PbN and local or descending projections to somatic and visceral pre
motor/motor areas [119]. Local medullary connections with somatic motor or
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autonomic preganglionic nuclei, either directly or through interneurons in the
parvicellular reticular formation, are substrates for reflexes involved in chewing
(motor nuclei of the trigeminal and facial nerves), tongue movement (hypo
glossal nucleus), salivation (superior and inferior salivatory nuclei), swallowing
(nucleus ambiguus) and GI motility and secretion (dorsal motor nucleus of the
vagal nerve) [14, 35, 166]. Thus, circuits in the hindbrain are sufficient for
decerebrate rats to display both acceptance and rejection behaviours to oral
stimulation with tastants [59].

The parabrachial complex is a collection of nuclei located in the dorsolat
eral aspect of the pons. The PbN nuclei are physically divided into medial and
lateral subdivisions by fibres of the superior cerebellar peduncle. In rodents,
ascending neural pathways from the N'TS synapse in the ipsilateral PbN [121].
The segregation of taste and visceral projections to the rat PbN is not as clear
as in the N'TS [71]. Nevertheless, visceral afferent projections arising from the
cNTS terminate primarily in nuclei of the lateral subdivision while taste re
sponsive neurons are found mainly in the medial PbN [82]. From the rat PbN,
third order neurons ascend to form two gustatory projection systems: one
projecting dorsally to the thalamus and another projecting ventrally to the
forebrain [122].

PbN projections to forebrain centres are mostly reciprocal. In fact, taste
responsive PbN neurons are modulated by electrical stimulation of forebrain
sites [44, 98]. The rNTS is also a target of descending forebrain projections
from the insular and prefrontal cortices, central nucleus of the amygdala (CeA),
lateral hypothalamus (ILH), bed nucleus of the stria terminalis and substantia
innominata [170]. These descending neural pathways are presumably involved
in the modulation of taste activity by physiological and experiential factors [98].

In primates, including humans, rNTS projection fibres have not been
shown to terminate in the PbN and synapse directly in the VPpc [15]. Thus,
input to the primate PbN is essentially viscerosensory, the bulk of the projec
tions from the PbN are directed towards the ventral forebrain [135] and the
VPpc receives most of its gustatory input directly from the NTS [120]. In
rodents, the dorsal thalamocortical pathway, originating mainly in the medial
PbN, synapses in the VPpc of the thalamus and terminates in the insula. The
VPpc is the dorsal thalamic relay for orosensory and visceral information. PbN
efferents to this thalamic nucleus are bilateral with an ipsilateral predominance
[52]. In fact, while the receptive field for parabrachial gustatory neurons is
ipsilateral [67], they can be antidromically driven from the thalamus on either
side [126]. However, viscerosensory projections to the thalamus from the
external medial parabrachial subnucleus are mainly contralateral [33]. VPpc
neurons respond to combinations of chemosensory and/or somatosensory
oral stimulation [118] with a medial to lateral arrangement described for taste,
thermal and tactile responses [90]. A similar arrangement has also been de
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Fig. 3. Anatomy of the main central gustatory pathways. Taste-specific information is
conveyed by cranial nerves VII, IX and X (blue lines) to the rostral division of the solitary
tract nucleus (rNTS) in the medulla. In primates, fibres (red lines) from second-order
taste neurons in the rNTS project ipsilaterally to the parvicellular division of the ventral
posterior nucleus of the thalamus (VPpc). Thalamic efferents (green lines) then project
to the insula, defining the primary gustatory cortex which, in turn, projects (black lines)
to the orbitofrontal cortex, sometimes defined as a secondary cortical taste area. The
parabrachial nuclei (PbN) of the pons are shown in orange. In rodents these are a relay
for taste afferents from the rNTS. In both primates and rodents, the PbN also receive
second order visceral sensory fibres from the caudal division of the solitary tract
nucleus (cNTS), transmitted mainly through the vagus nerve (not shown). The PbN
has a dorsal thalamocortical projection to the VPMpc and also a ventral projection that
terminates in amygdalar and hypothalamic nuclei, among others (adapted from Ref.
[151] used with permission)
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scribed for taste, GI and cardiovascular/respiratory responses [33]. Neurons in
the VPpc projects to the insular cortex and also to the amygdala [131].

The primary taste cortex in macaques is defined as the area receiving
afferents from the VPpc, extending posteriotly ~4 mm from its anterior limit
at the junction of the orbitofrontal and opercular cortices [148]. Functional
neuroimaging studies have shown that, in the human brain, homologous gus
tatory cortical areas, in the insula and frontal operculum, respond to unimodal
taste stimuli [154]. The rodent insula is a cortical region ventral to the oral
region of the somatosensory cortex and dorsal to the rhinal sulcus. According
to the presence or absence of a granule cell layer, the insular cortex is divided
into two histologically distinct subdivisions: the granular and agranular insular
cortices. In the dorsal segment of the agranular cortex, adjacent to the granular
area, there are scattered granule cells that define a thin strip of dysgranular
cortex [101]. It has been noted that insular somatosensory and visceral
responses occur in the more dorsal granular insula, whereas taste responses
occur ventrally, in the dysgranular area, that is thus proposed to be the primary
gustatory cortex (GC) [33, 101]. This stringent definition of the GC as a
distinct functional unit, anatomically separated from the more dorsal granular
viscerosensory and somatosensory cortex, is challenged by the fact that single
neurons in the insula can respond to multiple sensory modalities, namely taste,
somatosensory, visceral and nociceptive stimuli [65]. Also, upon stimulation of
the entire oral cavity, taste responsive neurons are found not only in the dys
granular but also the granular and, to a lesser extent, the agranular insular
cortex [127]. Recent work with optical imaging of the rat insular cortex upon
stimulation of the tongue with multiple tastants has equally described responses
that include but are not restricted to the dysgranular insula [3].

The different insular regions projects back to their respective thalamic
sensory relays and to other cortical areas [150]. The orbitofrontal cortex
(OFC), sometimes defined as a secondary taste cortical area [141], receives
converging projections from the GC and primary olfactory cortex, proposed
as relevant for the perception of flavor [153].

Amygdala and brain reward pathways

The ventral forebrain gustatory projection system includes projections to sev
eral structures in the limbic forebrain, such as the hypothalamus [184], amyg
dala, substantia innominata and bed nucleus of the stria terminalis [52]. The
amygdala and the hypothalamus receive other ascending and descending pro
jections from gustatory sensory relays and have important roles in the integra
tion of gustatory input. In the amygdala, the central (CeA) and basolateral
(BLA) nuclei are the main sites recelving gustatory projections from the
NTS [138], PbN [52, 81], VPpc [131] and insula [130]. The CeA projects back
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to the NTS and PbN [92] while the BLA has projections to the insula [91]. The
two amygdalar areas are also interconnected [130].

The amygdala is reciprocally connected with areas of the midbrain dopa
minergic reward system. The latter arises from ventral tegmental area (VTA)
dopamine producing neurons that project to the nucleus accumbens (NAcc)
and participate in the processing of food reward [179]. The amygdala is con
nected both with the VT'A [133] and the NAcc [89] through the CeA and the
BLA. The NAcc also receives afferents directly from other gustatory related
centres, namely the N'TS [138], insula [28] and LH [8]. Additionally, circulating
pancreatic and gut hormones such as insulin [47], PYY [13] and ghrelin [2]
have been shown to directly modulate the activity of midbrain dopamine neu
rons. The NAcc seems to be a central interface in the integration of sensory,
emotional and cognitive controls of food intake [87]. Single accumbens neu
rons receive convergent inputs from the hippocampus, BLLA and prefrontal
cortex [49, 50], and dopamine regulates the effect of these afferents on NAcc
neurons [55]. NAcc projections to the LH, either direct or through the ventral
pallidum, are thought to be its’ major effector pathway in the control of feeding
behaviours [160].

Food reward, however, is not a unitary concept, and its different concep
tual components have been ascribed to different neural substrates. The disso
ciation between motivational (“wanting” or incentive salience) and hedonic
(“liking” or affective salience) components of food reward is one that has been
extensively explored [18]. While incentive and affective salience often occur
simultaneously and are modulated by neurons found in the same brain areas,
such as the NAcc and ventral pallidum, they are behaviourally and neurally
distinguishable. “Wanting” reflects the value of a rewarding stimulus in terms
of its capacity to elicit an action to obtain that stimulus, and is thought to
depend highly on mesolimbic dopamine neurotransmission. “Liking,” on the
other hand, is the actual pleasurable sensation obtained upon contact with that
stimulus, which is often quantified according to stereotypical orofacial
responses that can be observed during consumption [17]. While activation
of opioid receptors in the NAcc is a potent stimulant of food intake, this effect
is specific for palatable foods [181]. Furthermore, opioidergic stimulation of a
small subsection of the NAcc (“hedonic hotspot”) can specifically modulate
orofacial “liking” responses in rats, suggesting a central role for endogenous
opioid neurotransmission as a substrate for affective salience [18].

Hypothalamus, brainstem and energy homeostasis

Other than the amygdala, the hypothalamus is the main target of the ventral
forebrain gustatory projections system. The NTS projects directly to the medi
an preoptic, paraventricular (PVH), dorsomedial (DMH) and lateral (LH) hy
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pothalamic nuclei [138], while the PbN nuclei project to the median preoptic,
PVH, LH, and ventromedial hypothalamus (VMH) [52, 184]. Furthermore,
descending projections from the agranular insular cortex target the LH
[183]. Lesion studies have established the importance of the hypothalamus
for the control of feeding, weight and energy homeostasis. Destruction of
the VMH, DMH or PVH induces hyperphagia and obesity [26, 72] while
LH lesions induces hypophagia [5]. These findings led to the dual centre model
for appetite regulation, with the ‘satiety centre’ based in the VMH and the
‘hunger centre’ in the LH [159].

More recently, the VMH has been determined to be the main brain region
mediating the effects of leptin [43]  a protein produced and secreted in
white adipose tissue that is one of the most important homeostatic mediators
of hypophagia [187]. Subsets of LLH neurons, on the other hand, contain
either orexin (also known as hypocretin) or melanin concentrating hormone
(MCH) [45] and both of these peptides are potent stimulators of food intake
[136, 143]. The two hypothalamic centres are connected reciprocally to the
arcuate nucleus of the hypothalamus (ARC), that is thought to be the master
central regulator of energy balance and food intake {74, 185]. Separate sub
sets of GABAergic ARC neurons have opposed effects on feeding behaviour.
Pro opiomelanocortin (POMC) is a precursor to & and 3 melanocyte stim
ulating hormones (MSH), two melanocortins that, when released from an
orexigenic neurons, act to reduce food intake and body weight while
increasing energy expenditure [20]. Orexigenic ARC neurons express neuro
peptide Y (NPY) which stimulates feeding and reduces energy expenditure
[11]. The same neurons also express agouti gene related transcript, an antag
onist of melanocortin receptors that inhibits the anorectic effects of o« MSH
[128]. The ARC is located just above the median eminence, where the blood
brain barrier comprises fenestrated capillaries allowing access to humoral
signals that do not reach most other brain areas [53]. Neurons in the ARC
are sensitive to glucose [174] and possibly also to intermediates of fatty acid
metabolism [100]. Additionally, they express receptors and respond to a
variety of other metabolic factors including insulin, leptin and ghrelin [37,
156, 177].

The area postrema (AP), lying immediately dorsal to the NTS, is also a
circumventricular organ, that lies outside the blood brain barrier [25]. Some
NTS neurons have dendrites in this zone [70] and AP neurons project to the
reticular formation and the PbN in a manner very similar to that of NTS
neurons [70, 149]. AP neurons express receptors for, and in some cases have
been shown to respond to, amylin [142], CCK [112], GLP 1 [142] and insulin
[176]. The AP participates, with the NTS and the dorsal motor nucleus of the
vagus, in the control of food intake by the caudal brainstem. In fact, the caudal
hindbrain contains glucose sensitive neurons that are involved in ingestive and
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Fig. 4. Hedonic and homeostatic regulation of feeding. Current literature considers the
hypothalamus as the main centre for feeding regulation. Lateral hypothalamus neurons
that produce orexin (also known as hypocretin — Hcrt) and melanin concentrating hor-
mone (MCH) are potent stimulators of food intake. Neurons in the arcuate nucleus of the
hypothalamus synthesize melanocyte stimulating hormone (MSH) or neuropeptide Y
(NPY) that have opposed effects in the control of food intake and energy expenditure.
The hypothalamic nuclei are traditionally considered a homeostatic centre for feeding
regulation since they respond to peripheral metabolic hormones and fuels (such as leptin
and ghrelin) that are critical for energy homeostasis [53]. The mesencephalic dopamine
system, on the other hand, responds robustly to a diverse array of rewarding stimuli,
including food, and plays a critical role in the behavioural responses to these stimuli
[179]. Orosensory responses to palatable food are sufficient for the occurrence of dopa-
mine (DA) responses in the mesolimbic system [61], which have generally been considered
as a system for ‘hedonic’ regulation of food intake. However, some of the peripheral
hormones that modulate the behavioural components of energy homeostasis also impact
the activity in this system (see text). Furthermore, in a recent publication, de Araujo and
Oliveira-Maia et al. [41] have shown, using ‘taste-blind’ mice [186], that the caloric value
of sucrose, in the absence of taste transduction, is also sufficient to activate the midbrain
reward circuitry. While the physiological details of the signaling mechanisms involved
remain to be described, it seems reasonable to suggest that the distinction between
hedonic and homeostatic regulation of feeding is redundant. GABA gamma-aminobutyric
acid; Glut glutamate; Hyp hypothalamus; NAcc nucleus accumbens; PFC prefrontal cortex;
VTA ventral tegmental area (from Ref. [6] used with permission from Elsevier)
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sympathoadrenal responses to glucopenia [139] and also neurons that express
receptors for, and coordinate ingestive responses to, both leptin [60] and ghre
lin [406]. Thus, even when the brainstem is isolated from all forebrain connec
tions, rats exhibit not only acceptance and rejection behaviours to oral
stimulation with tastants [59], but also basic satiety related behaviours [58].
However, these animals are unable to increase meal size in response to food
deprivation, suggesting that the forebrain is needed to respond adequately to a
long term homeostatic challenge [57].

Novel opportunities in the management of obesity?

In the introduction to our description of the gustatory system, the dramatic
increase in the prevalence of obesity was referred to as the underlying motiva
tion for the study of the central mechanisms of food reward and appetite
regulation. In fact, obesity is not without consequence. Excess weight has been
linked to the development of cardiovascular and cerebrovascular disease, hy
pertension, type 2 diabetes, dyslipidemia, a variety of cancers, gallstones, oste
oarthritis, sleep apnea, asthma, cataracts, benign prostatic hypertrophy and
depression, among other disorders [158]. In fact, obesity is second only to
smoking as a leading cause of both preventable mortality and health related
economic burdens. While the health consequences of obesity are important and
potentially life threatening, they are also reversible: even modest reductions in
weight lead to improvement in health outcomes such as blood pressure, glu
cose tolerance and lipid profile [158].

Treating and preventing obesity are thus important objectives in health
care. However, the treatment options available currently have important lim
itations. Counselling for dietary modifications, exercise and pharmacologic
therapy are the more conservative approaches. Weight loss can be achieved
initially but only a small proportion of excess weight is lost and, even so, the
maintenance of these losses depends, in most cases, on sustained pharmaco
logic therapy [24]. In fact, there is extensive evidence that any deviation from
a theorized weight “set point”, thought to be based in the hypothalamus, will
activate feedback signals, such as leptin and ghrelin, leading to behavioural
and metabolic responses that resist and minimize the original weight change
[85].

Bariatric surgery is the only effective long term alternative for the treatment
of morbid obesity. In 2005, 140,000 such interventions are estimated to have
been performed in the US., and reported success rates are high, with up to
80% average excess body weight loss [116]. Furthermore, laparoscopic alter
natives, with very low perioperative mortality rates (below 1%), have become
available for many bariatric procedures. Nevertheless, bariatric surgery is not
devoid of adverse consequences and is not an option for many patients.
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Superobese individuals, for example, have higher surgical risks [30], potentially
leading to limitations in access to abdominal surgery for those patients that
need it most [56]. Moreover, there are important late complications after bar
iatric surgery, such as metabolic imbalances and nutritional deficiencies [31],
and late postoperative mortality rates are thought to be grossly underestimated
[30]. In summary, while the effectiveness of bariatric surgery remains unchal
lenged, it is clear that new alternatives are needed for weight management,
especially for extremely obese patients.

The CNS seems to be an important therapeutic target in obesity manage
ment. Most of the pharmacological alternatives for obesity treatment act,
at least partially, through effects in the brain [23], and modulation of gut
hormones constituting the ‘gut brain axis’ is thought to be responsible for
some of the long lasting effects of bariatric surgery [7]. The possibility of
manipulating food intake and weight by lesions of the hypothalamus was
demonstrated in early studies, done in rats, leading to the dual centre model
with the VMH as the ‘satiety centre’ [26, 72] and the LH as the ‘hunger
centre’ [5]. LH lesions have also been performed in a small group of obese
patients with significant, albeit temporary, effects in reducing food intake and
promoting weight loss [137].The use of electrical stimulation to modify neu
ronal activity in discrete brain areas has revolutionized functional neurosur
gery, with widespread use in the treatment of movement disorders, namely
Parkinson’s disease [16]. The use of deep brain stimulation (DBS) has also
been attempted for several psychiatric disorders, namely Tourette’s syndrome,
obsessive compulsive disorder and major depression, with promising results
[96]. The consideration of neuropsychiatric factors underlying the pathophys
iology of obesity [172] has thus led some to propose the use of DBS in
hypothalamic or ventral striatal regions for the treatment of obesity [63].
The feasibility of such an approach is suggested by research in animals,
demonstrating inhibition of food consumption [73], or prevention of weight
gain [144] by hypothalamic stimulation in rodents. Furthermore, a case of
bilateral ventral hypothalamic DBS for treatment of morbid obesity has been
reported in the literature, with moderate weight loss and few side effects [64].
While there is still very little information for or against the use of this tech
nique in the treatment of obesity, the possibility of conducting DBS surgery
under local anaesthesia [16] may prove to be an advantage for those patients
where abdominal surgery poses a significant risk.

Neural stimulation outside of the brain might also prove to be a valid
alternative for obese patients. Several experimental treatments, such as gastric
electrical stimulation [66] and intra abdominal vagal blocking therapy [32] are
currently being pursued with this purpose. It is critical to validate these
approaches to weight control and accurately understand the mechanisms by
which they act.
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Conclusions

Gustatory, homeostatic and reward circuits in the mammalian brain are part of a
complex and distributed neural system that coordinates feeding and other
aspects of energy homeostasis. Therapeutic or experimental manipulation of
neuronal activity in this system can reduce food consumption and promote
weight control, in some cases with dramatic and/or long lasting effects.
Furthermore, with an ever growing arsenal of neurobiological approaches to
understanding brain function, knowledge on the physiology and pathophysiology
of feeding behaviour, especially as it relates to hyperphagia and obesity, is already
substantial. There are, however, still many unanswered questions. Treatments for
obesity that reduce food intake are thought to modulate CNS activity mostly
indirectly, through mechanisms that are still pootly understood but presumed to
involve changes in neural and/or humoral input to the brain. On the other hand,
expetimental interventions that directly modify anatomical and/or functional
properties of the brain and result in weight loss are yet to be applied clinically.
In years to come, new approaches for the management of obesity are critically
necessary. Research on the central neural mechanisms of gustation could con

tribute significantly towards uncovering novel avenues for the treatment of obe

sity and even related metabolic disorders such as diabetes.
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Abstract

Background: Previous literature includes numerous reports of acute stereotactic
ablation for epilepsy. Most reports focus on amygdalotomies or amygdalohip
pocampotomies, some others focus on various extra limbic targets. These
stereotactic techniques proved to have a less favourable outcome than that
of standard surgery, so that their rather disappointing benefit/risk ratio
explains why they have been largely abandoned.

However, depth electrode recordings may be required in some cases of
epilepsy surgery to delineate the best region of cortical resection. We usually
implant depth electrodes according to Talairach’s stereo electroencephalogra
phy (SEEG) methodology. Using these chronically implanted depth electrodes,
we are able to perform radiofrequency (RF) thermolesions of the epileptic foci.
This paper reports the technical data required to perform such multiple cortical
thermolesions, as well as the results in terms of seizure outcome in a group of
41 patients.

Technical data: 1esions are placed in the cortex areas showing either a low
amplitude fast pattern or spike wave discharges at the onset of the seizures.
Interictal paroxysmal activities are not considered for planning thermocoagu
lation sites. All targets are first functionally evaluated using electrical stimula
tion. Only those showing no clinical response to stimulation are selected for
thermolesion, including sites located inside or near primary functional area.

Lesions are performed using 120 mA bipolar current (50 V), applied for
10 30sec. Fach thermocoagulation produces a 5 7mm diameter cortical le
sion. A total of 2 31 lesions were performed in each of the 41 patients. Lesions
are placed without anaesthesia.

Results: 20 patients (48.7%) expetienced a seizure frequency decrease of at
least 50% that was more than 80% in eight of them. One patient was seizure
free after RF thermocoagulation. In 21 patients, no significant reduction of the
seizure frequency was observed. Amongst the characteristics of the disease (age
and sex of the patient, lobar localization of the EZ) and the characteristics of
the thermocoagulations (topography, lateralization, number, morphology of the
lesions on MRI) no factor was significantly linked to the outcome. However,
the best results were clearly observed in epilepsies symptomatic of a cortical
development malformation (CDM), with 67% of responders in this group of
20 patients (p  0.052). Three transient post procedure side effects, consisting
of paraesthetic sensations in the mouth (2 cases), and mild apraxia of the hand,
were observed.

Conclusion: SEEG guided RF thermolesioning is a safe technique. Our
results indicate that such lesions can lead to a significant reduction of seizure
frequency. Our experience suggests that SEEG guided RF thermocoagulation
should be dedicated to drug resistant epileptic patients for whom conventional
resection surgery is risky or contra indicated on the basis of invasive pre sur
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gical evaluation, particularly those suffering from epilepsy symptomatic of
cortical development malformation.

Keywords: Radio frequency thermocoagulations; epilepsy; SEEG; epilepsy surgery.

Introduction

Performing stereotactic lesions of the brain in order to relieve, or even cure,
epilepsy is not a new idea.

Prior literature comprises numerous reports of acute stereotactic ablation
for epilepsy. Most reports focus on amygdalotomies or amygdalohippocampo
tomies [1, 2, 6 8, 10, 16, 17, 21 23, 206, 27, 29, 31, 34, 40, 42, 44, 46|, some
others focus on various extra limbic targets |9, 12, 14, 24, 30, 32, 36, 37, 39],
Others deal with stereotactic ablation of epileptogenic lesions, especially
hamartomas of the hypothalamus [33].

Between 1965 and 1987, twenty one studies were found to have been
carried out to assess the efficiency of stereotactic lesioning of various cerebral
targets for the control of intractable seizures. These studies involved from 5 to
107 patients, and 15 of them consisted of stereotactic lesioning of the amyg
dalo hippocampal structures solely. The rate of improvement, in terms of
seizure frequency, was reported to vary from 50 to 85%. However, many of
these studies were initially performed to assess the effect of stereotactic amyg
dalotomy for the control of unmanageable behaviour, and it was secondarily
found that some of the patients had a bonus relief from seizures. This explains
why, in those early studies, literature pertaining to stereotactic amygdalotomy,
hippocampotomy or fornicotomy displays results, which are difficult to inter
pret given the surgical techniques and outcome assessment used. Pre surgical
assessment was less rigid, it was rare to be able to verify the site and size of the
lesion and follow up data were poor being short and inaccurate. Finally, the
relationship of outcome to the surgery was often indeterminate.

In 1999, Parrent and Blume [34] carried out a single study to assess the
safety and efficacy of stereotactic ablation of the amygdala and hippocampus
for the treatment of medial temporal lobe epilepsy. Twenty two stereotactic
amygdalohippocampotomies were performed in 19 patients with unilateral
temporal lobe seizures. Two lesion groups were defined. In group I, discrete
lesions were made, encompassing the amygdala and anterior hippocampus. In
group II, a large number of confluent lesions were made encompassing the
amygdala and a larger part of the hippocampus. In five group I patients, one
(20%) experienced a favourable seizure outcome. Of 15 group 1I patients, nine
(60%) experienced a favourable seizure outcome, with two seizure free. They
conclude that extensive amygdalohippocampal ablation improved seizure out
come compared with more limited ablation, but that these results were not so
good as those from temporal lobectomy in a similar patient group.
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Two different review articles dealing with stereotactic ablation for refracto
ry epilepsy were then published in 2000 by Parrent and Lozano [35], and by
Polkey [38]. Both concluded that these techniques, although being well tolerat
ed with fewer adverse effects than observed with conventional surgical proce
dures, and although current image guided technology offers the opportunity to
revisit some of these techniques, have a definitively less favourable outcome
than that of standard surgery [4, 43, 47].

This might be related with several causes, such as the variability of the
reported targets and indications (which often mixed behavioural disorders
and epilepsy), or the small size of the lesions. Moreover, despite the recent
use of image guided technology, the risk of intra cerebral bleeding due to the
stereotactic positioning of the lesioning probe is a real risk.

Finally, the rather disappointing benefit/risk ratio of previously published
stereotactic lesioning for epilepsy does explain that this technique, popular in
the 60s and 70s, has been largely abandoned, and was not widely performed up
to NOW.

Irrespective to this matter of fact, ivasive pre-surgical EEG recordings of seizures
may be required in many patients suffering from drug resistant partial epilepsy
to define the optimal cortical resection [3, 5, 13, 18, 28]. In many epilepsy
surgery centres, as in ours, such invasive explorations are carried out using
stereo electroencephalography (SEEG), according to the method first devel
oped in the 60s by Talairach and Bancaud [45]. Principles and methodology of
SEEG have been reported in detail in previous publications [13, 18]. Briefly,
SEEG consists of stereotactic implantation of depth electrodes in the brain, in
order to identify the exact location(s) of the epileptogenic area(s), as well as the
pathways of discharge propagation. The sites of implantation depend, for each
particular patient, upon the outcome of prior non invasive pre surgical inves
tigations. Because MRI is coupled with angiography, each electrode can reach
its implantation site without injuring cerebral vessels. Each electrode is made of
stainless steel, and has 5 18 contacts. The dimensions of each contact are
2mm in length, and 0.8 mm in diameter. From 5 to 16 electrodes are implanted
per patient (mean of 11). On the average, 150 contacts per patient reflect local
EEG activity in the depth of the sulci, as well as the medial aspects of the
hemispheres (Fig. 1). This electrode coverage allows a very accurate tridimen
sional exploration of the epileptiform network, and in our hands provides a
map superior to that given by subdural grid electrodes recordings, particularly,
if the epileptogenic area is deeply situated. The electrodes are left in place for
up to 21 days, or until sufficient information is obtained on localization of
seizure onset and propagation.

Most often, the video SEEG recording of spontaneous seizures leads to
“a tailored resection” of the epileptogenic zone (EZ). Some patients, however,
are not eligible for surgery after this invasive procedure because the EZ are
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Fig. 1. Example of a post-implantation control antero—posterior X-ray (left) and MRI
scan, T1 weighted, frontal slice (right). The depth electrodes are implanted orthogo-
nally, according to the Talairach’s SEEG methodology. sixteen depth electrodes are
implanted in this particular case, each of them having from 5 to 15 contacts

multiple and/or located close to or inside highly eloquent cortical areas (pri
mary language, motor or visual zones).

In this context, in addition to passive recording, the use of these SEEG
electrodes to generate focal lesions of the epileptogenic zone and of seizures propagation
pathways seemed to us worth to be investigated. Such lesions can be produced
by thermocoagulation, using a radiofrequency (RF) generator connected to the
electrode contacts. This is named SEEG guided RF thermocoagulation of the
epileptogenic foci.

Based on a personal experience of this method in a 41 patients series, this
paper aims:

1. at presenting the feasibility and safety of multiple cortical RF thermolesions
made by means of chronically implanted SEEG electrodes;

2. at reporting the results obtained in 41 consecutive patients who, amongst
those referred to our department for surgical treatment of drug resistant
partial epilepsy between 2003 and 2007, have accepted this procedure as a
first therapeutic step before surgery, or as a palliative treatment when sur
gery was not possible.

Technical data

Advantages of the technique

The advantages of using SEEG electrodes for performing multiple RF ther
molesions are supported by several lines of evidence [19, 20]:
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1. The high number of implanted electrodes offers the possibility for produc
ing several thermolesions;

2. Confluent lesions can be generated by contiguous placement of multiple
thermolesions;

3. The clinical and electrophysiological status of the patient can be monitored
in real time before, during and after the lesion is performed. Such monitor
ing allows interruption of the procedure as soon as a sensation of heat is
reported. Heat perception can be due to proximity of the lesion site and
pericerebral cisternea, and can be a warning against unintentional injury to
the optic tract or brainstem;

4. As electrical stimulations are systematically performed during video SEEG
recording sessions, the possible side effects of a lesion can be anticipated in
detail. Consequently, there is no need for supplementary stimulation or a
temporary lesion to test for adverse effects during the SEEG guided RF
thermolesion procedure;

5. The SEEG guided RF thermolesion procedure does not require anaesthesia;

6. Placement of thermolesions does not preclude subsequent conventional
surgery in case of failure;

7. The bleeding risk is nil, as the electrodes are already in place, for recording
purpose;

8. As revealed by our experience, these lesions are well tolerated by the patient.

Patient’s selection

Obviously, not all the patients having benefited from a SEEG during the same
petiod (7 132), underwent a SEEG guided RF thermocoagulation procedure.
RF thermocoagulation is only considered as soon as one or more of the
implanted electrodes fulfils the following conditions:

1. To be located in the cortex areas showing either a low amplitude fast pattern
or spike wave discharges at the onset of the seizures. Interictal paroxysmal
activities were not considered for planning thermocoagulation sites.

2. All targets are first functionally evaluated using electrical stimulation. Only
those showing no clinical response to stimulation are selected for thermolesion,
including sites located inside or near primary functional area.

The SEEG guided RF thermocoagulation procedure is always performed
at the very end of the video SEEG recording session, which usually lasts
between 2 and 3 weeks.

Placement of the lesion [20]

All SEEG guided RF thermolesion procedures are performed without anaes
thesia. Lesions are made using a radiofrequency lesion generator system model
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RFG 5 manufactured by Radionics (Radionics Medical Products Inc., 22 Terry
Av., Burlington, MA 01803, USA). The SEEG electrodes are manufactured by
Dixi (Dixi Medical, 4, chemin de Palente, BP 889, 25025 Besangon, France).
The lesions are produced between two contiguous contacts of the selected
electrodes. Temperature cannot be monitored 7 vivo at electrode contacts, so
the lesions are made using a 50V, 120 mA current, which was found iz vitro to
increase the local temperature to 78 82°C within a few seconds, thus produc

ing a lesion around the electrode contact in 10 30 sec (Fig. 2). A depth EEG
recording is performed during the procedure at the relevant contacts after each
coagulation, which shows the absence of focal epileptiform activity at the lesion
site after thermolesion. For each patient, several (2 31, median: 12 in our

Fig. 2. Picture of a chronically implantable Stereoelectroencephalography (SEEG) elec-
trode. In vitro thermocoagulation in egg white. The coagulated zone, 5 mm in diame-
ter, is visible between the two selected contacts of the electrode
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experience) bipolar lesions can be performed in one or more anatomical tar
gets. The electrical activity recorded at the contact pairs used for RF thermo
coagulation immediately after the procedure shows either a voltage reduction
or a frequency slowing consistently associated to a decrease or a disappearance
of interictal spikes.

The SEEG electrodes are removed at the end of the SEEG guided RF
thermolesion procedure, and the patient is discharged 24 h after its comple
tion.

Post operative MRI scans, with T1 and T2 sequences in horizontal, frontal
and sagittal planes are performed three months after placement of the lesions,
in order to assess the anatomical extent of the lesions.

Our experience [11, 19]

Patients (Table 1)

Forty one patients (16 female, 25 male; mean age, 28 & 8.6 years, range: 8 40),
investigated by SEEG in the department of Functional Neurosurgery of Lyon,
France, underwent multiple SEEG guided RF thermocoagulation between
2003 and 2007.

All patients benefited from pre surgical non invasive investigation, includ
ing continuous video EEG recordings, high resolution Magnetic Resonance
Imaging (MRI), '®Fluorodeoxyglucose Positron Emission Tomography
(PET) scan and sometimes ictal and interictal Single Photon Emission
Computerized Tomography (SPECT). In all these patients, data obtained from
the non invasive pre surgical investigations were not sufficiently congruent
for localizing reliably the EZ. Intracerebral recording of spontaneous seizures
(i.e. video SEEG recording) was thus undertaken before any surgical decision.
All electrodes were implanted according to pre surgical diagnostic necessities,
so that the RF thermocoagulation procedure had no influence on the number
of electrodes and did not increase the risk of the stereotactic implantation. All
patients gave their consent. They were all informed that the RF thermocoa
gulation procedure may be an opportunity to obtain, at the price of a minimal
invasive procedure (as the electrodes are already in place) a significant chance
of improvement of the epilepsy. The very low probability of being seizure free
was clearly explained. They were also informed that, whenever possible, they
will be offered conventional EZ surgical resection if they estimated RF ther
mocoagulation results as insufficient.

Targets, follow-up and results

The data obtained from this unique clinical series may be exposed as follows:
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Table 1. Patient data, location of the RF thermolesions and epileptological outcome

No. Sex, Etiology Side Anatomical targets Outcome (% Engel's
age improvement) class

1 F, 24  Cryptogenic R Parietal cortex 0 1%
2 M, 31 Cryptogenic L T5 0 v
3 M, 40 Cryptogenic R Hipp, insula, T4, T pole 0 vV
4 M, 43 Cryptogenic L supplementary motor area 0 v
5 F, 23 Cryptogenic L Amygdala, hipp, T pole 0 \Y,
6 F, 34 Cryptogenic L Entorhinal cortex, T3, T5 0 Y
7 M, 15 Cryptogenic R Insula 0 v
8 M, 13 Cryptogenic R Insula, T and F operculum 0 v
9 M, 34 Cryptogenic L Hipp, T operculum, insula 30 Il
10 M, 26 Cryptogenic L Amygdala, hipp 60 Il
11 M, 24 Cryptogenic L SMA, cingulate gyrus 80 Il
12 F, 23 Cryptogenic L T pole, T2, T3, T4 95 Il
13 F, 33 Cryptogenic L Amygdala, hipp 95 Il
14 M, 46 Hipp sclerosis R Amygdala, hipp 0 v
15 M, 24 Hipp sclerosis L Hipp, T1, T2, T. pole 0 v
16 M, 32 Hipp sclerosis R Amygdala, hipp 0 \Y,
17 F, 26 Hipp sclerosis R Amygdala, hipp, T4, Tpole 0 \Y,
18 M, 28 Hipp sclerosis L Amygdala, hipp, T5 80 Il
19 F, 30 Hipp sclerosis R Amygdala, hipp 80 Il
20 F, 21 Cort dyspl R T1, T2, 73, T pole 0 Y
21 F, 35 Cort dyspl R Occipital cortex 0 v
22 M, 23 Cort dyspl L Hipp, temporal cortex 0 \Y,
23 M, 26 Cort dyspl R F cortex, F operculum 0 \Y,
24 F, 33  Cort dyspl L Orbitofrontal cortex, F3 0 Y
25 F, 20 Cort dyspl R Post-cing gyrus, O pole 0 v
26 M, 32 Cort dyspl R Post-central gyrus 0 \%
27 M, 21 Cort dyspl R T 50 1l
28 F, 16 Cort dyspl R Frontal cortex 50 1]
29 F, 8  Cort dyspl L Occipital cortex 50 1]
30 F, 27 Cort dyspl L Frontal cortex 50 Il
31 M, 28 Cort dyspl L Post-cing gyrus, O pole 50 Il
32 M, 25 Cort dyspl L Insula 70 Ml
33 M, 36 Cort dyspl L T2 70 11l
34 M, 33 Cort dyspl R F operculum, insula 70 1]
35 M, 43 Cort dyspl L Amygdala, hipp, T pole 80 Il
36 M, 36 Cort dyspl R Insula, F operculum 80 Il
37 F, 33 Cort dyspl L Hipp, entorhinal cortex 95 Il
38 M, 17 Cort dyspl L Occipital cortex 100 I
39 M, 42 Post-trauma R T1, 73, T pole 0 Y
40 F, 22 Heterotopia L T and O cortex 50 1l

(continued)
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Table 1. (continued)

No. Sex, Etiology Side  Anatomical targets Outcome (%  Engel’s
age improvement) class
40 F, 22 Heterotopia L T and O cortex 50 1l

41 M, 23 Heterotopia L O peri-ventr heterotopia 50 Il

M Male, F female, R right side, L left side, Cort dyspl cortical dysplasia, Hipp hippocam-
pus, T7 superior temporal gyrus, 72 middle temporal gyrus, 73 inferior temporal gyrus,
T4 temporo-occipital gyrus, T5 parahippocampal gyrus, T temporal, F frontal, SMA
supplementary motor area, F3 inferior frontal gyrus, O occipital, post-cing gyrus poste-
rior cingular gyrus, peri-ventr peri-ventricular

Choice of targets

The choice of targets has been explained in the previous chapter (patient’s
selection). It depended upon data from video SEEG recordings regarding the
localization of the epileptogenic focus. All targets were located in the cortex
areas showing either a low amplitude fast pattern or spike wave discharges at
the onset of the seizures. Interictal paroxysmal activities were not considered
for planning thermocoagulation sites. Only those showing no clinical re
sponse to stimulation were selected for thermolesion. This often implied that
a partial damage only could be caused to the epileptogenic zone, as the
electrode contacts being located in cortex areas showing paroxysmal ictal
activities, but also clinical effects to stimulation could not be used for RF
thermocoagulation.

Follow up

The frequency of seizures and the possible adverse effects of RF thermocoa
gulation procedure were collected during consultations made at one month,
three months, six months and then once a year after RF thermocoagulation.

The median follow up after the RF thermocoagulation procedure, until the
last consultation or the surgery, was 19 months (mean: 25 4= 21; range: 8 60).
21 of the 28 patients who were eligible for surgical resection have been oper
ated a few months (mean: 8.9 &= 5; range: 4 28) after the RF thermocoagula
tion procedure. In the 13 patients who were not eligible for surgery, the mean
follow up duration was 43 months £18 (range: 15 72) between RF thermo
coagulation and the last consultation.

The anatomic localization and extent of the thermolesions were assessed in
every patient by a brain MRI scan performed 3 months after RF thermocoa
gulation. MRIs depicted isolated or multiple areas of coagulation necrosis,
which were clearly visible along the electrode trajectories. The diameter of
lesions ranged from 5 to 7mm. The total length of lesioned area, made of
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Fig. 3. Example of pre- (above) and post- (below) SEEG-guided thermolesions MRI
(horizontal slices, T2 sequences). The lesions (arrows, lower picture) were placed in a
left periventricular heterotopia (arrows, upper picture)

confluent discrete lesions along the electrode path, varied according to the
number of electrode contacts used for bipolar coagulations (Figs. 3 5).

Anti epileptic drugs treatment was left unchanged during the six months
following RF thermocoagulation. In some patients, the antiepileptic drug regi
men was modified after the first six months of follow up, but in no patient
these changes modified the seizure outcome.

Patients were classified as responders if the decrease in seizures frequency was
of 50% or more, and non responders if not. The results were also expressed in
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Fig. 4. Example of a post RF-thermolesion MRI. Horizontal (left) and frontal (right) T1
slices. Arrows: RF-thermolesions in the right insula and frontal operculum

Fig. 5. Example of a post RF-thermolesion MRI. T2 horizontal slice. Arrow: RF-thermo-
lesion of the left amygdala

Engel’s classification, based on the facts that this is a palliative technique where the
combined results of Engel I, Engel II and Engel III are considered worthwhile
results. Groups were compared with the non parametric Mann Whitney test for
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continuous data (age, number of RF thermocoagulation, follow up) because of
small sample sizes. For categorical data (etiology, epileptogenic focus and RF
thermocoagulation localization), Chi squared or Fisher’s exact test was applied.
A p value less than 0.05 was considered as statistically significant.

Results
Seizure outcome (Tables 1 and 2)

20 patients (48.7%) experienced a seizure frequency decrease of at least 50%
that was more than 80% in eight of them. One patient was seizure free after
RF thermocoagulation.

In 21 patients, no significant reduction of the seizure frequency was ob
served.

No patient showed any increase of seizure frequency.

The results are similar when expressed in Engel’s classification: 21 patients
(51.2%) were in Engel’s class I III (one is Engel Ia), whereas 20 patients
(48.8%) did not experience any improvement after RF thermocoagulation
(Engel’s class IV).

Improvement of the epilepsy was observed at the first evaluation one
month after RF thermocoagulation in 32 patients (78%). In 11 of them, this
initial clinical benefit disappeared rapidly i.e. 3.8 &= 3 months after RF thermo
coagulation and in one at 12 months. Beyond this lapse of time, the effect
remained stable.

Table 2. Seizure outcome according to the etiology of the epilepsy and the localization
of the epileptogenic focus

Responders (>50% Non-responders (<50%
seizure reduction) seizure reduction)

Etiologies
Cortical dysplasia 12 (1 seizure free)
Heterotopia 2
Cryptogenic 5
Hippocampal sclerosis 2
Post-traumatic 0

Localization
Temporal
Frontal
Occipital
Parietal
Insula

—
— B~ 00O O

N — W W N
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Amongst the characteristics of the disease (age and sex of the patient, lobar
localization of the EZ) and the characteristics of the thermocoagulations
(topography, lateralization, number, morphology of the lesions on MRI) no
factor was significantly linked to the outcome. However, the best results were
clearly observed in epilepsies symptomatic of a cortical development malfor
mation (CDM), with 67% of responders in this group of 20 patients
(» 0.052).

In the group of non eligible patients for resective surgery (# 13), due
cither to the insular topography of the epileptogenic focus, or to the high
probability of a post surgical visual deficit, or to bilateral epileptic foci, or to
an EZ localization inside primary motor zone or language areas, 9 presented
with CDM, and 6 of them were responders to SEEG guided RFTC. One of

them was seizure free.

Safety

No permanent neurological or cognitive impairment occurred after any of the
procedures. Three patients showed transient adverse effects: mouth dysaesthe
sia during a few days and two months after intra insular RF thermocoagulation
in two patients, motor apraxia in the left hand after RF thermocoagulation
within the right supplementary motor area that completely disappeared after six
months. In one case, one of the coagulations was interrupted because it pro
duced a slightly painful heat sensation in the ipsilateral side of the head. This
sensation disappeared immediately after cessation of the radiofrequency cur
rent. In this particular case, the coagulation site was located in the temporo
mesial area, very close to the choroidal fissure.

Discussion

Multiple SEEG guided RF thermocoagulation finally provides a therapeutic
capability to a technique (i.e. SEEG) previously devoted to a diagnostic pur
pose only.

As a matter of fact, the use of SEEG electrodes for performing multiple
RF thermolesions appears to provide a unique opportunity to have large access
to the epileptogenic network without additional risk from the implantation of
lesioning electrodes.

Whenever it is feasible, lobectomy, cortectomy or hemispherotomy, based
on precise localization of the EZ remains the most efficient treatment of partial
drug refractory epilepsies [15, 25, 41]. Some palliative procedures, such as
multiple subpial trans sections, callosotomy or vagus nerve stimulation, can
be efficient to decrease, sometimes strongly, seizure frequency. Based on this
principle, SEEG guided RF thermocoagulation is a technique, which aims at
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causing a partial damage of the EZ, as tailored in each individual patient by the
SEEG exploration.

Complications are minor, rare and reversible in all cases. No long term side
effects, particularly on cognitive function, are observed. The fact that RF
thermocoagulation is guided by SEEG recordings and carried out only in
cortical sites where focal stimulation did not elicit any clinical response proba
bly accounts for the small number, and complete reversibility, of post RF
thermocoagulation focal deficits. Thus it is possible to treat targets located
very near to cortical areas with high functional value (language or primary
visual zone), or poorly accessible to conventional surgical procedure (insular
cortex).

The benefit risk ratio of the SEEG guided RF thermocoagulation proce
dure proves particularly favourable for the patients in whom surgery is not
feasible or risky. Such was the case for 13 of our 41 patients, of whom seven
benefited from RF thermocoagulation with a reduction of 50% or more in
seizure frequency in six cases and a complete seizures control in one. In these
cases, SEEG guided RF thermocoagulation proved to be a safe therapeutic
option, the results of which compare favourably to those of other palliative
therapeutic procedures such as vagus nerve stimulation, multiple subpial tran
section, callosotomy or deep intracerebral stimulations [15]. These favourable
results however, will require further long term reevaluation, as the average
follow up, of less than 2 years, of our series, may bring reservation for the
very long term efficacy of the technique.

Conversely RF thermocoagulation results in patients eligible for cortectomy
proves inferior to those of surgery. Indeed, 21 of our 28 patients went through
conventional surgery in a second step, of whom 19 are in Engel’s class I and
four are awaiting surgery. These results show that the SEEG guided RF ther
mocoagulation procedure is not an alternative to resection surgery and incited
us to stop proposing RIF thermocoagulation to patients eligible to conventional
surgery, and especially to patients eligible for temporo mesial resection, which
bears the best surgical prognosis [43, 47]. This can partially be explained by the
relatively small size of the thermocoagulation lesions, as compared to the extent
of the epileptogenic area.

The best results of RF thermocoagulation are observed in epilepsies symp
tomatic of cortical development malformations that are not accessible to sur
gery. Indeed, a seizure frequency reduction more than 50% is noted in 67% of
patients suffering from epilepsy symptomatic of dysplasia or heterotopia, of
whom one remains seizure free with a follow up of 40 months. Thus, the
favourable outcomes that we observe cannot be explained by a complete lesion
of the epileptogenic area, as assumed after surgical cortectomy. SEEG guided
RF thermocoagulations, when efficient, may instead cause a partial volume
reduction of the epileptogenic cortex and disturb its synaptic circuitry and
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electrophysiological organization, sufficiently to stop, or to reduce, the occur
rence of seizures.

Conclusion

Despite its limits, the SEEG guided RF thermolesion procedure we de
scribe here appears to be feasable, reliable, well tolerated and safe. Its
risk benefit ratio remains favourable, so that we advocate it as a first step,
even if a standard curative surgery is needed in a second step. Our experi
ence suggests that SEEG guided RF thermocoagulation should be dedicat
ed to drug resistant epileptic patients for whom conventional resection
surgery is risky or contra indicated on the basis of invasive pre surgical
evaluation, particularly those suffering from epilepsy symptomatic of corti
cal development malformation. Knowing the excellent congruence between
the completeness of the lesion resection and the favourable evolution of the
epileptic disease in cortical development malformations, we now tend, for
such patients, to increase the number of electrodes implanted in the lesion
itself in order to produce the greatest possible number of thermolesions
inside the malformation.
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Abstract

Neurosurgeons are mainly concerned with child abuse in cases of severe
cranio cerebral trauma. Aim of the present paper is to highlight the clinical
picture and symptoms in cases of child abuse and our multidisciplinary ap
proach to reveal a solid diagnosis. The detection of child abuse requires a high
index of suspicion, especially in cases of subtle injuries. Besides reporting to
the appropriate agencies primary goals are to terminate suspected abuse and
to prevent further harm to the child. All this requires a confirmed diagnosis.

Keywords: Child abuse; epidemiology; case history; head injury; fall from height;
bruises.

Introduction

Many medical disciplines have to deal with the diagnosis and therapy of child
abuse, predominantly pediatricians and  in fatal cases  forensic pathologists.
The diagnosis of child abuse is often not just a simple diagnosis but requires
knowledge from different medical disciplines (pediatrics, neurology, ophthal
mology, dermatology, surgery, forensic medicine, toxicology) to reveal a solid
diagnosis taking all differential diagnoses of accidental trauma or confounding
diseases into account [43].

The diagnosis of child abuse may have several legal consequences (e.g. child
is withdrawn from the family). To avoid legal consequences against the treating
physicians  in cases of unreported suspected child abuse as well as in reported
but not proven child abuse  the diagnosis has to be validated. Although the
classical features of child abuse have already been described by Ambroise
Tardieu, a French forensic pathologist, in 1860 [40, 91], the modern recogni
tion of the syndrome dates back about less than five decades (Kempe 1962)
[29, 30, 32]. Since then many excellent monographs [2, 3, 7, 9, 12, 29, 30, 33
30, 38, 39, 45, 46, 56, 61, 68, 72, 76, 78, 83, 87, 94] and a huge literature
(clinical, experimental, legal, psychological) have been published. Programs to
protect children have been developed, however, the national approaches differ
widely as well as the legal background.
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Definitions and epidemiology

A standardized definition of child abuse is still missing; it is even said that a
definition itself is controversial as what is unacceptable now may have been
considered as valid and desirable at other times [6, 33, 35, 36, 78, 83].
A definition should comprise:

physical abuse

neglect/deprivation /failure to thrive (FTT)
mental or emotional abuse /neglect

sexual abuse

Munchausen by proxy syndrome (Mbps)

A definition is also depending on general conditions of the respective
society. Thus, the German Bundestag (Drucksache 10/4560, dated
13.06.19806) issued the following definition [7]:

Abuse is an intentional conscious or unconscious physical or mental
harm which is occurring in families or in institutions, thus, in systems of
cohabitation, and which is causing damages and/or arrested developments
or even death and, thus, derogates or menaces the welfare and the rights of
a child.

Similar definitions are accepted in most European countries [83, 98]. In the
UK, child abuse was formally defined in the 1999 Department of Health
guidelines and redefined in 2000 (Department of Health 2000):

Physical abuse involves hitting, shaking, throwing, poisoning, burning or
scalding, drowning, suffocating or otherwise causing physical harm to the
child which is actual or likely.

Fictitious (or factitious) illness by proxy is also included under physical
abuse.

From a clinical perspective, the severity of the injury, the number of injuries,
the age of the child and any previous injuries and other abuses (neglect, child
sexual abuse, emotional abuse) are all part of the jigsaw which leads to a
diagnosis of physical abuse.

In the US, child abuse is defined by the Child Abuse Prevention and
Treatment Act (CAPTA) of 1974 as “Any recent act or failure to act on the
part of a parent or caretaker which results in death, serious physical or emo
tional harm, sexual abuse or exploitation, or an act or failure to act which
represents an imminent risk of serious harm” to a child under the age of 18
[83]. Child abuse is not only an intentional act but might also be the result of
carelessness by the parent or the caretaker.

While gross forms of abuse are self evidently abuse in lesser degrees of
trauma it may be questionable whether injuries resulted from deliberate batter
ing, inexpert rough handling or accident.
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The pathognomonic symptom of physical abuse are signs of repeated
impact of violence that become manifest in injuries of different age or can
not be caused by a single act of violence, respectively (multi temporal).

The American paediatrician Henry Kempe (1922 1984) formed the term
“battered child syndrome” in 1962 when he first identified injuries and/or
patterns of injuries as a result of parental violence [29, 30, 36]. For a long time
signs of external violence were interpreted as accidental. For instance in 1946

Table 1. Number of child maltreatment deaths (Innocenti Report Card)

Children under 15 years of which under 1 year
Australia 156 39
Austria 66 16
Belgium 98 26
Canada 284 91
Czech Republic 105 23
Denmark 40 8
Finland 41 12
France 765 161
Germany 523 148
Greece 16 3
Hungary 113 51
Iceland 1 1
Ireland 12 4
Italy 104 13
Japan 916 257
Korea 414 55
Luxembourg 2 1
Mexico 4974 1006
Netherlands 84 26
New Zealand 55 19
Norway 14 1
Poland 363 131
Portugal 320 29
Slovak Republic 51 16
Spain 44 9
Sweden 53 8
Switzerland 56 1
U]¢ 502 143
USA 7081 1889
Total 17253 4197

The table shows the total number of maltreatment deaths among children under the
age of 15 and under the age of one year. The totals are over a five-year period and
include deaths that have been classified as "“of undetermined intent"’.
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Caftey [13] desctibed the combination of chronic subdural haematomas and
(multiple) fractures of the long bones in children. He was convinced of the
traumatic origin of these injuries, however, the mechanism by which they
occurred was obscure. It seems that at this time nobody could imagine that
those injuries were the result of physical child abuse caused by carers.

According to crime statistics physical child abuse is an apparently rare type of
crime. Nevertheless the estimated number of unreported cases is high and there
is  at least in Germany and in contrast to other countries no obligation to
report suspected cases to the police. According to a UNICEF study (Innocent
Report 2003) [95] 523 children died due to non accidental external violence in
Germany in the last five years (among them 148 children younger than one year)
(Table 1, including data of several other countries). Almost 3500 children under
the age of 15 die from maltreatment (physical abuse and neglect) every year in
the industrialized world. Every week 2 children die from abuse and neglect in
Germany and the United Kingdom, 3 children in France, 4 in Japan and 27 a
week in the United States. The risk of death by maltreatment is approximately 3
times greater for the under ones than for those aged 1 4, who in turn face
double the risk of those aged 5 14 (UNICEF, Innocenti Report 2003). Based on
these data 157,000 cases of child abuse are expected per year in Germany [35,
95]. From these children who are treated in hospital 12 15% die. According to a
WHO study 2.2 boys and 1.8 gitls younger than 5 years per 100,000 children die
due to child non accidental trauma [41]. The number of deaths per 100,000
children in the age group 0 16 years is given with 80 for Germany, 370 for
Portugal, 300 for Mexico, 240 for the USA and 10 for Spain. According to the
official police statistics 1700 2100 cases of child abuse are reported to the
authorities in Germany per yeat, however, the number of unreported cases is
with 95% very high [35]. In the US 16.5 children per 1000 were found to be
victims of abuse in 2005. Child neglect was the most frequent form of abuse
followed by physical abuse in 16.6% of all reported cases. In Canada the rate of
substantiated child maltreatment was 21.71 per 1000 in 2003, of which 10%
involved physical harm. In England in 2001 24 children in every 10,000 were
abused, of which 7300 were victims of physical harm [83, 98].

Legal basis

The German criminal code (StGB, Strafgesetzbuch) like the criminal codes of
other European countries provides different forms of penalty for physical
abuse, dependent on the severity of the criminal act (assault or aggravated
assault  also with fatal consequences, (attempted) murder, (attempted) man
slaughter). Of special importance are § 171 StGB  breach of duty of care and
upbringing (includes e.g. the substantial damage of physical and psychical devel
opment) and § 225 StGB  abuse of wards (comprises torment, cruel abuse,
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malicious neglect; higher penalty in cases of possible death and substantial
damage of physical and psychic development) [6].
Legal definitions are for instance:

Torment. Causation of continuing and repeating substantial (physical or psychic)
pain or suffering (also by omission).

Cruel abuse: Causation of substantial pain or suffering while being of insensible
attitude disregarding third parties suffering (not as a consistent characteristic);
criminal act by omission: malicious neglect of duty of care (omission of avert
ing the abuse). The application of these criteria is a purely juridical decision.

The amendment of the § 1631 of the German Civil Code (BGB,
Burgerliches Gesetzbuch) dated 2.11.2000 restricts the principals of
upbringing:

Children have a right to be brought up without violence. Physical punish
ment, psychical injuries and other degrading methods are prohibited.

The ctime statistic of 1999 included 2257 complaints subject to § 225
StGB (abuse of wards). According to this statistic appr. 60% of the offenders
and victims are male. The estimated number of unreported cases is much
higher  according to estimations about 20,000 100,000 cases per year
[6, 35]. Thus, the problem is rather under than overestimated in practice.

Reasons for the high number of unreported cases are [34, 83, 98]:

Child abuse is an intra familiar incident with no independent witnesses
Lacking awareness of witnesses and treating physicians

Misjudging of injuries as result of accidents

Childrens’ dependence on their parents

Abused children are usually too young to report what happened

Criminology of child abuse

Infants (2 4 year old) are notably at risk. About 75% of all cases affect
children <7 years. Often one child of several siblings is concerned; if this
child is taken out of the family it should be thought of protective methods
for the siblings (risk of recurrence).

Endangerment of unwanted, handicapped children.

Offenders are parents of younger age or companions of the mother; all
kinds of social background are involved. Men are thought to be more often
“active” abusers, women more often “passive” abusers.

Most cases take place at home with mothers more hitting than fathers, but
men causing more damage.

The act is mostly impulsive and takes place in stresstul situations (lacking
frustration tolerance); alcohol abuse is considered as a supporting factor.
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The persons having the care and custody of the child give no or only
insufficient explanations for the injuries, the explanations differ partly or
are adapted to the diagnostic findings. In some cases siblings are made
responsible for the injuries or an akwardness of the child itself is said to
be the reason for the injuries.
A doctor is consulted with temporal delay although the injuries are obvi
ously severe. Older and non treated injuries do exist.
When pre treating physicians are contacted it becomes obvious that there
had been no continuous treatment but several different doctors had been
consulted (so called “doctor hopping”).
Several influencing factors in physical abuse have been identified

(Table 2).

Table 2. Summary of influencing factors in physical abuse. From Hobbs, Hanks,

Wynne (1999)

Socio-cultural:
Socio-economic:
Unemployment:

Family breakdown:

Health:

Handicap:

Education:

Poor parenting:
Individual:
Generational:
Environmental:

Services:

attitudes towards punishment, values placed on children
as individuals versus chattels, property, ownership.
poverty is @ mayor stress which promotes violence,
deprivation and child abuse. Not all poor families abuse.
a special kind of social stress, linked with poverty.
unstable martial relationships, spouse violence,
separation and divorce. Loss of extended family
supports from increased social mobility.

poor health in parents, especially mother, reduces
coping and tolerance levels. Psychiatric illness or poor
psychological health including symptoms of stress.
Alcohol and drug usage including prescribed
psychotropic drugs.

one child factor that is important. Difficult children

to care for — e.g. screamers, poor feeders — are other
examples.

lack of education and the personal resources

this brings results in fewer ways of coping. Low
intelligence is another factor.

either from poor childhood experiences, or lack

of opportunity to learn.

youth, immaturity, isolation, criminality are all adverse
factors.

the tendency to repeat the cycle of abuse from
generation to generation.

effects of cold, damp, overcrowded housing, nowhere
for the children to play, enforced proximity.

lack of appropriate, accessible services — e.g. day care,
nurseries, maternal and child health services.
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Physical examination and taking the history

There are many different types of physical child abuse and it is the task of any
physician to give the right interpretation of the injury, its nature and origin and
not to over interpret lesions. In cases of an injury which is detected during an
examination of a child or if a child is brought to a doctor because of an injury
an examination of the whole body of the child is indispensable.

In cases of infantile injuries physical abuse has to be considered as
differential diagnosis. A thorough physical examination with clear documen
tation of findings is the basis for the further management of the case
[17, 31, 48, 49, 70].

Injuries

There is a large variety of injuries in cases of child abuse from superficial
wounds to severe life threatening conditions. Most injuries in child abuse are
due to blunt force and caused manually by hitting or beating with the hands,
shaking, throwing or dropping [6, 34, 78, 98]. Often instruments like sticks or
belts are used. Burning, scalding and suffocation are seen less often.
Suffocation and poisoning play an important role in MbpS [37, 65 67].
Shooting, strangulation and stabbing are seen in classical childhood homicides
[6, 80].
Injuries due to child abuse can be classified as follows [6, 34, 78, 98]:

Superficial (dermatological): bruises, abrasions, lacerations, scratches, bites,
stab wounds, pin pricks, pinch marks, ligature marks, broken or avulsed hair
or nails, burns or scalds, chemical injury.

Deeper lesions: haematoma, cephalhaematoma, mouth injury (tear of lip
frenulum), strangulation.

Fractures, dislocations, wrenched limbs, periosteal injury.

Thoraco lumbar internal injury  stomach, gut, solid viscera, lung;
Intracranial (including eyes) and spinal injury: whiplash, shaken, subdural
haematoma, epidural haematoma, cerebral haemorrhage, contusion or
oedema, spinal cord injury.

Asphyxia, drowing and poisoning,

Fabricated disorders (Munchausen by proxy).

While all types of violence can occur in cases of child abuse, injuries due
to blunt force are seen most frequently. Mostly it are skin and bone lesions
which raise suspicion of child abuse and a classic aphorism by forensic
pathologists says: “The skin and bones tell a story which the child is either
too young or to frightened to tell” [14].
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Blunt force

Typical types of infliction and consequences are summarized in Table 3 and
shown in Fig, 1.
Inflicted bruises show a number of different patterns:

Hand marks (on arms, trunk, cheeks) (Fig, 2). While accidental injuries often
involve unprotected parts of the body like shin bone, knee or elbow, injuries
of “protected” areas (backside, thighs and chest) should raise suspicion

whether physical abuse did happen (Figs. 3 and 4) [34, 98].

Table 3. Consequences of different forms of blunt violence. According to Ref. [49]

Violence Injury

Ear pulling Pulling the earlap

Hair pulling Pulling the hair, bald areas

Beating the head Haematomas, lacerations, scars

Biting Dental impression, oval or semilunar haematomas

Forceful gripping

Pinching

Traces of grips
Captivation
Violent feeding

Beating with flat hand

Beating with fist

Beating with knuckles
Beating with stick or similar
item

Beating with other items
(e.g. belt, coat-hanger,

leg of a chair...)

Kicks

Dropping, throwing
against a wall

Traces of grips, haematomas measuring
0.5-2.5cm, possibly grouped, trace of the thumb
at the opposite side

Uncharacteristic haematomas, possibly abrasions
from fingernails

Haematomas at arms or at the sides of the thorax
Erythema, abrasions, haematomas at joints

Injuries of oral mucosa including frenulum of upper
and/or lower lip (by opening with spoon

or bottle), broken teeth

Formed haematomas of the cheek, retroauricular
haematomas (ENT-examination), myringorupture
Eyeglass haemorrhage (injuries of the eye),
haematomas of the oral mucosa including break
off of tooth, rupture of inner organs (liver, spleen,
gastrointestinal organs) in front of the spine
(without external signs of injuries!)

Roundish haematomas arranged side by side
Double striae design (fine striped haematomae
with central fading)

Extensive haematomas; typical localization

on the back of the body (bottom, back of the legs),
possibly defending injuries on the arms

Possibly impression of shoe profile, cave: kicks into
the abdomen could cause severe injuries without
external signs (see beats with fist)

Extensive haematomas, skull fractures, ...
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Fig. 1. Four-month-old child, haematoma of the left cheek and forehead, brought
to hospital by parents after "’fall from table’” immediately prior to hospitalization,
died four weeks later due to hypoxic brain damage. Bruises on cheek and fore-

head not fresh, typical handmark on the left cheek caused by hitting with the
right hand

= 3

AR

Fig. 2. Typical handmark on the left cheek with a handprint

Marks of implements  e.g. straps, sticks, buckles (patterned intradermal
bruises, tram line bruising) (Fig, 5) [78].

Bruises from throwing, swinging or pushing the child onto a hard object
(Fig. 6).

Bites with a 3 3.5cm in diameter ring or arc bruises (Fig. 7).

Bizarre marks (Fig. 8).

Kicks with footwear with patterned shoe sole (Fig. 9).
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Fig. 3. Bruises on the back, typical fingertip bruises

Hand marks may be seen as grab mark or fingertip bruises, for example
on limbs, face, chest wall. Another form is a hand print or linear finger mark,
e.g. on the cheek. Slap marks  often vaguely two or three finger sized linear
marks  are seen with stripe effect [78]. Rings may leave a tell tale mark.
Bruising around the limbs (wrist, forearm, upper arm, thigh) are due to grip
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Fig. 4. Accidental injuries in unprotected areas like chin, knee, elbow, forehead (a);
inflicted injuries in “'protected’’ areas like back, buttocks, chest, furthermore cheek and
top of the scalp (b) [7]

ping the child. Bruising on the backside and back are due to beating with the
hand or a strap. Bruising of the face is due to beating with the hand. Besides
cheek, mouth [44], ear and forehead are concerned. The upper lips may be
swollen, the inner lips be lacerated, the upper lip frenulum damaged [6, 34, 78,
98]. Bruises on the chest and back are usually from finger pressure. Deep
visceral injuries with liver laceration or rupture of pancreas and duodenum
may occur without external visible signs of violence of the abdomen [8, 20,
46, 77].

Of special importance is the aging of bruises [49, 56, 82]. The observed
age may be contradictory to history given by the parents or bruises of
different age indicate injuries at different times. Table 4 and Fig. 10 give
some hints. There is of course a great interindividual variability of colour
changes and it is impossible to give an exact age of the bruises from their
colour [6, 78, 98]. Therefore it is of utmost importance to document the
colour and the demarcation of bruises instead of giving a too precise esti
mation of the age.

Interpretation of injuries

Injuries caused by accidents and injuries caused by abuse can be differenti
ated by location of the injury. Injuries due to falls are seen at prominent
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Fig. 5. Patterned intradermal bruise. (a) Tramline bruising after hitting with a stick,
(b) bruising after beating with a strap, (c) patterned bruising of the scalp with a
laceration using a patterned instrument (d)
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Fig. 6. Fingertip bruising of the cheek and chest, patterned bruising of the left thigh
due to throwing the child on a patterned object

Fig. 7. Several bit marks of the chest
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Fig. 8. Subunugal bruises due to hitting on the fingers

-'.

Fig. 9. Patterned bruise of the left cheek due to kicking with a shoe sole

areas of the head, e.g. the forehead, the chin or the zygomatic bone [6, 16,
31, 51, 58, 70] while injuries due to abuse are seen above the top of the
head, the cheeks and the mouth (Fig. 4).
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Table 4. Aging of bruises. from Hobbs, Hanks, Wynne 1999

Age Colour

One scheme (Schmitt 1987): 0-2 days swollen, tender
0-5 days red, blue, purple
5-7 days green
7-10 days yellow
10-14 days (or more) brown
2-4 weeks cleared

other scheme: Recent (24-48 hours) reddish, purple,

swollen, tender

2-3 days brownish purple
4-7 days brownish green
7 days+ yellow

Artificial bruises (subcutaneous injection of own blood)

Blue
Yellow

8 10 12

Days after injection

Fig. 10. Aging of bruises after subcutaneous injection of own blood. Fresh bruises are
reddish-purple in colour, but already after 24 hours the colour begins to get yellow as
well [7]

In cases of alleged accident the following questions have to be answered
concerning their plausibility:

Could the injuries be caused by this accident?

Does the type of injury correspond to the reported accidental mechanism?
Is the accidental cause of the injury possible given the child’s stage of
development?

Do the injuries originate from different points of time and can not be caused
by a single accident?
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Table 5. Examinations are decisive from a forensic point of view in order to disprove
defensive statements. According to Ref. [49]

Injuries Defensive statement Examination

multiple constitutional haemorrhagic coagulation status
haematomas diathesis

(multiple) fractures  constitutional bone fragility X-ray examination, possibly

additional biochemical
examinations
skull fractures fall (from changing table, at CCT (possible intracranial
attempts at walking, from injuries)
playground equipments), fall
down the stairs

In cases of alleged falls the plausibility of the history can be checked
regarding the following points [34, 98]:

Are the injuries localized at areas that are exposed to falling?
Does the reported height of the fall correspond to the degree of the injuries
(not only bone injuries but also cerebral injuries)?

Explanations offen used by carers and examinations needed are summa
rized in Table 5.

In many cases clear medical opinion and distinct judgement can be difficult;
it is often easier to exclude the given version of carers (bruises that do not match
with the reported history) than to find a reliable answer to the question how
injuries arose. Thus, the criminal prosecution of a case might be complicated,
too, especially if the given explanations are adapted to the medical findings.

Bone injuries

Fractures due to abuse are mostly seen in younger children (<3 years). A
massive act of violence is necessary to break an infantile bone since these
are still flexible. In children which present with fractures, the most commonly
involved bones are the skull, ribs, the humerus, the femur and the tibia
(Fig. 11a f and Table 6).

Fractures and bony injury [34, 39, 78, 86, 89, 90]:

Fractures are sudden, painful and lead to immediate loss of function. The
children are crying,

If children are said by the carers not to cry or express pain, ask why. Abused
children are sometimes too frightened to complain and the frozen and
watchful child can be recognized in the Accident and Emergency depart
ment [73]. But this behaviour is seen in cases of chronic child abuse.
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Table 6. Radiological findings and possible cause of injuries. According to Ref. [49]

Radiological findings Cause of injuries

Soft tissue oedema Contusion, forceful gripping, tractive forces, twisting

Periosteal calcification Calcification of subperiosteal haematomas

of the long bones (see above)

Ruptures of metaphysis Overstreching and overexpanding of joints

(corner signs), (ruptures derive from traction of joint capsule

detachment of epiphysis at the osseous base)

(Paravertebral) rib E.g. in cases of shaking of babies caused

fractures by crude compression of the thorax; in older
infants caused by foot kicks

Horizontal fractures Direct impact of force, bending

of long bones

Diagonal fractures Bending or compression

of long bones

Spiral fractures Axial turn

Horizontal fractures Bending or axial turn with axial impact

of long bones

Children do not continue to walk or play in a normal way with a fracture,
but parents who have abused may ignore the injury.

Pain is at a maximum at the beginning and swelling, bleeding and bruising
take a while to fully develop. As these develop, pain may lessen.

Many fractures show no bruising,

Though many of the fractures in abused children involve areas of bone
dislodged from the main shaft or incomplete (greenstick) breaks, all the
classic signs of fracture are not always present. L.oss of function is the most
important sign of a recent fracture.

Accidental bone injury is uncommon under the age of 12 months and
requires further investigation.

Patterns of fractures and bony injury in abuse (Table 7):

Single fracture, e.g. humerus with excessive unexplained bruising;
Multiple fractures in various bones, different stages of healing (classic bat
tered baby syndrome).

<
<

Fig. 11. Two months old child, hospitalization due to suspected child abuse with
haematomas of the left cheek, right cheek, left ear, scratches of the left upper eyelid
and right axillar (a—d). The child was released from hospital and the court ordered a
daily supervision of the family by a child-protection agency. Two weeks later the child
was brought to different hospital again with a fracture of the right thigh (e—f)
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Table 7. Fractures associated with non-accidental injury. From Ref. [98]

Bone Fracture Accident Abuse
Rib Posterior more than Rare — road traffic +++
anterior/lateral accident, not

cardiopulmonary
resuscitation

Humerus Spiral /oblique + ++
Metaphysis Rare +++

Forearm Shaft Common Direct blow

Femur Spiral /oblique Uncommon ++
Metaphysis Rare +++

Tibia Spiral Uncommon ++

The scale +, ++, ++-+ indicates the strength of the association with abusive fractures.
Skull: long, wide, branched fractures that cross suture lines ( + depression are associated
with abuse.

"Toddler fracture’ is a non-displaced spiral fracture of the tibia seen in children who
have just started to walk /run and fall twisting their legs beneath them. The child has the
usual symptoms of pain, disuse and swelling (sometimes bruising).

Metaphysical fractures are important as damage results from indirect trauma through
this relatively fragile growing tissue. They have a strong association with abuse,
i.e. pulling, twisting, shaking, and are often multiple [39].

Metaphyseal epiphyseal fractures at the end of long bones (these are often
multiple after violent shaking and associated with head injury including
subdural haematoma).

Rib fractures, single or multiple (Fig. 12).

Periosteal new bone formation.

Skull fracture with intracranial injury.

Rib fractures due to resuscitation do not occur in children [86]. Bone
fractures can be poor in symptoms or even without symptoms, especially in
babies. There may be swelling but no bruising. Characteristic radiological find
ings and mechanisms of development of these injuries are summarized in
Table 6. The periosteum is quite easy to be detached in children, thus sub
periosteal haematomas do occur.

X ray findings indicating a potential child abuse are [39, 89, 90]: single
fracture with multiple bruises, multiple fractures of different age, rib fractures.

Higher specifity for abuse have the following fractures [34]:

Metaphyseal lesions carry a high specificity for abuse.
Cartilaginous epiphyseal plate injury.

Transverse, oblique and spiral shaft fractures.
Subperiosteal new bone formation.
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Fig. 12. Rib fracture in a 3-year-old child

These fractures are of lower specificity:

Narrow, linear, parietal skull
Shafts of long bones
Clavicle

Single fracture.

Dating of injuries and healing of fractures is imprecise. Some advices are
given in Table 8.

Head injuries, fractures of the skull

It is assumed that 95% of the severe head injuries in the first year of life are
caused by abuse. Abuse with craniocerebral trauma is age dependent a major
cause of death in children (Fig. 13). It has to be differentiated between blunt
trauma (see Table 3) and the so called shaken baby syndrome (SBS) or non
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Table 8. Healing of fractures. from Ref. [98]

Feature Time scale

Soft tissue swelling above the fracture Immediate-weeks
Periosteal new bone evident 4-21 days

Loss of clarity around fracture site 10-14 days

Soft callus 10-21 days

Hard callus 14-42 days
Remodelling 3-12 months

accidental head injury (NAHI) [3, 5, 17, 18, 22 26, 57 61, 71, 75, 85, 87]. If
external head injuries are visible and/or in cases of reduced consciousness
turther examinations have to take place (CT, MRT) since children have a high
risk to develop a malign cerebral oedema.

Skull fractures are a sign of massive blunt violence (hit with the hand, fist,
an object or against an object or a counter bearing like a wall) (Fig. 14a ). The
most common fractures are located in the occipito parietal region, however, the
location itself is not sufficient to differentiate between fall and hitting [51, 78,
98]. Babies and infants usually do not suffer from life threatening injuries when
falling from heights up to 100 or 150 cm. In 80% of accidental falls from height
occured no injuries, in 1% of the cases there was a single linear skull fracture
without accompanying intracranial injuries. In contrast, in 55% of non acciden
tal skull fractures there were additional intracranial haemorrhages [78].

When skull fractures are diagnosed reports should include the following:
site, which bones; whether suture lines are crossed; configuration of fractures:
linear, stellate, branching, depressed,; if the fracture is more horizontal, vertical,
oblique [34, 98]. The characteristics of injuries are summarized in Table 9.
In accidents usually single linear fractures are seen but in abuse cases often
multiple complex and depressed fractures occur. A maximum fracture with a
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Fig. 13. Age dependent causes of 314 lethal craniocerebral trauma in children below
the age of 4 years (according to Ref. [3])
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Fig. 14a-d. Severe cranio-cerebral trauma with massive haemorrhages of the skull
and multiple fractures (b, c)

Table 9. Differential diagnosis of skull fractures (according to Hobbs in Meadow 1997).

From Ref. [98]

Characteristics of injury

Accidental fracture

Abuse

Type

Maximal extent

of the fracture opening
Localization

Impression

Associated intracranial
injuries

singular and linear
capillary, narrow, 1-2 mm

parietal, one cranial bone

defined with clear medical
history of a fall

on a corresponding object
unusual; do only occur

in cases of falls from
heights of 2-3m

and above. Epidural
haematomas: unusual

but serious complications
of single fractures

multiple, complex, arborescent
broad, increasing,

3mm and more

occipital, bilateral, parietal,
more than one cranial bone
part of a complex fracture,
expanded or multiple
impressions

usually subdural
haematomas, contusions,
intracerebral haemorrhages
and brain oedema
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width of 3mm or larger is more often seen in cases of abuse than accidents.
One of the main points in skull fractures is the causation: due to abuse or
accidental fall. A second point of controversy is the height of a passive fall
which can cause a child’s skull fracture and cause brain damage [16, 24, 28, 78].

There is meanwhile a huge literature on fatal pediatric head injuries caused
by short distance falls [58, 78]. A retrospective analysis of 75,000 reports of
falls of children on playing grounds revealed 18 fatal cases. Five children were
1 2 years old, all others were older. No case was reported younger than 1 year
of age and only one in the age of 1 2 years with findings comparable to SBS.
Two fatal falls from at least 1.5 m while swinging were reported, one case with
massive cranial fracture, the other with intensive subdural haematoma without
fracture. Other cases were falls from a height of 60 cm without subdural or
retinal haemorrhages and another fall from 1.7 m with a depressed fracture and
another fall from 70 cm on the floor with subdural haemorrhage and also
retinal haemorrhages [58]. Retinal haemorrhages  belonging besides subdural
haematoma and encephalopathy to the triad of SBS  are well known in falls
from the height, falls downstairs, traffic accidents and other severe craniocere
bral traumas. However, it is doubted that they can occur in short distance falls.

In 246 falls of infants under five years from bed or low structures less than
90 cm height [28] no serious injuries or deaths were found. In altogether three
cases skull fractures were observed.

In 76 childhood falls in hospital = 75 children were younger than five years

from a height of fall between 30 and 91 cm only one doubtful skull fracture

occurred. Williams [99] reported on 398 falls, 106 were observed by indepen
dent witnesses. There were 14 severe injuries in falls between 4.5 and 12.20 m,
but below 3 m there were no life threatening injuries, but three skull fractures
were detected. Weber found three skull fractures in infants who had died after
witnessed short distance falls of less than 1m. Again Hall confirmed that
severe or fatal damage can occasionally arise from low falls [28]. In a 4 year
study 18 deaths following falls from less than 0.9 m were observed. Chatwick
et al. analyzing 317 childhood falls reported about 7 deaths in 100 falls from
less than 1.2m [16]. However, they doubted the veracity of the histories and
their was only one death in those who fell between 3 and 13.7 m. Altogether
there is enough evidence both from witnessed falls as well as the experiments
from Weber [96, 97] that skull fractures can occur in infant skulls from very
low passive falls including heights not exceeding chair or table level [78].
However, skulls fracture often are without any significant internal brain damage
(Table 10). According to pediatric statements, falls from a standing position
may cause skull fractures, however, without specific symptoms.

Since there is already anecdotal evidence that skull fractures can occur from
low passive falls also from heights not exceeding chair or table level, postmor
tem experiments were carried out.
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Table 10. Expected injury type with accidental mechanism in very young children.
From Ref. [19]*

Mechanism Injury types

Fall <4ft <1.2m Concussion/soft tissue injury
Linear fracture
Epidural haematoma
Ping-Pong fracture
? Depressed fracture
Fall >4ft >1.2m Injuries listed above plus the following:
Depressed fracture
Basilar fracture
Multiple fractures
Subarachnoid haemorrhage
Contusion
? Subdural haematoma
? Stellate fracture
Motor vehicle accident Injuries listed above plus the following:
Subdural haematoma
Diffuse axonal injury

* Injury types preceded by question marks are uncommonly associated with the given
mechanism.

Weber [96, 97] experimentally dropped dead infants from a horizontal
position of only table height onto a variety of surfaces.

Experimental test series concerned with the stumbling height (82 cm in free
fall) and the three various types of floor stone, carpet, and foam backed lino
leum  were carried out. In each case skull fractures were seen. In three cases
the fractures crossed the sutures. Following these experiments (falls from
82 cm heights onto stone (A), carpet (B) and foam backed linoleum (C)) in
another series 35 further falling tests were carried out onto softly cushioned
ground. In 10 cases a 2 cm thick foam rubber mat (D) was chosen and in 25
further cases a double folded (8 cm thick) camel hair blanket (E). Hence the
results of altogether 50 tests could be evaluated.

In test groups A C on a relatively hard surface, skull fractures of the
parietal bone were observed in every case; in test group D this fracture was
seen in one case and in test group E in four cases.

Measurements along the fracture fissures showed bone thicknesses of
0.1 0.4mm. The fracture injuries originated in paper thin single layer bone
areas without diploe, which can also be considered the preferred regions for
skull fractures of older infants following falls from heights. These results indi
cated that it is no longer possible to assume that the skull of infants is not
damaged after falls from table height. However, skulls often fracture without
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Algorithm for determination of inflicted skull injury in very young children
according to Minns 2005

Injury type Algorithm Best history or
associated findings

Unexplained long-bone
fractures; inflicted soft-tissue

injury

Skull fracture
+/- epidural haematoma

Multiple, stellate or basilar
skull fracture

No history of trauma

Craniofacial blunt trauma
(swelling, bruising)

Intradural haemorrhage * History of a trivial trauma
(subdural, subarachnoid, With clinical or radiographic (fall <1 m)
Intracerebral) findings of focal impact AND

Changing history or
developmentally incompatible
history

Presumptive inflicted injury
> Suspcicious for inflicted injury

Fig. 15. Algorithm for determination of inflicted skull injury

any significant internal brain damage. Figure 15 shows an algorithm for deter
mination of inflicted skull injury in very young children [61]. If skull fracture
and epidural haematoma is combined with long bone fractures the probability
of inflicted injury is very high.

Non-accidental head injury/shaken-baby-syndrome

Non accidental head injury (NAHI) and the shaken baby syndrome (SBS) are
the most common causes of unnatural death in toddlers and infants. It is
estimated that between 15 and 30/100,000 children suffer from NAHI or
SBS per year. Traumatic brain injury, in particular the shaken baby syndrome
leads to significant neurological disability in more than two thirds of surviving
victims and is fatal in 12 27% of cases [3, 5, 23 25, 34, 32, 57,59 061, 78, 87,
93, 98].

Shaken-baby-syndrome (SBS)

The shaken baby syndrome is a typical combination of injuries (subdural hae
matoma, retinal haemorrhages) resulting from rude shaking of the child (most
ly babies, rarely infants) [87, 98].
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Fig. 16. Mechanism of shaken-baby-syndrome with rupture of bridging veins [49]

The child is gripped at its shoulders, arms or chest and heavily shaken
back and forth. The cervical muscles are too weak compared to the head’s
weight and they are unable to hold the head stable. Thus, the head swings
back and forth uncontrollably (see Fig. 16). The moment of inertia of the
brain leads to a strain of the pontine veins and/or of vessels of the lepto
meninx which often causes in case of rupture  subdural or subarach
noidal haemorrhages (often bilateral) (Fig. 17). Additionally, retinal
haemorrhages occur in 80% of cases; it is not yet known how they develop.
If the head does not hit a surface or if it hits a flexible, soft surface, there
are no external injuries.

The developing symptomatology (lethargy, vomiting, cerebral spasm, hy
pothermia, bradycardia, hypertonia, hypotonia, somnolence, prolonged asphyx
ia, coma) is mainly caused by axon damage accompanied by cerebral oedema
and increasing haemorrhage [45, 68, 71].

Ophthalmologic findings: haemorrhages are usually dispersed diffusely
and can occur either in front of, behind or within the retina. They are
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Fig. 17. Subdural haemorrhage interhemispheric in a case of SBS

mostly verifiable on both sides. Additionally retinal detachment or atrophy
of the optic nerve might occur. Haemorrhages within the vitreous body
which are not fully reabsorbed might cause ablepsia (Table 11).

Table 11. Ophthalmic injuries in abuse. From Hobbs, Hanks, Wynne 1999

Structure Result Lesion Effects
Eyelids, periorbital  Blunt trauma, Bruising — Recovers
tissue e.g. fist "black eye"”
Cornea, Blunt or penetrating Haemorrhage, Variable,
conjunctiva trauma, burns, laceration, depending
chemicals abrasion, on severity
ulceration, in visual axis
scarring
Lens, Blunt or penetrating Iris sphincter Vossius ring
anterior trauma rupture. glaucoma,
structures Dislocated lens intraocular scar
formation, cataract
Posterior Anterior injury Vitreous Retinal scarring,
structures, transmitted haemorrhage, papilloedema,
vitreous, to back of eye. retinal optic atroply
retina Whiplash, shaking haemorrhage.
Retinal
detachment
Visual cortex Head injury. Cerebral contusion, Cortical
Contrecoup haemorrhage blindness
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Longterm outcome of the shaken baby syndrome

Blindness (caused by injuries of the eyes or as central blindness);

Severe mental and/or physical disablement up to apallic syndrome due to
direct cerebral injury (e.g. contusions) or as consequences of the intracranial
pressure (hypoxic brain damage);

Epilepsy;

Cerebral atrophy with chronic hygroma and

accompanying injuries of the cerebral spine (dislocation, haemorrhages of
the cervical ligaments).

Lethal cases:

Approximately 10% of all lethal cases of child abuse are assumed to be
caused by shaken baby syndrome. Up to 25% of the shaken baby syndrome
victims die. Death due to shaken baby syndrome might be misinterpreted as
SIDS cases since external injuries are totally missing [6].

The NAHI is characterized by a constellation of subdural haematoma and
mostly marked retinal haemorrhages with severe diffuse brain injury. Usually
other external signs of violence are missing. Haematomae of the skin caused
by gripping on the chest or on the outer arms may occur but are not neces
sarily present. Clinically the infants present with neurological symptoms as
lethargy or loss of consciousness shortly after the event, with respiratory
failure or fits. SBS resulting in significant brain damage and clinical symptoms
requires extensive violent shaking of a child leading to uncontrolled rotation
of the head. After hospitalization the correct diagnosis is made rapidly and
reliably and is based mostly on the combination of subdural and retinal
haemorrhages. However, these haemorrhages are not important for the prog
nosis. Far more important for the clinical outcome are the combination of
diffuse axonal injury and initial traumatic apnoea leading to hypoxia, ischemia
and intracranial hypertension [45, 57, 68]. If the infants die immediately after
shaking and external signs of violence like grip marks are missing on the chest
it may be impossible to make the correct diagnosis at the scene of crime. In
fatal cases extensive neuropathological investigations including brain, spinal
cord, dura mater as well as the eye balls have to be carried out by experienced
forensic neuropathologists.

However, the concept of SBS first described by Guthkelch [27] and
Caffey (1972) about 40 years ago is not undisputed. The scientific debate
on the specifity of findings like subdural haematoma, retinal haemorrhages
and diffuse brain injury [20 23] being caused by shaking has been carried
into court rooms and lead to considerable uncertainty amongst lay persons
and jurists [85]. Even the concept of SBS was doubted: “...we need
to reconsider the diagnostic criteria if not the existence of shaken baby
syndrome” [24]. The discussion is due to the fact that Geddes [20 23]
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over interpreted her findings on dural haemorrhages. At the court of appeal
where 4 out of 297 cases were reinvestigated she said “I would be very
unhappy to think that cases were being thrown out on the basis that my
theory was fact.” [85]. However, another part of the problem is due to the
principle impossibility to carry out evidence based research in this particular
field. The present discussion focuses on the following items [85]:

Can we diagnose a shaken baby syndrome?

Is a non traumatic etiology of the triad subdural haematoma, encephalopa
thy and retinal haemorrhages possible or likely?

How much force is required to produce a shaking injury?

Do low level falls cause fatal head injuries?

Is there a lucid interval in infants who sustain significant inflicted head
trauma?

What is the diagnostic significance of retinal haemorrhages?

In conclusion there is still substantial evidence for the diagnosis of a non
accidental head injury. Based on a data collection for more than five years
Minns and Busuttil [60] postulated that a spectrum of clinical features is related
to the intensity and type of injury in babies with inflicted brain injury.
According to the data base, several patterns of presentation allow delineation
of cases into four predominant types (Table 12) (see also [58, 60]):

hyperacute encephalopathy (cervicomedullary syndrome),
acute encephalopathy,

subacute non encephalopathic presentation,

chronic extracerebral presentation.

Based on the typing of inflicted brain injury, Minns and Busuttil sug
gested that the general term “non accidental head injury” or “inflicted trau
matic brain injury” should be used in preference to shaken baby syndrome
which implies a specific mechanism of injury. Several literature reviews and
evaluation of their own case material revealed that if an infant is brought to
hospital or dies in a deep coma with several bridging vein ruptures and minor
subdural bleeding these findings are not compatible with an alleged minor fall
and there is no justification for a fundamental change in the position to
interpret such cases as a consequence of severe trauma caused by another
person [58].

Thermal injuries

Ten percent of all abused children show injuries caused by the impact of heat.
It is assumed that up to 25% of all children with treated thermal injuries are
victims of abuse.
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Fig. 18. Typical immersion injury, sharp margin between healthy and injured skin
corresponding to the water level

The characteristic pattern of thermal injuries usually allows a “visual diag
nosis”. It has to be differentiated between the impact of wet heat (scalds)
(Fig. 18) and dry heat (contact burns by pressing on hot items, e.g. cigarettes)
(Fig. 19); the impact of flames, of current, injuries caused by rubbing, chemical
burns and impact of heat by heat emission are rather rare causes of thermal
injuries in children. Scalds are more frequently seen than burns.

Fig. 19. Contact burn with complete reproduction of the hot surface of a flat iron on
the skin (from Ref. [7])
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The depth of a lesion (degree of cutaneous burn) depends on the tempera
ture and the duration of the impact of the heat [46, 63, 64] (Fig. 20). It is
assumed that infantile skin which is exposed to temperatures above 60°C gets
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Fig. 20. Time-surface temperature thresholds at which cutaneous burning (scalding)
occurs. The broken line indicates the threshold at which irreversible epidermal injury
occurs in porcine skin. The solid line indicates the threshold at which epidermal necro-
sis of porcine skin occurs. The results of critical experimental exposures of human skin
are indicated by points. Exposure time in seconds, surface temperature of skin. Original
data from Moritz and Henriques (from Ref. [49])

Table 13. Differential diagnosis of accidental and non accidental scaldings.
From Ref. [49]

Accidental scalds Immersion

Unsteady pattern of the injury (scalds Steady depth of scald

of different depth)

Diffuse limitation between scalds Sharp margin between healthy
and healthy skin (at the borders the scalds and affected skin (water level might
are rather less pronounced due to cooling be reproduced on skin like a map)
of the water)

Extremities show rather scalds in form In case of immersion of extremities:
of splashes (e.g. on feet) scalds in form of gloves or socks

In case of scald of the thorax the scald In case of immersion of the face
usually is configured like an arrow (water there are no signs of running

running down the body) water
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Fig. 21. Irregular shape of scald when hot liquids have fallen on the body

injured four times faster than adults’ skin [6, 7]. Large scale skin damages in
children rapidly become life threatening because of the fluid loss.

Typical accidental scalds occur when children start to straighten up and e.g
lift themselves with the help of a table cloth and, thus, items lying on the table
fall down on the child (cups with hot liquids, etc.). The scalds show character
istic criteria (see Table 13) and affect the face, the shoulders, upper arms and
chest [7]. Typical are splash marks when hot liquids fall on the child or the child
falls into a bathtub (Fig. 21). Even young children do not stay in their original
position when unintentionally exposed to hot water. Rescue efforts might be
uncoordinated due to the stage of development which also causes an unsteady
pattern of the injury.

The intentional scalds are subdivided into two forms: the intentional sous
ing of hot liquid or the intentional immersion into hot liquid. Immersion can
concern either the extremities (see Fig. 18), the face or even the whole body
(e.g. bathing in water being too hot). In these cases typical symmetrical scald
ings are seen. Forced immersion scalds show clear lines of demarcation. If
cloths are worn this leads to a deeper scald since wet cloths conserve heat.
A differentiation between an intentional or accidental sousing based on the
described characteristics might be difficult.
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Table 14. Characteristics of accidental and non-accidental contact burns. From

Ref. [49]

Accidental contact burns

Intentional contact burns

Partial reproduction of the item, Complete reproduction with clear outline
potentially the item only grazed the skin  (cigarette, electric iron, hotplate, ...)
Lower depth of the wound since the body ~ Constant depth of the wound due

or the item was not fixed

to pressing the child on the item or
pressing the item on the child’s body

Table 15. Differential diagnosis of symptoms of child abuse. From Ref. [49]

Symptoms Pathological reasons Examination

Haematomas Congenital or acquired Haemogram,
coagulation defects, e.g. coagulation
haemophilia, haemorrhagic disorders?

Discolouration of skin

Questionable
thermic changes

Questionable signs

of hair pulling

Patchy distribution

of retinal haemorrhages

Fractures

diathesis, purpura
Schoenlein-Henoch,
leukemia, vasculitis

Naevi, haemangioma Dermatolgical
examination

Eczema, erythema nodosum, Dermatological

erythema multiforme, examination

photodermatitis, staphylococcal
impetigo, Lyeyell’s syndrome,
bullous dermatosis, papular
urticaria, diaper dermatitis,
contact dermatitis

Jonstons's alopecia Dermatological
examination
Acute hypertonia, fulminant Appropriate
meningitis, vasculitis, sepsis, additional
endocarditis, coagulopathies, examinations

leukemia, cyanotic congenital
cardiac defect, status after
vaginal birth (rarely persistent
for longer than 2 weeks)

Osteogenesis imperfecta, X-ray pictures,
copper deficiency, bone scan,
pathological fractures, appropriate
rachitis, scurvy, congenital additional
syphilis, osteomyelitis, examinations

neurological diseases,
hyperostosis corticalis
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Burns are caused by impact of hot items or flames. The characteristics of
injuries caused by contact burns are summarized in Table 14.

Accidental impacts by flames can e.g be caused at barbecues in
summer (inadequate use of methylated spirits). Since this is a dramatic
incident it is rarely unobserved and results in a direct admission to hospital.
Injuries caused by flames (matches, cigarette lighters) are smaller and more
irregular.

Injuries by intentional exposition to cold (e.g. showering with cold water,
locking in non heated rooms) are extremely rare.

Cases of hypothermia were described in children who were neglected.

Injuries of the eyes

In rare cases injuries of the eyes are the first symptom of child abuse. Injuries
of the eyes caused by sexually transmissible diseases are a special case. All
traumatic changes of the eyes might be consequences of abuse (haemorrhages
in all anatomical structures, ruptures of the eye balls). Retinal haemorrhages are
of special importance.

In cases of suspected child abuse of children under the age of 4 an oph
thalmologic examination should be made.

Differential diagnoses

A false positive diagnosis of child abuse has dramatic consequences for the
family concerned. In order to avoid misdiagnoses differential diagnoses have to
be taken into consideration (see Tables 15 17) [34, 78, 83, 98].

Table 16. Differential diagnosis of some morphological changes encountered in the
abused child. From [68]

Sign Confounding diseases

Fractures Osteogenesis imperfecta
Menkes' syndrome
Atypical skull suture line
Scars Chickenpox lesions resembling cigarette burns
Bruising Haemophilia
Hypersensitivity vasculitis
Bacteremia with DIC
Folk medicine ("’Pseudobattering syndrome’’)
Oriental folk medicine phytophotodermatitis
Mongolian spot
Erythema multiforme
Retinal haemorrhages Resuscitation retinopathy (Purtscher’s retinopathy)
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Table 17. Differential diagnosis of bruising (a) and recommended haematologic inves-
tigations (b) From Wynne 2003

(a) Differential diagnosis of bruising

Presen- Differential Features Investigation

tation diagnosis

Bruise? Blue spots, Static lesion Follow-up
haemangioma, no evolution
café-au-lait over time

Bruise? Bleeding Bruise easily Low platelets,
disorder — TP, factor VIl |
haemophilia

Bruise? Allergy — History 1 1gE,
periorbital of allergy eosinophilia
swelling

Bruise? Ink, paint, dirt Washable Soap and

water
(b) Is it a haematologic disorder?
Disease Platelet Bleeding  Partial Prothrom- Factor  Factor
count  time thrombo-  bin time VIl IX
plastin (PT) level level
time (PTT)

Idiopathic Low Normal Normal Normal Normal  Normal

thrombocytopenic

purpura (ITP)

Haemophilia Normal  Normal Prolonged Normal Low Normal

von Willebrand’s  Normal Prolonged Normal/  Normal Low Normal

disease prolonged

(defective

platelet

aggregation)

Factor IX Normal Normal Prolonged Normal Normal Low

deficiency

The application of complimentary or traditional cures, e.g. of Asian
or African origin [84], might cause dermal changes that resemble  seen
with the eyes of a person with European cultural background conse
quences of abuse (e.g. formed haemorrhages, formed burns caused
by cupping, etc.). Also rare diseases have to be taken into account,
e.g. Gardner Diamond syndrome (painful bruising syndrome, Fig. 22)
[10, 21].
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Fig. 22a-c. Painful bruises in 3 brothers and sisters on shoulder, back and arm;
probably Gardner-Diamond-syndrome; etiology unclear, probably induced by psycho-
logical stress. No report of violence by the children, they complained of similar findings
when they had some sort of psychological stress

Munchausen syndrome by proxy

The Munchausen syndrome by proxy is a disorder in which one of the parents
(often the mother) affirms that the child has symptoms of an illness or symp
toms of an illness are caused (“fabricated”) by this person by manipulation
(giving non prescribed drugs, especially hypnotics and sedatives, provoking of
life threatening situations (partly suffocation)). The attention gained by the
mother seems to be of main relevance. The perpetrators seem to be amenable,
caring and rather overprotective. The incidence is not known. Withdrawal of
the children can be necessary since other solutions are lacking, The symptoms
most commonly seen include: vomiting, diarrhoea, bleeding, fever, convul
sions, drowsiness, coma [66, 67].

Infliction of drugs can only be proved by chemical toxicological examina
tions (thus, prompt taking of blood and urine samples is necessary). There are
some clinical features suggesting abusive poisoning (Table 18) and differential
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Table 18. Clinical features suggestive of abusive poisoning. From Oehmichen et al.
(2003)

Age
Younger than 1 year or between 5 and 10 years
History
Non-existent, discrepant, inconsistent or changing
Does not fit child’s development
Previous poisoning of the child
Previous poisoning of siblings
Circumstances or scene do not fit
Third party (sibling) is blamed
Delay in seeking medical care
Toxin
Multiple toxins
Substances of abuse
Bizarre substances
Presentation
Unexplained seizures
Life-threatening events
Apparent sudden infant death syndrome
Death without obvious cause
Chronic unexplained symptoms that resolve when the child is proctected
Other evident of abuse or neglect

diagnostic criteria for accidental vs. deliberate poisoning (Table 19) [37, 65, 67,
70].

Characteristics of the Munchausen syndrome by proxy are:

The symptoms do only occur in presence of the person who is reporting

The symptoms frequently diminish in hospital after separation from the
parent

Missing verification of pathological findings beside intensive, even invasive
diagnostics.

A pathognomonic feature is the perpetrator’s motivation to achieve the sick
role and intense access to health care via the manipulation of symptoms in the
child and its repeated presentation for outpatient and inpatient assessment and
treatment. This psychological gain distinguishes MbpS from simulation and
malingering as well as from distorted health anxiety in mothers with exagger
ated health care behaviour.

There has always been a confusion about who should make the diagnosis
of Munchausen syndrome by proxy: a psychiatrist or pediatrician? Is it a
diagnosis applied to the parent or the child? Is it a pediatric or a mental
health diagnosis? To alleviate confusion, the American Professional Society
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Table 19. Poisoning — is it accident, neglect or deliberate? From Hobbs, Hanks, Wynne

(1993)
Accident Neglect Deliberate
Age 2-3 years 2-3 years rarely infancy — 3 years may
rarely older child older child be any age
History Usually clear — Variable — due to a) None — but ill child
makes sense social chaos b) History of accidental
ingestion
) Recurrent symptoms
Symptoms Uncommon Uncommon Common
<15% <15% a) Seizures, drowsy,
vomiting diarrhoea
>1% need >1% need b) Dead
intensive care intensive care
rarely fatal rarely fatal
Substance Drugs — analgesics, Drugs — analgesics,

Past history

Diagnosis

anxiolytics, cough
medicine, oral
contraceptive, iron

Household —
bleach, detergent,
petroleum product
Nil

History equates
with clinical signs
Confirmed if
necessary by
toxicological
investigation

Repeated ingestions
Increased

incidence SIDS
Known to SSD

As accidental

antidepressants,
anxiolytics,
anticonvulsants,

insulin, etc.

Other — salt, bicarbonate
of soda, corrosives, etc.

Other unexplained
child deaths in family
including SIDS

Other abuses

History usually

at variance with
clinical signs Ask
advice of toxicologist —
blood, urine samples
think of possibility —
parents behaviour
may be bizarre —

but present as caring
and concerned

on the Abuse of Children has recently made a more explicit distinction
between the abuse (pediatric condition falsification) and the presumed motive
behind most such cases (factitious disorder by proxy). Whatever it is called, it
is important to remember that harm incurred when a caregiver exaggerates,
fabricates, or induces symptoms of a medical condition may still simply be
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termed “child abuse, which happens to occur in a medical setting”. This
appellation reminds us that the focus of our intervention should always be
to identify and minimize harm to the child regardless of the motivation of the
perpetrator [88].

Clinical features suggestive of abuse poisoning are summarized in
Table 18. In appropriate cases detailed toxicological investigations have to be
carried out on blood (serum), urine and hair (hair growth appr. 1 cm/month;
verification of deliberate poisoning over a longer time period). Diagnostic
criteria which may be helpful in the differential diagnosis of poisoning is shown
in Table 19.

Lethal child abuse

Lethal child abuse comprises cases of death caused by external violence or by
intoxication. Although death is not intended in most cases it is nevertheless
accepted as a possible consequence of the act of abuse. Intentional murder (in
cases of extended suicide, mutrder of newborn babies or homicide in order to
conceal another crime) is no form of lethal child abuse [6, 12, 47 49, 53, 55,
69, 79, 80].

There are 10 12 reported cases of lethal child abuse in Germany per year
and an estimated number of 10 600 up to 1000 not reported cases [6].

The victims are usually children younger than 4 or 5 years and the perpe
trators are in the majority of cases male (father, friend of the mother).

In case of any signs of external violence at the postmortem examination of
a child a lethal child abuse has to be taken into consideration.

In about 10% of all cases of lethal child abuse there are no external signs of
violence/injuries. In cases of suspicion there is a duty to inform the police of
an unnatural or unclear manner of death.

Frequent autopsy findings:

Cranio cerebral injuries caused by blunt violence or shaking are dominat
ing as causes of death. Beside the actual injuries leading to death there are
often signs of preceeding violence. Postmortal X ray examination should take
place.

Physical neglect

Deprivation of necessary care including sufficient nourishment and hydration
(passive form of child abuse).

The incidence of physical neglect is not known.

In most cases of physical neglect the perpetrators are female since it is
usually the mother who cares for the child. In particular unwanted children or
children of ill mothers (addictive disorders, psychiatric disorders) are at risk.
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Cases of physical neglect affect almost exclusively babies or infants who are
due to their stage of development dependent on the care of others (under the
age of 3).

The registration of the care condition of a child is a visual diagnosis. In
particular there has to be paid attention to untreated dermal alterations. In
order to evaluate the physical development of a child it should be compared
to normal percentiles with regard to weight and height. The Waterlow classifi
cation provides further information regarding the degree of chronic growth
retardation and acute malnutrition.

Starvation

Although one of the leading causes of death worldwide, starvation is com
paratively rarely seen in industrialized countries, but this entity may become
of major medicolegal importance if death results from deliberate withhold
ing of food, especially in infants. In such cases, the task of the forensic
pathologist and the medical examiner, respectively, is not only to clarify the
cause of death but also to give an expert opinion on degree and duration of
starvation. Several classification systems have been developed to estimate
protein energy malnutrition (PEM) in third world countries (e.g. Waterlow
classification, Gomez classification). More simple classifications (e.g the
Gomez classification of PEM) use the weight expected for the respective
age group as standard. When applying this standard, small infants will
always be light infants. Following the Waterlow classification (Table 20),
a stunted physical condition (referring to retardation in cases of chronic
malnutrition) is calculated by using the ratio of the measured body height
to the one expected for the actual age). Body weight can be used as a sign
of acute malnutrition (“wasting”). However, body weight should be related
to the respective weight for the actual height. Using such classification

Table 20. Classification of nutritional status according to the Waterlow classification.
From Ref. [47]

Grade 0 1 2 3

Stunting (chronic)
actual length in % >95 95-87.5 87.5-80 <80
of normal length for age

Wasting (acute)
actual weight in % >90 90-80 80-70 <70
of normal weight for length

Using this table a grading as well of the chronic malnutrition (stunting) as of acute
malnutrition (wasting) can be achieved.
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systems, a grading of stunting and wasting can be achieved which is of great
value for the assessment of a child’s nutritional status in legal cases. The
application of the Waterlow classification to own case material and cases
published in literature revealed that in fatal cases the actual weight in per
centage of normal weight was always below 60%, the weight in percent of
ideal weight for height below 70% [48, 50]. While in very young children
(weeks to months old) the actual height in percent of normal height was
about or above 90% in older children (months to 2.5 years old) the actual
height in percent of normal height for respective age was below 90%,
marking chronic starvation with stunting. The Waterlow classification is
not only of importance for grading the final stage in cases of fatal starvation
but also for the chronological development of the nutritional status, if
anthropometrical data have been recorded repeatedly from the affected
individual zz vivo.

Causes of death caused by neglect: in these cases children mostly die of
thirst [47] in combination with starvation, intercurrent illnesses (infections,
especially pneumonias) or hypothermia. The frequency of cases of death
caused by neglect is unknown.

Cases of suspicion of death caused by neglect have to be reported to the
police as cases of a possible unnatural manner of death.

Taking the case history

When the history of a case of suspected child abuse is taken the vital sources of
information in cases of child abuse are:

Information of pretreating physicians (general practitioner, accident and
emergency doctor or nurse)

Health visitor, school nurse or midwife

Paediatric nurse (if child in hospital)

other individuals  e.g. probation officer, obstetrician, adult psychiatrist and
staff, pathologist  can occasionally help

other sources  other hospitals, towns, armed forces units.

Suspicion of child abuse is raised under the following conditions [68, 74]:

Unexplained delay in seeking treatment although severe injuries are obvious
Consultation of different pediatricians (doctor hopping)

Submitted history (presenting symptoms) is changed after initial presentation
Discrepancy in the stories given by each parent or caregiver

A history incompatible with (or very unlikely) the age and development of
the child

Explanation given inconsistent with physical findings
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Ambivalence or hostility in the parent or caregiver
Injuries blamed on a sibling or on another child

Common stories told by carers to explain injuries suffered by infants or
children under their care are |38, 68]:

Child fell from a low height (<1.25m or 4 feet) such as couch, crib, bed,
chair or down stairs or a compact object fell on child (accident)

Alleged traumatic event, one day or more before death (accident)
Unexpectedly found dead (SIDS?)

Child choked while eating or suddenly turned blue or stopped breathing,
and was then shaken (resuscitation)

Sudden seizure activity

Aggressive or inexperienced CPR to a child who suddenly stopped breathing
Injury inflicted by sibling

Structured forensic, investigative interview with the child

Research on appropriate forensic interview protocols showed that perhaps the
most important single factor predicting successful interview results pertains to
the interviewet’s ability to elicit information and the child’s willingness and
ability to express it, rather than the childs ability to remember it [42].
Experts agree that children should be interviewed as soon as possible after
the alleged offences by interviewers who themselves introduce as little infor
mation as possible while encouraging children to provide as much information
as possible in the form of narratives elicited using open ended prompts (“Tell
me what happened.”). Before substantive issues are discussed, interviewers are
typically urged to explain their roles, the purpose of the interview, and the
“ground rules” (for example, ask children to limit themselves to descriptions
of events “that really happened” to them and to correct the interviewer, request
explanations or clarification, and acknowledge ignorance, as necessary).
Investigators are consistently urged to give priority to open ended recall
prompts and use recognition prompts (“Did he touch you?”) as late in the
interview as possible and only when needed to elicit undisclosed forensically
relevant information.

Interviewers are also routinely advised to avoid the “yes/no” questions
which are especially likely to elicit erroneous information from young children.

Researchers at the National Institute of Child Health and Human
Development (NICHD) developed a structured interview protocol designed
to translate professional recommendations into operational guidelines [42]. The
structured NICHD protocol guides interviewers through all phases of the
investigative interview, illustrating free recall prompts and techniques to maxi
mize the amount of information elicited from free recall memory.
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After an introductory and rapport building phase the child is invited to
recall a particular allegation (“Tell me everything ....”). As soon as this first
narrative is completed, the interviewer prompts the child to indicate whether
the incident occurred “one time or more than one time” and then proceeds
to secure incident specific information using follow up (“What happened
then”) and cued (e.g., “Earlier you mentioned a [person/object/action] invi
tations. Tell me everything about that”) making reference to details men
tioned by the child to elicit uncontaminated free recall accounts of the
alleged incident/s.

Only after exhaustive free recall prompting do interviewers proceed to
directive questions such as “When did it happen?” or “What colour did the
car have?”. If crucial details are still missing, interviewers then ask limited
option posing questions (mostly yes/no or forced choice questions).
Suggestive utterances, which communicate to the child what response is
expected, are strongly discouraged.

Documentation

A clear documentation of all findings is of utmost importance for the further
management of the case (Table 21). The following points have to be docu
mented in clinical records:

condition of care (abused children are often neglected and undernourished)
height, head circumference, weight (comparison with percentiles)
stage of development (appropriate to ager)

Injuries have to be documented in a reproducible and easy to understand
manner (photos with measuring unit, colour scale, graphs). The documentation
should be of descriptive character since premature interpretations are not helpful.

The description has to contain:

type of injury, dimension and localization
colour and potentially form (especially for haematomas) (Table 3)

Clinically necessary supplementary examinations like sonography, X ray,
etc. are at the same time a documentation of the severity of the injuries.

The description of an injury is of utmost importance for the interpretation
of causation and legal consequences. In case of doubt a detailed description
allows conclusions at a later time which could not have been made primarily.

General symptoms in cases of child abuse

Reduced general condition, inadequate care, reduced weight (“failure to
thrive”), nanism.
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Table 21. /Important points for examination and documentation. According to Hobbs,
Hanks, and Wynne

1.

w

Full paediatric history, including careful note explanations of injury, times, details,
etc.

Developmental history

Parent’s expressed difficulties with child — behaviour, health, development
Detailed examination of whole child to clued:

— Growth - height, weight, arm circumference, head circumference (plotted)

— Nutrition

— General demeanour and appearance

— Signs of neglect, sexual abuse, emotional disturbance

— Development including language, social skills

. Documentation of injuries. Descriptions should be brief but detailed and include:

a. Probable nature of the lesion and approximate age (colour for bruises)
b. Site

c. Shape

d. Size (in cm)

e. Any unusual distinguishing features

f. An estimate of causation if possible

Possible behavioural characteristics of abused children are:

Anxiety, jumpiness, tractableness, apathy

depressive tense attitude, passive observant behaviour

seeking help, clinging, provoking, devious behaviour

observing attention, frozen watchfulness, regression (relapse in overcome
stages of development like wetting one’s bed, dirtying oneself, eating
disorders)

these behavioural disorders are not a proof of child abuse but should raise
the awareness.

(Long term) consequences of child abuse depend on different variables. Of

significant importance are manner, duration and severity, age of the child at the
beginning of the abuse and the presence of a stabilising person to whom the
child is closely attached. Physical consequences of severe injuries have to be
considered, too.

Proceeding in cases of suspected child abuse

Extensive documentation of findings.

In cases of ambulant consultation: admission to hospital? (relief of the
situation)

Documentation of explanation for injuries; no premature confrontation!
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Work up of differential diagnoses.
Potentially additional consulting of a coroner.

Proceeding in cases of confirmed diagnosis

Dialogue with the parents or the person presenting the child (cooperative,
dismissive, ...); dialogues have to be witnessed! A protocol has to be
prepared.

Getting in contact with the youth welfare office, the child protection ambu
lance, etc.

In cases of severe or repeated injuries possibly criminal complaint

Child protection team

To manage a case of suspected child abuse a multidisciplinary team of phy
sicians, psychologists, social workers and nurses is recommended. In addition
the help of legal profession is useful. Since many years so called child protec
tion teams (CPT) are working effectively in the US, Canada, parts of Asia and
in a few European countries. The first multidisciplinary CPT was founded by
Henry Kempe in Denver, Colorado in 1958. In 2008, 89% of all children
hospitals in the US support CPT. One of the first CPT in Europe was
established in the Children University Hospital in Zurich in 1969. Today
all children hospitals in Switzerland and Austria have CPTs, most in cooper
ation, because of legal regulations. In Germany, one of the first CPTs was

Table 22. Professions of the CPT in Bonn

Medical profession Dermatology

Forensic medicine
Gynecology
Neurosurgery
Odontology
Pediatrics
Radiology
Surgery
— Children
— Traumatology
Toxicology (Poison Control Center)
Urology
Care
Psychology
Social work
Theology
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founded at the University Hospital in Bonn in 2006. The Bonn CPT consists
of several different medical disciplines and non medical professions
(Table 22). To reconcile so many different specialists in revealing a solid
diagnosis of child abuse a schedule is needed. On the other hand the first
contact with the child is mainly made by nurses and residents. But how many
consultants have seen children who were abused? A guideline should be used
by hospital staff to handle cases of suspected child abuse in a reliable way.
Thus, it is advantageous to implement in a CPT a guideline, especially in form
of a Clinical Pathway.

Clinical pathway

Clinical pathways are multidisciplinary programs of best clinical practice for
specified groups of patients with a particular diagnosis that aid the coordination
and delivery of high quality care. The clinical pathway originally used in the
USA and Australia was aimed at shortening the hospital stay and reducing
healthcare costs, which has become an increasingly important issue in medi
cine. Furthermore, it is an appropriate tool to standardize medical care and
increase patient satisfaction. Clinical pathways are able to standardize care for
patients with a similar diagnosis, procedure, or symptom. There are four es
sential components of a clinical pathway: a timeline, the categories of care or
activities and their interventions, intermediate and long term outcome critetia,
and the variance record. In contrast to practice guidelines, protocols, and
algorithms, clinical pathways are utilized by a multidisciplinary team and focus
on quality and coordination of care.

Definition of Clinical Pathway

A multidisciplinary set of daily prescriptions and outcome targets for managing
the overall care of a specific type of patient, e.g., from pre admission to post
discharge for patients receiving inpatient care. Clinical pathways often are
intended to maintain or improve quality of care and decrease costs for patients
in particular diagnosis related groups. [From National Information Center on
Health Services Research and Health Care Technology (NICHSR) 2009]
Clinical pathways are used in different disciplines such as visceral surgery,
neurosurgery, joint surgery, urology, internal medicine, emergency medicine,
neurology and some pediatric subspecialties. A recent Medline search reveals
8771 hits on the search item: clinical pathways, for the years 2007 2009. Only
89 hits handle with Clinical Pathways, thereof 30 studies as clinical trials or
meta analyses. Most studies show a shortening of length of stay (LOS) and cost
reduction. But no study has enough power to show a benefit when analysed
with the help of the Cochrane Data base or similar evidence based medicine
tools. It is an immanent problem that with the implementation of clinical
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pathways a randomized clinical trial (RCT) is debarred. Most studies compare
treatment of patients before and after the adoption of clinical pathways, often
in a retrospective view. Nevertheless clinical pathways facilitate the opportu
nities of a structural, based on best clinical practice, multidisciplinary team
working on a timetable. To our knowledge the following clinical pathway is
the first of its kind (in 2008 the presentation of this Clinical Path won the first
poster price of the 104th annual meeting of the German Society of Paediatrics).

Bonn child protection team clinical pathway for suspected
child abuse

Figure 23 shows the structure of a general Clinical Pathway (assessment part).
In general the Clinical Pathway is split in 2 parts: 1. Assessment part 2. Treating
part.

The Bonn CPT developed a Clinical Pathway to treat suspected abused
children (Fig. 24). Since children are often presented in different policlinics,
it is of great importance, that the whole staff knows the leading signals of
child abuse and the Clinical Pathway. To avoid medical malpractice the first
step of the Clinical Pathway for suspected child abuse should be the simple
question: do you inform the CPT? The second question should be: have
you got the special suspected child abuse sheet? The next steps in process
take place automatically. Different consultants and examinations take place
in a given order, if necessary. At the end of the Clinical Pathway the child is
reported to the youth welfare office. In a conference with the parents or
other caretakers of the child, clinicians and members of the CPT and of the
youth welfare office decide the further inhabitation of the child in or out
side the family. In cases of apparently life threatening abuse police or
prosecution should be informed.
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Abstract

The prophylactic administration of antibiotics to prevent infection and the
prophylactic administration of anticonvulsants to prevent first seizure episodes
are common practice in neurosurgery. If prophylactic medication therapy is not
indicated, the patient not only incurs the discomfort and the inconvenience
resulting from drug treatment but is also unnecessarily exposed to adverse drug
reactions, and incurs extra costs. The main situations in which prophylactic
anticonvulsants and antibiotics are used are described and those situations we
found controversial in the literature and lack further investigation are identified:
anticonvulsants for preventing seizures in patients with chronic subdural he
matomas, antiepileptic drugs for preventing seizures in those suffering from
brain tumors, antibiotic prophylaxis for preventing meningitis in patients with
basilar skull fractures, and antibiotic prophylaxis for the surgical introduction
of intracranial ventricular shunts.

In the following we present systematic reviews of the literature in accor
dance with the standard protocol of The Cochrane Collaboration to evaluate the
effectiveness of the use of these prophylactic medications in the situations
mentioned. Our goal was to efficiently integrate valid information and provide
a basis for rational decision making;

Keywords: Antibiotics; anticonvulsants; brain tumor; chronic subdural hematoma; epi
lepsy; infection; prophylaxis; skull base fracture; systematic review; ventricular shunt.

Introduction

There are several conditions in neurosurgical practice in which prophylactic
anticonvulsants for the prevention of first seizure episodes and prophylactic
antibiotics for the prevention of infection are administered empirically, without
satisfactory scientific support.

The use of prophylactic antibiotics in neurosurgery has long been contro
versial. Pennybacker ¢f al. reported the first trial of a modern antibiotic in brain
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and spinal surgery in 1947, in which 501 craniotomies and 169 spinal opera
tions performed during World War II were included [87]. The infection rate in
penicillin treated patients (0.9%) seemed to be inferior to historical controls
(4.4%). After an initial period of enthusiasm, prophylactic antibiotics were
abandoned by many neurosurgeons based on nonrandomized studies that
suggested no benefit in their use. However, several trials published in the
1980s and early 1990s showed a consistent benefit for prophylactic antibiotics
in neurosurgery [5, 7, 94, 95], although the use of prophylactic antibiotics also
encourages the emergence of antibiotic resistant bacterial strains [91].
Prophylactic antibiotics are used regularly in craniotomies, in spinal surgeries,
in patients with basilar skull fractures, and in patients with cerebrospinal fluid
(CSF) shunts.

Seizures are a burden, as they have a negative impact on quality of life,
including effects on daily activities, independence, work, and driving. On the
other hand, anticonvulsants can impair cognitive function in healthy volunteers
and in patients with brain impairments [74, 119]. The negative effects of these
drugs in children may persist even after drug withdrawal [69], and babies born to
mothers exposed to antiepileptic drugs are at increased risk for major congenital
malformations, cognitive impairment and fetal death [8]. Furthermore, cognitive
dysfunction worsens with increases in anticonvulsant dosage, higher serum levels
and polytherapy [111]. The incidence of acute side effects can occur in up to
10% of the patients and include: cognitive impairment, myelosuppression, liver
dysfunction, and dermatologic reactions — ranging from minor rashes to the life
threatening Stevens Johnson syndrome. Anticonvulsants are frequently used to
prevent first seizure episodes in patients with subarachnoid hemorrhages, in
patients with acute traumatic brain injuries, in patients with chronic subdural
hematomas, and in patients with brain tumors.

Traditional reviews are subject to bias introduced through incomplete lit
erature searches, weighing evidence without a formal evaluation of its quality,
and other forms of overt and covert bias that may influence the reader. The
need for a systematic review an overview of primary studies which includes
explicit statements as to its objectives, materials and methods, and which has
been conducted according to explicit and reproducible methodology — has
been widely recognized. The Cochrane Collaboration focuses systematic review
efforts on randomized controlled trials (RCTs) of therapeutic intervention.
The strict methodology of a Cochrane systematic review includes a compre
hensive literature search, an evaluation of the quality of studies therein, extrac
tion and presentation of the relevant data, meta analysis routines if possible,
and an analysis of the reasons for variability in results. Meta analysis is not
simply the combining or averaging of the results of many studies but trans
forms results into standardized scores that can be compared and possibly
combined across trials.
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The goal of this article was to conduct high quality, systematic reviews
according to The Cochrane Collaboration standards to provide a basis for rational
decision making for those identified controversial issues that required further
investigation [93 96, 115]. A description of each topic follows, highlighting the
actual evidence of its effectiveness.

Antibiotic prophylaxis

Antibiotics for craniotomies

The effectiveness of prophylactic antibiotics in craniotomies was evaluated in a
meta analysis of published randomized studies comparing prophylactic anti

biotics to a placebo [5]. This revision included eight RCTs of good methodo

logical quality, each indicating that the treatment prevents wound infection.
This meta analysis allowed the confident conclusion that antibiotic prophylaxis
reduces the wound infection rate in craniotomies by roughly fourfold. In fact,
trials carried out later compare proposed new antibiotic regimens with one of
those already demonstrated to be effective and not with placebo [89, 123].
Also, another systematic review that included 6 RCTs suggested a beneficial
effect of antibiotics on postoperative meningitis, although not as strong as their
effect on all deep infections combined [5].

Thus, a consensus appears to be developing that the question facing neu
rosurgeons is no longer whether to administer prophylactic antibiotics or not,
but which antibiotics to use. Also, research on techniques for obtaining dural
sealants and watertight skin closures is likely to make a larger contribution to
eliminating post craniotomy meningitis.

Antibiotics for spinal surgeries

Infection rates for spinal procedures are low, even without antibiotic prophylaxis.
The benefit of prophylactic antibiotic therapy in spinal surgery was evaluated by a
meta analysis in which 12 clinical studies were included [5]. From these, six were
RCTs and all reported a lower wound infection rate for antibiotic treated patients,
although the results were not statistically significant for any individual trial. Results
strongly supported the practice of administering at least a single preoperative dose
of an antibiotic active against Gram positive organisms for spinal operations. In
fact, recent trials are consistent with these findings [88]. The meta analysis also
concluded that the low risk associated with prophylactic antibiotic use and the
substantial patient morbidity and financial costs of postoperative spinal infections
justify treatment even when many patients must be treated to prevent a single
infection and recommended that future trials of antibiotic prophylaxis in spinal
surgery use an active control arm, rather than placebo treatment.
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Antibiotics for basilar skull fractures

Background

The estimated incidence of basilar skull fracture (BSF) from non penetrating
head trauma vaties between 7 and 15.8% of all skull fractures, with associated
CSF leakage occurring in 2 20.8% of patients [16]. Clinical signs that may lead
a physician to suspect a BSF include: CSE otorrhea or rhinorrhea; bilateral
periorbital ecchymosis; Battle’s sign; peripheral facial nerve palsy; hemotympa
num or tympanic membrane perforation with blood in the external auditory
canal; hearing loss; evidence of vestibular dysfunction; and anosmia. High
resolution bone computed tomographic (CT) scans have dramatically im
proved the radiological diagnosis of this type of fracture. BSFs are of special
significance because the dura mater may be torn adjacent to the fracture site,
placing the central nervous system (CNS) in contact with bacteria from the
paranasal sinuses, nasopharynx or middle ear. If the dura mater is torn, CSF
leakage can occur. BSF will predispose the patient to meningitis. A greater
associated risk has been reported when CSF leakage exists, in particular, if it
persists for more than seven days [65].

The role of prophylactic antibiotics in preventing bacterial meningitis in
patients with BSF is disputed. Growing concern about the emergence of resis
tant organisms argues against their use. In addition, there are reports of higher
incidences of meningitis in patients with BSF who have received prophylactic
antibiotics [21].

Two meta analyses yielded conflicting results. Brodie showed a statis
tically significant reduction in the incidence of meningitis with prophylactic
antibiotic therapy for patients with posttraumatic CSF leakage [15].
Villalobos e al. concluded that antibiotic prophylaxis after a BSF does not
appear to decrease the risk of meningitis, independent of whether or not
CSF leakage has occurred [118]. These studies did not include an extensive
review of the literature, both searched papers only until 1995 and 1996 respec
tively, and their conclusions were based mainly on retrospective and observa
tional studies.

Clinical material and methods

We identified relevant trials following the optimal search strategy devised
for The Cochrane Collaboration [30] through electronic searches of the
Cochrane Central Register of Controlled Trials (CENTRAL) (The
Cochrane Library, Issue 3, 2005), MEDLINE, EMBASE, and LILACS,
from inception to September 2005. We also electronically searched meeting

proceedings from the American Association of Neurological Surgeons
(AANS) (1997 to June 2005) and hand searched the abstracts from the
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meeting proceedings of the European Association of Neurosurgical
Societies (EANS) (1995 2003). In addition, we contacted researchers active
in the field for information regarding unpublished trials and contacted
authors of published trials for further information and unpublished data.
We did not apply any language restrictions.

We considered for analysis RCTs comparing the use of prophylactic
antibiotics versus placebo or no intervention in patients with basilar skull
fractures. We also identified the non RCTs to perform a separate meta
analysis to compare results. We included patients of any age with a recent
BSF, independent of the presence and severity of CSF leakage. The type of
intervention considered was either of the following: any antibiotic adminis
tered at the time of primary treatment of the BSF compared with placebo
or no antibiotic. Trials comparing different antibiotics, different antibiotic
dosages, routes of administration, or differences in the timing or duration
of administration were excluded. The following outcome measures were
evaluated: (1) frequency of meningitis: suspected clinically (fever, neck stiff
ness, deterioration of neurological status, headache) and confirmed by lum
bar puncture (CSF analysis including biochemistry, Gram stains and/or
bacteriological cultures); (2) all cause mortality/meningitis related mortality;
(3) need for surgical correction in patients with CSF leakage; and (4) non
CNS infection. Subgroup analyses for meningitis were performed if suffi
cient relevant information was available to determine differences in patients
with versus without CSF leakage.

We analyzed clinical heterogeneity qualitatively, taking into account factors
such as the population studied, type and dose of antibiotic used, methodologi
cal quality, number of patients excluded or lost to follow up, and the outcome
measures stated in the protocol. Sources of bias were investigated.

We performed statistical analyses using the statistical software provided by
the Cochrane Collaboration [97].

Results

We found five RCTs comparing prophylactic antibiotics in BSF with placebo or
no antibiotics (Table 1) [28, 32, 55, 57, 60]. All trials included patients with a
clinical or radiological diagnosis of BSE. All studies stated that patients were
randomized between the treatment and control groups although the precise
methods of randomization and details as to the concealment of allocation were
considered to be unclear in all trials. Entry criteria did not differ considerably.
Exceptions were one trial [55] in which CSF leakage was an exclusion criterion,
and another [60] in which patients had to have evidence of CSF leakage in
order to be included. Two other trials [28, 32] included patients with and
without CSF leakage. There was only one study in which the presence of
CSF leakage was not specified [57]. The primary outcome for all trials included
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the occurrence of meningitis. Criteria for these diagnoses were based on clinical
grounds, and further investigations and prophylactic medication were com
menced as soon as the diagnosis of BSIF was made in all trials. None of the
studies reported data on outcomes as to the safety and tolerability of prophy
lactic antibiotics.

Overall, 368 patients were enrolled in these five studies. Two of them
[32, 55] enrolled 73% of these patients. Since we could not access the number
of patients included in each group of the Hoff trial [55], we could not include it
in the meta analysis. A total of 208 patients were analyzed from four RCTs: 109
patients in the treatment group and 99 in the control group. Only one study
[60] was double blind throughout, using identical appearance interventions
(antibiotics or placebo). The other studies were not placebo controlled and
did not measure outcomes blindly. In addition, only two studies [28, 60]
reported the number of and reasons for patients leaving the trials. In three
trials [28, 32, 60] patients were well matched between the treatment and control
arms for demographics, clinical status at admission and presence of rhinorrhea
or otorrhea. The other trials [55, 57] did not describe the characteristics of the
population included in each group. Data was analyzed on a per protocol basis
in all trials. The global quality of included trials was assessed by Jadad score
[58]: one study scored 4 [60], two studies scored 2 [28, 55] and two studies
scored 1 [32, 57].

We tested statistical heterogeneity between trial results using the I* test and
found no evidence of heterogeneity in all the outcomes measured 7 0%)
Therefore we used fixed effect models to synthesize data.

1. Frequency of meningitis with subgroup analysis (Figs. 1 and 2)

No significant differences were found for this outcome (Peto OR: 0.68; 95%
CIL: 0.28 1.65) (ig; 1). In addition, no differences were found in the subgroups
of patients with (Peto OR: 0.37; 95% CI: 0.06 2.24) or without (Peto OR:
0.77; 95% CI: 0.25 2.38) CSF leakage (Fig, 2).

2. All-canse mortality/ meningitis-related mortality (Fig. 3)

We accessed relevant data from the four trials. No significant differences were
found for all cause mortality (Peto OR: 1.76; 95% CI: 0.41 7.60) or for men
ingitis related mortality (Peto OR: 1.03; 95% CI: 0.06 16.44).

3. Need for surgical correction in patients with CSF leakage

Only one study [32] provided data for this secondary outcome and no patients
in either the treatment or control group underwent surgical correction for CSF
leakage in this trial.

4. Non-CNS infection
Only one study [60] provided data for this outcome. No significant differences
were found (Peto OR: 0.62; 95% CI: 0.16 2.41).
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Treatment Control Peto Odds Ratio Peto Odds Ratio
Study or Subgroup  Events Total Events Total Weight Peto, Fixed, 95% CI Peto, Fixed, 95% CI
1.2.1 Frequency of meningitis
Demetriades 1992 0 25 1 12 45% 0.05 [0.00, 3.01]
Eftekhar 2004 10 53 12 56  90.4% 0.85[0.34,2.17]
Ignelzi 1975a 0 5 0 5 Not estimable
Klastersky 1976 0 26 1 26 51% 0.14[0.00,6.82] ¢
Subtotal (95% ClI) 109 99 100.0% 0.68 [0.28, 1.65]
Total events 10 14

Heterogeneity: Chi? = 2.48, df =2 (P = 0.29); 2= 19%
Test for overall effect: Z = 0.85 (P = 0.40)

Total (95% ClI) 109 99 100.0% 0.68 [0.28, 1.65]
Total events 10 14

Heterogeneity: Chi* = 2.48, df =2 (P = 0.29); I = 19%

Test for overall effect: Z=0.85 (P = 0.40)

Test for subgroup differences: Not applicable

005 02 1 5 20
Favors treatment  Favors control

Fig. 1. Forest plot showing the effect of antibiotic prophylaxis versus placebo or no
antibiotic for frequency of meningitis. Squares denote the point estimate of treatment
effect (the area of the squares is proportional to the weight given to the information
from the trial). Horizontal lines indicate 95% CI for individual trials. When the hori-
zontal line crosses the vertical line marking no treatment effect, the individual study
has not shown statistically significant evidence for the treatment effect. Arrows denote
that the 95% Cl extends beyond the values in the plot. The diamond represents the
subtotal and total results of the meta-analysis, including the point estimate of treat-
ment effect and the 95% ClI

Treatment Control Peto Odds Ratio Peto Odds Ratio
Study or Subgroup  Events Total Events Total Weight Peto, Fixed, 95% ClI Peto, Fixed, 95% Cl
1.1.1 CSF leakage (rhinorrhoea or otorrhoea)
Demetriades 1992 0 19 1 9 52% 0.04[0.00, 2.96] 1 ——
Eftekhar 2004 4 6 4 6 17.2% 1.00[0.10, 9.96] 1
Klastersky 1976 0 26 1 26 5.9% 0.14[0.00, 6.82] *
Subtotal (95% Cl) 51 41 28.3% 0.37 [0.06, 2.24] e
Total events 4 6

Heterogeneity: Chi* = 1.95, df = 2 (P = 0.38); I*= 0%
Test for overall effect: Z=1.08 (P = 0.28)

1.1.2 No CSF leakage

Demetriades 1992 0 6 0 3 Not estimable
Eftekhar 2004 6 47 8 50 71.7% 0.77 [0.25, 2.38]
Subtotal (95% Cl) 53 53 71.7% 0.77 [0.25, 2.38]
Total events 6 8

Heterogeneity: Not applicable
Test for overall effect: Z = 0.45 (P = 0.65)

1.1.3 Presence of CSF leakage not specified

Ignelzi 1975a 0 5 0 5 Not estimable
Subtotal (95% CI) 5 5 Not estimable
Total events 0 0

Heterogeneity: Not applicable
Test for overall effect: Not applicable

Total (95% Cl) 109 99 100.0% 0.63 [0.24, 1.63)
Total events 10 14

Heterogeneity: Chi? = 2.40, df = 3 (P = 0.49); 2= 0% + t t } —t+—
Test for overall effect: Z = 0.96 (P = 0.34) Fa%gfs tre‘;tzmem 1 Fovore eoms L
Test for subgroup differences: Chi? = 0.45, df = 1 (P = 0.50), I = 0%

Fig. 2. Forest plot showing subgroup analysis for frequency of meningitis comparing
patients with and without evidence of CSF leakage
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Treatment Control Peto Odds Ratio Peto Odds Ratio
Study or Subgroup  Events Total Events Total Weight Peto, Fixed, 95% C| Peto, Fixed, 95% CI
Demetriades 1992 0 25 0 12 Not estimable
Eftekhar 2004 1 53 0 56 13.9% 7.82[0.15, 394.66] — T
Ignelzi 1975a 0 5 0 5 Not estimable
4 3

Klastersky 1976 26 26 86.1% 1.38[0.29, 6.69]
Total (95% CI) 109 99 100.0% 1.76 [0.41, 7.60]
Total events 5 3

o ape (P =042} Iz 00 f } ! } '
_I:etfrfogeneltyl.lcgl 126—56(1;6 ;(_F’0 405,42),| 0% 001 o1 H 10 10T0
est for overall effect: Z=0.76 (P = 0.45) Favors treatment  Favors control

Fig. 3. Forest plot showing the effect of antibiotic prophylaxis for all-cause mortality

Non-RCTs that have been systematically reviewed

In order to study the consistency of these results we performed a meta
analysis of the 17 controlled non randomized studies identified. Of these,
15 were retrospective controlled studies [3, 21, 24, 26, 34, 35, 41, 42, 52,
71, 72, 92, 112, 114, 130] and two were prospective observational studies
with a historical control group [46, 57]. Overall, 2168 patients were includ
ed in these 17 studies, in which 1141 patients were treated with antibiotics
and 1027 patients were not. Tests for heterogeneity were not statistically
significant (Chi squared P 0.16; P 26%). Globally, the frequency of
meningitis in the treatment group was 6.92% and in the control group
6.52% (P 0.65) (random effects model OR: 1.13; 95% CI: 0.67 1.88).
Individually, only one study [35] showed a significant difference favoring
the treatment group (OR: 0.47; 95% CI: 0.25 0.88). This study contributed
most to the results (weight 19.4%), but it did not significantly impact the
direction of the results.

Additionally, we performed a subgroup analysis for patients with CSIF
leakage (529 patients in the treatment group and 260 in the control group)
and without CSF leakage (334 patients in the treatment group and 292 in
the control group). In five studies [3, 46, 52, 57, 114] the presence of CSF
leakage was not specified (278 patients in treatment groups and 475 in
control groups). The OR (random effects model) for patients with CSF
leakage was 0.61 (95% CI: 0.37 0.99) and for patients without CSF
leakage it was 0.86 (95% CI: 0.27 2.78). In the subgroup of patients
for which no data was available regarding the presence of CSF leakage,
the OR was 2.01 (95% CI: 0.91 4.44). No statistically significant differ
ences were found for all causes of mortality in the eight studies in which
relevant data were available [3, 57, 34, 41, 42, 71, 72, 130]. These included
460 patients in the treatment group and 265 in the control group (random
effects model OR: 0.78; 95% CI: 0.26 2.28). No significant differences
were found for meningitis related mortality (random effects model OR:
0.43; 95% CI: 0.08 2.29).
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Discussion

The quality of the controlled evidence available to evaluate the use of prophy
lactic antibiotics in BSF was indicated by the identification of only five RCTSs
that we considered suitable for this review. Even these had important meth
odological shortcomings. In general, the quality of the trials included was poor,
as reflected in the Jadad score [58]. In one trial [32] we had access to unpub
lished data that allowed us to perform some comparisons. We were able to
study a total of 208 patients.

Curiously, the frequency of meningitis in one trial [32] was significantly
higher than in the other trials. The diagnosis of meningitis was based on
CSF analysis in patients with compatible clinical findings and was comparable
with the other trials. However, this trial [32] included only the subset of patients
with BSF and pneumocephalus, which is associated with a dural tear with an
open communication of air in the paranasal sinuses, mastoid air cells or petrous
temporal regions and the central nervous system (CNS). These patients with
pneumocephalus may have had an additional risk factor for developing men
ingitis that was independent of CSF leakage. Further investigations are neces
sary to clarify this issue.

Given the current data, it is not possible to recommend the use of prophy
lactic antibiotics in patients with BSI. Our results did not show that the ad
ministration of antibiotics had an effect on the frequency of meningitis. No
significant difference was found in the subgroup of patients with CSI¥ leakage,
although there was a tendency in favor of the treatment group. Again, no
significant difference was found for all cause or meningitis related mortality.
Although no significant differences were found, the Cls of all outcomes were
wide. This is partially explained by the relatively small number of patients
enrolled and the small number of events recorded.

The global results of the analysis of data extracted from the excluded
studies are in agreement with the randomized data. Subgroup analysis within
the excluded trials suggests a benefit from antibiotic prophylaxis in patients
with CSF leakage. However, treatment interventions caused significantly more
meningitis in the subgroup of patients without specification regarding CSF
leakage status. These analyses should be read with caution, as they are based
mostly on retrospective studies and the data is not randomized. Additionally,
the type of participants, interventions, diagnoses and outcome measures were
significantly different between these studies. This makes the data difficult to
interpret. Nevertheless, we thought it would be interesting to compare data
from RCTs with non RCTs since non randomized studies tend to overestimate
treatment effect size, which may be the case here.

According to the frequencies of events in the treatment and control groups,
and the relative risk of meningitis in the subgroup of patients with CSF leakage
(0.64), a sample size of 798 patients was needed in order to show a statistically
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significant result between the two interventions, with a power of 90% and the
probability of a type I error of 5%. This figure is similar when considering the
data from the non randomized case controlled studies for the subgroup of
patients with CSF leakage, for which the sample size necessary to show a
significant result was 737 patients.

Conclusions

This systematic review did not show that prophylactic antibiotics had an effect
on the prevention of meningitis in patients with BSE, regardless of CSF leakage.
Currently available evidence from RCTSs does not support the use of prophy
lactic antibiotics in patients with BSE. Future trials should evaluate all clinically
relevant outcomes (all cause mortality, need for surgical correction in patients
with CSF leakage, disability), not merely CNS infection endpoints, and should
pay attention to subgroups of patients, such as those with CSF leakage and/or
pneumocephalus.

Antibiotics for cerebrospinal fluid shunts

Background

Approximately 40 of every 100,000 individuals in the United States have shunts
in place, the majority of them children [75]. The most significant complication
resulting from intracranial ventricular shunts is infection, and it affects from 1.5
to 38% of patients [23]. Age seems to be an important risk factor, with infec

tion rates among young children of up to 20% [13, 108]. It is believed that
younger people have higher morbidity rates because of infection, which is a
cause for concern. The symptoms of shunt infection are variable; they may be
related to the type of infective organism and may also be dependent on age.
Shunt infection may be associated with increased risk of death, increased risk of
seizure disorders, and decreased mental performance. Treatment usually
requires prolonged hospitalization for antibiotic administration and repeated
surgery.

It is not clear what mechanism predisposes a shunt to infection, given that
the device is recognized by the body as a foreign object [14]. It is likely that the
initial step in this process is a bacterial colonization of the device during the
surgical procedure. A reduction of normal defense mechanisms and local im
munity caused by the foreign object follows, as does a complex and effective
adhesion process between the bacteria and device. These have a role in post
operative device related infections. However, the benefit of systemic antibiotic
prophylaxis is not generally accepted, and its use is frequently a matter of
discussion. In fact, some authors found no relationship between infection
and the use of systemic prophylactic antibiotics [105, 113]. A meta analysis
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performed by Langley ¢7 a/. showed a 50% reduction in the risk of infection for
internal shunts if perioperative prophylaxis was used, that is, if prophylaxis was
maintained for 24 72 hours after surgery [63]. Another meta analysis focused
on data that was strongly correlated with a high baseline infection rate [51]. The
benefit associated with antibiotics was no longer apparent when the baseline
infection was less than or equal to 5%. These studies did not constitute an
extensive and comprehensive review of the literature, and the papers included
were searched until 1990 in the former study and 1993 in the latter.

Nevertheless, continuous prophylactic antibiotics are widely administered
to patients with external ventricular drains (EVDs), despite a paucity of data
supporting their use. There is no evidence of a difference in the rate of CSF
infection in patients with EVDs who received continuous prophylactic anti
biotics for the duration of drain placement compared with those who received
only periprocedural dosing (started immediately before placement of the drain
and continued for no more than 3 doses or less than 24 hours) [1]. The advent
and growing use of the newly developed antibiotic impregnated shunts (AIS)
also demanded an evidence based investigation of their effectiveness and safety
compared with standard shunt systems.

Clinical material and methods

We identified relevant trials following the optimal search strategy devised for
The Cochrane Collaboration [30] through electronic searches of CENTRAL
(The Cochrane Library, Issue 3, 2005), MEDLINE, EMBASE, and LILACS,
from inception to June 2005. We also electronically searched meeting proceed
ings from the AANS (1997 to June 2005) and hand searched the abstracts
from the meeting proceedings of the EANS (1995 2003). In addition, we
contacted researchers active in the field for information regarding unpublished
trials and contacted authors of published trials for further information and
unpublished data. We did not apply any language restrictions.

We considered for analysis randomized and quasi randomized studies com
paring the use of prophylactic antibiotics in intracranial ventricular shunt pro
cedures with placebo or the standard treatment. We included patients of any
age who had undergone any type of intracranial ventricular CSF shunt surgical
procedure. We excluded patients with either suspected or confirmed preexist
ing infection. Infection was defined according to the study investigator’s crite
ria. The types of intervention considered were the following two: systemic
administration of any antibiotic(s), at any dosage, beginning prior to or at
the time of the surgical procedure and prolonged for any duration of time
compared with placebo or no antibiotics; or use of AIS systems compared
with standard shunt systems. Trials comparing different antibiotics, different
dosages, different routes of administration, or differences in the timing or
duration of administration were excluded. The following outcome measures
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were evaluated: (1) evidence of infection in at least 1 of the following: shunt
equipment, overlying wound, CSF, or site related to the distal drainage route;
organism identification by tissue cultures from material in or around the shunt;
or cultures from fluid or CSF drawn from the shunt system itself; (2) death
resulting from central nervous system infection or other cause of death includ
ing progression of the primary disease process and multisystem failure; (3) shunt
revision (part or all of a shunt system); and (4) adverse events caused by
antibiotics according to the original authors’ categorization. Subgroup analyses
for shunt infection were performed if sufficient relevant information was avail
able to determine differences in the following: (1) the risk of infection devel
oping in ventriculo peritoneal (VP) shunts versus ventriculo atrial (VA) shunts;
(2) the risk of infection developing in children versus all ages; and (3) the risk of
infection when using periprocedural antibiotics versus continuous antibiotics.

We analyzed clinical heterogeneity qualitatively, taking into account factors
such as the population studied, surgical procedure, and technique. We per
formed statistical analyses using the statistical software provided by the
Cochrane Collaboration [97]. We investigated for statistical heterogeneity be
tween trial results using the I statistic [53]. We calculated the number needed
to treat based on meta analysis estimates, and did not treat the data as if it arose
from a single trial, given that the latter approach is more prone to bias [2]. We
assessed the difference between subgroups by calculating a two tailed z score.
Because there is evidence that the quality of allocation concealment particularly
affects the results of studies, we scored this quality on the scale used by Schulz
et al. [100].

Results

We identified 21 potentially eligible trials, of which 17 were included in the
review (Table 2) (3 excluded [36, 107, 110] and one duplicate citation [77]). We
conducted different analyses to reflect the clinical heterogeneity resulting from
interventions that are fundamentally different, separating systemic antibiotics
from AIS systems and internal shunts from external drains. Overall, 1684
patients were enrolled in the 15 studies that were included in a meta analysis
in which the effectiveness of systemic antibiotic prophylaxis for internal shunts
was evaluated [9, 11, 12, 17, 31, 50, 82, 99, 100, 105, 120, 121, 124, 126, 128].
Two other trials identified evaluated the use of antibiotic impregnated catheters
for the surgical introduction of ventricular drains, one of which studied the
benefit of AIS for internal shunts (110 shunts) [47] and the other evaluated its
benefit for external drains (288 drains) [127]. Entry criteria did not differ
considerably between the trials included. Shunt infection was a primary out
come in all trials and was always based on clinical and laboratory grounds.
Sufficient information on the withdrawals and dropouts to determine the
number of patients in each treatment group entering and completing the trial
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was only available in 4 trials [82, 105, 121, 126]. Data was presented on a per
protocol basis in all trials. Missing data precluded the conducting of some
planned analysis in this systematic review, although we contacted the authors
of the studies whenever we deemed this necessary.

Assuming that significant statistical heterogeneity is not present if
P 50%, we found no evidence of heterogencity for any of the groups in
the outcomes measured. Therefore we used fixed effect models to synthesize
data.

1. Shunt infection

1.1 Systemic antibiotic prophylaxis

1.1.1 Systemic antibiotic prophylaxis for internal shunts (Fig. 4)

Analysis of the 15 trials included (1684 patients) found a statistically significant
difference for shunt infection that favored treatment (OR: 0.51, 95% CI: 0.36
0.73; number needed to treat 12, 95% CI: 7 30). Individually, only 1 trial was
statistically significant [11]. Two trials favored the control group, although they
were not significant [100, 105].

1.1.2 Systemic antibiotic prophylaxis for external shunts

Authors of only 1 trial [11] evaluated the benefit of antibiotic prophylaxis in
external shunts and did not find any difference between groups.

1.2 Antibiotic impregnated catheters

1.2.1 Antibiotic impregnated catheters for internal shunts

One trial [47] was found that showed a trend that favored the treatment group,
although it was not statistically significant (OR: 0.32, 95% CI: 0.08 1.23).

Treatment Control Odds Ratio Odds Ratio
Study or Subgroup  Events Total Events Total Weight M-H, Fixed, 95% CI M-H, Fixed, 95% CI|
2.1.1 internal shunts
Bayston 1975 1 54 4 78 3.7% 0.35[0.04, 3.21] *
Blomstedt 1985 4 62 14 60 15.3% 0.23[0.07,073) —=——
Blum 1989 3 50 7 50 7.6% 0.39[0.10,161] ¥————7—
Bullock 1988 1 48 3 56 3.1% 0.38[0.04, 3.74] +
Djindjian 1986 1 30 6 30 6.7% 0.14[0.02,123] &———1"
Haines 1982 2 35 5 39 51% 041[0.07,227] ¥———————1——
Odio 1984 3 18 4 17 4.0% 065[0.12,346] — [
Rieder 1987 2 31 3 32 32% 0.67 {0.10, 4.29]
Rocca 1992 1 13 0 14  0.5%  3.48[0.13,93.30] >
Schmidt 1985 7 79 4 73 4.4% 1.6810.47, 5.98] B
Walters 1992 15 130 21 113 22.9% 0.57[0.28,1.17] -
Wang 1984 4 55 5 65  4.9% 0.94{0.24, 3.69] S E—
Yogev 1985 2 106 6 84 7.6% 0.25[0.05,127) ————71
Young 1987 1 64 2 69  22% 0.53[0.05,6.01] *
Zentner 1995 5 67 8 62  89% 0.54 [0.17, 1.76] — T
Subtotal (95% Cl) 842 842 100.0% 0.51 {0.36, 0.73] L =
Total events 52 92
Heterogeneity: Chi? = 10.02, df = 14 (P = 0.76); I = 0%
Test for overall effect: Z = 3.66 (P = 0.0002)

\ : : ) '
0102 05 1 2 5 10
Favors treatment  Favors control

Fig. 4. Forest plot showing the effect of systemic antibiotic prophylaxis versus placebo
or no antibiotic for shunt infection
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1.2.2 Antibiotic impregnated catheters for external shunts
The only trial [127] identified found a benefit favoring the treatment group
(OR: 0.13, 95% CI: 0.03 0.60).

2. Death from any canse

2.1 Systemic antibiotic prophylaxis

We could not analyze this outcome because there was only 1 trial [105] in
which the authors reported this outcome, and there were no events.

2.2 Antibiotic impregnated catheters

We were able to access relevant data from the two trials [47, 127] that evaluated
antibiotic impregnated catheters, and neither one showed differences between

groups.

3. Shunt revision

3.1 Systemic antibiotic prophylaxis

3.1.1 Systemic antibiotic prophylaxis for internal shunts

Three trials [50, 99, 121] involving 248 patients provided relevant data regard
ing the outcome “need of shunt revision” in both treatment and control
groups. We found no significant difference between groups (OR: 0.76, 95%
CL: 0.42 1.30).

3.1.2 Systemic antibiotic prophylaxis for external shunts

No data available.

3.2 Antibiotic impregnated catheters

3.2.1 Antibiotic impregnated catheters for internal shunts

Govender ¢ al. [47] reported the only eligible trial (9 of 50 occurrences versus
15 of 60 controls), and we found no significant difference between the groups
(OR: 0.66, 95% CI: 0.26 1.67).

3.2.2 Antibiotic impregnated catheters for external shunts

No data available.

4. Advyerse events of antibiotics

Only 2 trials [82, 128] enrolling 163 patients reported the incidence of the
adverse events of systemic antibiotics in internal shunts (8%, 7 of 87 occur
rences). The eventual adverse effects of systemic antibiotics from external
shunts or antibiotic impregnated shunts were not reported in the eligible
trials.

Subgroup analyses

1. Ventriculo-peritoneal shunts versus ventriculo-atrial shunts

1.1 Systemic antibiotic prophylaxis

We were able to include 13 trials in this subgroup analysis, which enrolled 1416
patients. Subgroup analyses for the effect of prophylactic systemic antibiotics of
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different types of internal shunts found a significant difference between treatment
and control groups for both VA shunts (OR: 0.46, 95% CI: 0.23 0.94) and VP
shunts (OR: 0.54, 95% CI: 0.34 0.85). No difference was found between the two
subgroups (systemic antibiotics for VP versus VA shunts; P 0.2).

1.2 Antibiotic impregnated catheters

We did not find any relevant data.

2. Children (under 18 years of age) versus all ages

2.1 Systemic antibiotic prophylaxis

Subgroup analyses regarding the effect of prophylactic systemic antibiotics for
internal shunts found a significant difference between treatment and control
groups for both the subgroup of trials that included only children (OR: 0.52,
95% CI: 0.33 0.83) and the subgroup of trials that included patients of all ages
(OR: 0.52, 95% CI: 0.30 0.90). No difference was found between the two
subgroups (systemic antibiotics for children versus all ages; P 0.00).

2.2 Antibiotic impregnated catheters

No data available.

Treatment Control Odds Ratio Odds Ratio
Study or Subgroup Events Total Events Total Weight M.H, Fixed, 95% CI M.H, Fixed, 95% ClI
Bayston 1975 1 54 4 8 37% 035[004,321) ¥———————T——
Blomstedt 1985 4 62 14 60 15.3% 0.23[0.07, 073 —=—
Blum 1989 3 50 7 50 7.6% 039(0.10,161) —————1—
Bullock 1988 1 48 3 56 31% 0.38[0.04, 3.74] ¢
Dijindjian 1986 1 30 6 30 67% 014002123 &———1
Odio 1984 3 18 4 17 40% 065[0.12, 346 ———— 1 —
Rieder 1987 2 kil 3 32 32% 0.67[0.10, 4.29
Rocca 1992 1 13 0 14 05%  3.48(0.13,93.30 >
Schmidt 1985 7 79 4 73 44% 1.68(0.47, 5.99 I S —
Wang 1984 4 55 5 65  4.9% 0.94 [0.24, 3.69 R
Young 1987 1 64 2 69 22% 0.53[0.05, 6.01] ¢
Zentner 1995 5 67 8 62 89% 0.54[0.17,1.7¢] —
Subtotal (95% Cl) 571 606 64.4% 0.53 (0.34, 0.83) -
Total events 33 60

Heterogeneity: Chi*= 8.06,df =11 P = 0.62), F= 0%
Test for overall effect: Z=2.81 (P = 0.005)

5.1.2 Continuous antibiotics

Haines 1982 2 35 5 33 51% 041[007,227) &—————————
Walters 1992 15 130 21 13 229% 0.571[0.28,1.17) —
Yogev 1985 2 106 6 84 7.6% 0.25[0.05127) —————
Subtotal (95% Cl) 271 236 35.6% 0.48 (0.26, 0.88) -~

Total events 19 32

Heterogeneity: Chi*= 0.88, df = 2 (P = 0.65); 7= 0%
Test for overall effect Z=2.37 P =0.02)

Total (95% Cl) 842 842 100.0%  0.51(0.36,0.73) @
Total events 52 92

ity T = = = R = —t + + } 1
Heterogeneity: Chi*= 10.02, df= 14 (P= 0.76); = 0% o o5 1 g

Test for overal effect. Z = 3.66 ¢ = 0.0002) Favors treatment  Favors control

Fig. 5. Forest plot showing subgroup analysis for internal shunt infection comparing
periprocedural and continuous systemic antibiotics
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3. Periprocedural systemic antibiotics (less than 24 hours postoperatively) versus continnous
Systenic antibiotics (prolonged for more than 24 hours postoperatively)
3.1 Systemic antibiotic prophylaxis
We were able to include the 15 trials that used systemic prophylactic antibiotics
for the subgroup analysis of prophylactic periprocedural systemic antibiotics
versus continuous systemic antibiotics for internal shunts (Fig. 5). Both sub
groups showed a significant difference compared with placebo/no antibiotics
(OR: 0.53, 95% CI: 0.34 0.83 and OR: 0.48, 95% CI: 0.26 0.88). No addi
tional benefit was found when continuous antibiotics were compared with
periprocedural administration (P 0.0002).

No sufficient available data for evaluating periprocedural versus continuous
antibiotics for external ventricular drains.
3.2 Antibiotic impregnated catheters
Not applicable.

Sensitivity analysis

We performed a sensitivity analysis for well allocated as opposed to pootly or
unclearly allocated trials regarding the use of systemic antibiotics for internal

Treatment Control Odds Ratio Odds Ratio
Study or Subgroup  Events Total Events Total Weight M-H, Fixed, 95% Cl M-H, Fixed, 95% ClI
2.4.1 Class A studies
Bullock 1988 1 48 3 56 3.1% 0.38[0.04,3.74] *
Odio 1984 3 18 4 17 4.0% 0.65[0.12,346] — 1
Rieder 1987 2 31 3 32 32% 0.67 [0.10, 4.29]
Schmidt 1985 7 79 4 73 4.4% 1.68[0.47, 5.98] —
Wang 1984 4 55 5 65 4.9% 0.94[0.24, 3.69] —
Young 1987 1 64 2 69  22% 0.53[0.05,6.01] *
Zentner 1995 5 67 8 62 89% 0.54 [0.17, 1.76] 1
Subtotal (95% CI) 362 374  30.6% 0.78 [0.44, 1.38] -
Total events 23 29

Heterogeneity: Chi? = 2.38, df =6 (P = 0.88); I’ = 0%
Test for overall effect: Z=0.86 (P = 0.39)

2.4.2 Class B + C studies

Bayston 1975 1 54 4 78  3.7% 0.35{0.04,3.21] *

Blomstedt 1985 4 62 14 60 15.3% 0.2310.07,073] +—=—""—

Blum 1989 3 50 7 50 7.6% 0.39[0.10,161] +————7T7—

Djindjian 1986 1 30 6 30 67% 0.14[0.02,123) ¥

Haines 1982 2 35 5 39 51% 041[0.07,227] T

Rocca 1992 1 13 0 14 05%  3.48[0.13,93.30] >
Walters 1992 15 130 21 113 22.9% 0.57[0.28, 1.17] —

Yogev 1985 2 106 6 84 7.6% 025[0.05,127] ———

Subtotal (95% ClI) 480 468 69.4% 0.40 [0.25, 0.63] -

Total events 29 63

Heterogeneity: Chi? = 4.76, df = 7 (P = 0.69); I = 0%
Test for overall effect: Z = 3.92 (P < 0.0001)

Total (95% CI) 842 842 100.0%  0.51[0.36, 0.73] <
Total events . 52 92
Heterogeneity: Chiz = 10.02, df = 14 (P = 0.76); 12 = 0%
Test for overall effect: Z = 3.66 (P = 0.0002)

I + t t +——
0102 05 2 5 10
Favors treatment  Favors control

Fig. 6. Forest plot showing sensitivity analysis comparing well-allocated studies
(Class A) versus unclear (Class B) or poorly allocated (Class C) studies



166 B. RATILAL and C. SAMPAIO

shunt infection (Fig. 6). Authors of trials deemed to have taken adequate
measures to conceal allocation [17, 82, 99, 105, 121, 126, 128] enrolled 736
patients and showed a non statistically significant effect for shunt infection
regarding the use of systemic antibiotics (OR: 0.78, 95% CI: 0.44 1.38).
Trials in which the authors either did not report an allocation concealment
approach at all or trials in which concealment was inadequate [11, 12, 31, 50,
100, 120, 124] enrolled 948 patients and found a statistically significant differ
ence for shunt infection and for the other studied end points that favored the
treatment group (OR: 0.40, 95% CI: 0.25 0.63).

We also performed a separate analysis for placebo controlled trials versus
standard care controlled trials for shunt infection, regarding the use of systemic
antibiotics in internal shunts, that showed a statistical significance only for
placebo controlled trials (OR: 0.46, 95% CI: 0.30 0.71 and OR: 0.66, 95%
CI: 0.34 1.206, respectively).

Funnel plots [33] for shunt infection regarding the use of systemic anti
biotics did not suggest selective reporting of trials.

Discussion

We included 17 randomized controlled trials in this systematic review. However,
these studies have certain methodological shortcomings. For example, none of
the trials included used an intention to treat analysis, and ~50% of the trials
either did not describe the randomization method or it was inadequately de
scribed. Only 7 of the studies were double blinded using identical appearance
interventions [11, 17, 50, 82, 99, 120, 121]. The attrition rate was ~5%. With the
data available, we considered it appropriate to perform a meta analysis that
compared systemic prophylactic antibiotics with placebo or no antibiotics for
internal shunts. Although we intended to test other endpoints aside from shunt
infection, such as death due to any cause, shunt revision, and the adverse events
of antibiotics, we were able to include only a few trials for each one.

Based on subgroup analyses, the benefit of systemic antibiotic prophylaxis
(that is, periprocedural [given for 24 hours postoperatively] or continuous
intravenous antibiotic therapy) was similar for children compared with a sub
group of patients of all ages and for VP shunts zersus VA shunts. Accordingly,
there is no support for administration of prophylactic antibiotics for more than
24 hours postoperatively. It would be desirable to have a head to head com
parison of these two strategies. It should be emphasized that the lack of evi
dence of difference between the groups is consistent with either there being no
difference between these groups in terms of effect size or that there are too few
people in the studies to allow a clear conclusion to be made because of lack of
power. Also, a head to head comparison between a single dose of antibiotic
given immediately prior to an operation and multiple doses continued postop
eratively is critical.
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The validity of the review may be weakened by the fact that, when we
performed the sensitivity analysis for adequate allocated trials regarding the
use of systemic antibiotics for internal shunts that included seven randomized
controlled trials, we found a non significant effect for shunt infection (OR: 0.78,
95% CI: 0.44 1.38), because it occurred with the remaining endpoints studied.
However, it is worth noting that the two subgroups maintained the same trend.
The group of well allocated trials was smaller, which may account for the loss
of statistical significance. In addition, all studies presented the data on a per
protocol basis, which may also inflate the effect size. This aspect may be
particularly important in the studies by Walters ez a/. [120] and Rocca ez al.
[100], in which they report a high dropout rate (31% [24 of 78] and 17%
[51 of 294], respectively), although the former had less weight (0.49%), and
the latter study was important but below the critical 20% level. Overall, sys
temic antibiotics in internal shunts do have a beneficial effect, but it is possible
that the effect size is smaller than that estimated in our review.

Presently, there are insufficient trials to permit definite conclusions regard
ing the benefit of the use of prophylactic systemic antibiotics for external
shunts or the benefit of AIS systems compared with standard systems. Only
individual trials evaluated the effect of systemic antibiotics in patients with
EVDs, the benefit of AIS systems in patients with external drains, or the
benefit of AIS systems in patients with internal shunts.

Conclusions

Given the current data, it is possible to recommend in current practice the use
of periprocedural systemic prophylactic antibiotics in patients undergoing im
plantation of internal ventricular shunts regardless of their age and the type of
internal shunt used. Nonetheless, it was not possible to clearly evaluate the
incidence of the antibiotics’ adverse effects. The available mortality data is
sparse and the type and dose of antibiotics need to be optimized. Currently
the available evidence only suggests a benefit for the use of prophylactic anti
biotics for the first 24 hours postoperatively. No conclusions can be reached
regarding the administration of prophylactic antibiotics for EVDs.

Future randomized controlled trials should study relevant outcomes such
as death, adverse events caused by antibiotics, and shunt revision. There is also
a need to evaluate the effectiveness of systemic prophylactic antibiotics for
EVDs and the effectiveness of different regimens of systemic prophylactic
antibiotics rather than placebo for internal ventricular shunts, namely the du
ration of administration. The evidence suggests that antibiotic impregnated
catheters reduce the incidence of shunt infection, although no strong recom
mendation can be made given the data available. This evidence is only limited
by the small number of studies and participants. Even though our results
suggest that the AlSs are effective across populations — and heterogeneity of
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populations across studies can make results more universal — further well
conducted randomized controlled trials are required to clarify this issue.

Anticonvulsant prophylaxis

Anticonvulsants for subarachnoid hemorrhages

The long term use of anticonvulsant medication to prevent seizures in patients
with subarachnoid hemorrhages (SAH) was once an accepted medical practice,
based on early investigations that suggested the risk of seizures in these patients
was as high as 22% [20]. Not surprisingly, more recent series show a decline in
the incidence of postoperative epilepsy with aneurysm surgery (~5%), likely a
reflection of the advances in the surgical/endovascular techniques, and in the
neurocritical intensive care units [4]. Because of the strong association of
adverse effects in patients with aneurismal SAH, particularly the possible ag

gravation of cerebral vasospasm or the increased risk of fever, itself strongly
associated with poor functional and cognitive outcome [125], the continued
and generalized use of these drugs in SAH could no longer be justified. The
idea of limiting anticonvulsant prophylaxis to a necessary minimum emerges,
especially because most seizures occur with the ictus or within few hours of the
hemorrhage [68, 98]. After this initial period the incidence of seizures is low
[18]. Chumnavej ¢f al. demonstrated that a 3 day regimen of phenytoin pro

phylaxis is safer and equally effective in comparison with arbitrary longer term
phenytoin coverage, as the incidence of significant side effects is greatly re

duced without a concomitant increase in the risk of seizures, even if 80% of
patients received aneurysm repair by craniotomy [22]. This data is consistent
with that of traumatic head injury patients in whom early anticonvulsant use
did not change the incidence of late seizures. Whether or not anticonvulsant
prophylaxis is necessary is still debatable [101], although until an aneurysm is
treated even a rare seizure may be catastrophic, predisposing the patient to
rebleeding, and there is insufficient controlled data to recommend withholding
antiepileptics altogether in the acute stage.

Anticonvulsants for acute traumatic brain injuries

The occurrence of seizures may result in accidental injury and cause cognitive
and social constraints on work performance, school performance, and driving,
In the acute period following a head injury (within seven days post injury),
seizures may precipitate additional secondary neuronal injury due to elevations
in intracranial pressure, blood pressure changes, changes in oxygen delivery, or
excess neurotransmitter release. In addition, there ate several studies demon
strating the neuro protective effects of anticonvulsants in both hypoxia ische
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mia i vitre and “in vive’ models [86]. On the other hand, the incidence of
unwanted side effects of antiepileptic drugs should not be disregarded. A well
conducted, systematic review that evaluated 10 RCTs on acute traumatic brain
injury concluded that prophylactic anticonvulsants are effective in reducing
early post traumatic seizures, but there is neither any evidence that this treat
ment reduces the occurrence of late seizures, nor that it has any effect on
mortality or neurological disability [104]. Insufficient evidence is available to
establish the net benefit of prophylactic treatment at any time after injury.

Anticonvulsants for chronic subdural hematomas

Background

Chronic subdural hematomas (CSHs) are usually caused by minor head injuries
and most often result from the tearing of a bridging vein. The frequency of
pre and post operative seizures in these patients is not established. The overall
incidence of seizures in patients with CSH has been reported to vary from 2.3
to 17% |70, 83] with an incidence of post operative seizures reported from 1.0
to 23.4% [48, 54]. The wide variation in these numbers is probably related to
the severity of the head injury and the type of surgical procedure performed in
each study.

CSH typically occurs in people with prior brain atrophy, such as elderly
people or chronic alcoholics, who are also more vulnerable to the potential
side effects of anticonvulsant drugs [90]. The efficacy of prophylactic anticon
vulsive medication in this pathology has been debated and there is no consen
sus on its use. There is a wide variation in practice. For some experts, the low
incidence of seizures does not justify an anticonvulsant prophylaxis in patients
with CSH caused by minor head injury [83]. Others suggest that this prophy
lactic medication should be considered only in alcoholic patients because of
their higher risk of seizure [102]. Another study verified a significant increase in
morbidity and mortality associated with respiratory complications and status
epilepticus in patients with new onset seizures. It recommended the adminis
tration of anticonvulsants for a period of six months following diagnosis in all
patients with CSH [103].

Clinical material and methods

We searched for relevant trials following the optimal search strategy devised for
The Cochrane Collaboration [30] through electronic searches of CENTRAL
(The Cochrane Library, Issue 1, 2009), MEDLINE, EMBASE, and LILACS,
from inception to March 2009. We also electronically searched meeting pro
ceedings from the AANS and hand searched the abstracts from the meeting
proceedings of the EANS. In addition, we contacted researchers active in the
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field for information regarding unpublished trials and contacted authors of
published trials for further information and unpublished data. We did not apply
any language restrictions.

All studies were required to be RCTs comparing any anticonvulsant versus
placebo or no intervention in patients with chronic subdural hematomas. We
intended to include patients of any age with cranial computerized tomography
(CT) or magnetic resonance imaging (MRI) compatible with an old subdural
hematoma with radiological or clinical evidence of mass effect. We intended to
exclude patients with a history of pre existing seizures. The type of intervention
considered was either of the following: administration of any anticonvulsant
drug, at any dosage, beginning at the time of the diagnosis and prolonged for
any length of time, compared with placebo or no anticonvulsant. Trial quality
and extracted data were to be independently assessed. The following outcome
measures were intended to be evaluated: (1) frequency of pre operative and
post operative seizures; (2) frequency of specific anticonvulsant adverse side
effects (safety of administration); (3) all cause mortality; (4) other complications:
permanent neurological impairment, long term epilepsy, and CSH recurrence.

We intended to analyze clinical heterogeneity qualitatively, taking into ac
count factors such as the type of participants, the type and dose of anticonvul
sant used, methodological quality, the number of patients excluded or lost to
follow up, and the outcome measures stated in the protocol. We intended to
assess the internal validity of individual trials, using the Cochrane
Collaboration’s risk of bias tool as described by Higgins and Green [53].

Results

No trials were found that were eligible for inclusion in the review. No data
could be analyzed.

Discussion

Given the conflicting results regarding the use of prophylactic anticonvulsants
in patients with CSH, it is disappointing that there are no RCTs that evaluate
their effectiveness in these patients. Only three retrospective studies with a
control group were identified.

Rubin and Rappaport [102] conducted a retrospective analysis of 143 adult
patients treated for CSH from January 1979 to July 1991. Surgeries were
performed on 138 patients. Before surgery 5.6% of the patients had seizures,
whereas after surgery this frequency was 3%. Until July 1986, all patients
received prophylactic anticonvulsants from the time of surgery (83 patients).
After this date, drug therapy was given only if seizure was present (55 patients).
Seizure was noted in 4.8% of patients compared with 3.6% of patients who did
not receive anticonvulsants. Of those who received anticonvulsants, eight
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(9.6%) had non serious drug related adverse effects (mild allergic reaction and
phenytoin intoxication). According to the authors, antiepileptic drugs should not
be administered prophylactically in patients with CSH because the risk of epilep
sy is not high enough to balance the morbidity caused by the anticonvulsants.

In the retrospective analysis of Ohno ez al [83], 129 patients treated for
CSH between August 1980 and March 1992 were studied. Patients were usually
given phenobarbital pre operatively. Until December 1987, 56 of 59 patients
were given anticonvulsant post operatively. Prophylactic use of these drugs
was subsequently discontinued, except in those patients with severe head injury
(17 of 70 received prophylaxis). None of the 73 patients in total who were
given prophylactic antiepileptic drug treatment developed seizures. Only two of
56 patients not given prophylaxis developed eatly post operative seizures. A
total of four patients had seizures, none of whom had received anticonvulsant
drugs. The incidence of seizures was considered low and similar to that previ
ously reported for minor head injury. Those who conducted the trial suggest
that routine use of antiepileptic prophylaxis is not justified in patients with CSH
related to minor injuries.

Sabo et al. [103] reported a retrospective analysis with historical controls of
98 patients treated surgically for CSH and examined the prevalence of
seizure activity, morbidity, mortality and the side effects of anticonvulsant medi
cation. Of the 92 patients without pre existing seizure, 42 (46%) received ade
quate prophylactic phenytoin. Adequate prophylaxis included an initial dose of
phenytoin (15mg/kg) and daily medication to adjust serum drug levels within
therapeutic range. The administration of this drug was associated with three
non setrious dermatological reactions. One (2.4%) patient among the 42 who
received prophylactic anticonvulsants expetienced seizure activity in comparison
to 16 (32%) of 50 patients who did not receive adequate prophylaxis (P<0.001).
The onset of new seizures was found in 17 (18.5%) of the 92 patients and was
associated with increases in morbidity (P 0.036) and mortality (P<<0.005).
Therefore, they recommend the use of phenytoin prophylaxis in patients treated
surgically for CSH for six months following diagnosis.

Other retrospective studies considered the incidence of seizures in patients
with CSH but did not include any control group for anticonvulsant therapy [54,
70, 61, 73]. Given the lack of high quality controlled trials and the clinical
heterogeneity of the data from the available studies, pointing to the possibility
of bias, no meta analysis was performed.

Conclusions

No conclusions can be reached about the use of prophylactic anticonvulsants
in patients with CSH from the information currently available. Non controlled
studies yielded conflicting results. Clinicians must balance the potential benefit
against the possible risk of complications in each case.
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Randomized clinical trials of prophylactic anticonvulsants in patients with
CSH are essential in order to gain a clear idea of the effectiveness of this form
of treatment.

Anticonvulsants for brain tumors

Background

Up to 60% of people with brain tumors may display seizures or may have a
seizure for the first time after diagnosis of the tumor. Approximately 2% of
people with gliomas, and 3 16% of people with meningiomas also seize after
surgery [59]. This range of seizure probability and the additional surgical trau

ma has made seizure prophylaxis a widely accepted practice despite its potential
adverse effects and drug interactions.

In people with brain tumors it has been established that: anticonvulsants
induced side effects appear to occur more frequently than in other patient
groups [25, 60]; the risk of seizures varies according to the type of brain tumor,
its grade and its location [117, 122]; phenytoin, carbamazepine, and phenobar
bital reduce the efficacy of corticosteroids, which are administered to almost all
brain tumor patients; the ability of anticonvulsants to stimulate the cytochrome
P450 enzyme system induces a markedly accelerated metabolism of a wide
spectrum of chemotherapeutic agents, causing difficulties in chemotherapeutic
dosing [44]; corticosteroids and many chemotherapeutic agents modify the
metabolism of anticonvulsants, making anticonvulsant under and overdosing
more common [49, 62, 78]; the potential immuno suppressive side effect of
some anticonvulsants represents an additional risk to these already immuno
compromised patients [79].

For years there has been controversy about the indications and the effec
tiveness of seizure prophylaxis. Some authors have recommended prophylactic
antiepileptics for cerebral metastatic melanoma and also for postoperative
patients with specific conditions [19, 29], whereas others have questioned
the value of this practice [43]. The Quality Standards Subcommittee of the
American Academy of Neurology (AAN) did not recommend the routine use
of prophylactic antiepileptics in people with newly diagnosed brain tumors [44],
regardless of some pitfalls that weaken the strength of this review’s conclusions
[116]. However, the reality is that many physicians and particularly neurosur
geons in North America and Europe still prescribe antiepileptic drugs for
people with brain tumors who have not had seizures [109].

Clinical material and methods

We identified relevant trials following the optimal search strategy devised for
the Cochrane Collaboration through electronic searches of CENTRAL (The



Prophylactic antibiotics and anticonvulsants 173

Cochrane Library, Issue 1, 2008), PubMed, EMBASE, CancerLit, and LILACS
(1966 2007) that included free text and MeSH terms. We also hand searched
conference proceedings, textbooks, original and review articles, and contacted
clinical researchers who conducted or were conducting identified trials, when
ever necessary. We did not apply any language restrictions.

We considered for analysis controlled clinical trials with random allocation,
blinded or unblinded, comparing prophylactic antiepileptics with no prophylaxis
or prophylaxis with a placebo in patients with diagnosis of glioma, using the
World Health Organization (WHO) classification of brain tumors, meningiomas,
skull base tumors, and brain metastases from any primary tumor. The drugs of
interest in this review were phenytoin, carbamazepine, valproic acid, phenobar
bital and newer drugs such as gabapentin, pregabalin, zonisamide, lamotrigine,
oxcarbazepine, levetiracetam, topiramate, vigabatrin, and tiagabine. Studies com
paring different anticonvulsants were excluded. Participants may have had sur
gery for the diagnosis or treatment of the underlying tumor. We independently
extracted data and assessed trial quality. The following outcome measures were
evaluated: (1) proportion of individuals in the treatment and control groups who
were free from seizures at the time defined by those who conducted the trial as
the time of outcome measurement; (2) adverse effect rate, which included any
untoward reaction attributed to the drug of interest regardless of dose and
magnitude, causing or not causing withdrawal from the study.

We performed statistical analyses using the statistical software provided by
the Cochrane Collaboration [97]. We estimated the relative risk of seizures with
95% confidence intervals (Cls) between participants receiving antiepileptic
prophylaxis and individuals treated with the control intervention. We explored
heterogeneity using tests for statistical heterogeneity (the Chi squared and r
statistics) and funnel plots. For the analysis of adverse effects we used binary
data to estimate the relative risk and the number needed to harm (NNH).
There was no opportunity to run sensitivity analyses in this systematic review.

Results

We identified 16 potentially eligible trials, of which 11 studies were excluded:
five trials compared two different anticonvulsants [27, 10, 67, 76, 129]; two
trials were duplicate studies with fewer patients [39, 81]; two trials evaluated
seizure prevention using diazepam after the injection of contrast media in
participants with brain tumors [84, 85]; two trials did not provide data on
participants with brain tumors [38, 56]. Five trials met our inclusion criteria
for analysis (Table 3) [37, 40, 45, 64, 80]. The eligibility criteria were uniform
for all studies, overall. The main goal of two of the trials was to investigate
whether antiepileptic drugs could prevent seizures in the early or late post
operative periods [40, 64|, and a third followed participants for up to 12
months after craniotomy [80]. The remaining two studies assessed the value
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Treatment Control Risk Ratio Risk Ratio

Study or Subgroup  Events Total Events Total Weight M-H, Random, 95% CI M-H, Random, 95% CI
North 1983 9 42 5 39 19.0% 1.67[0.61, 4.56] I
Lee 1989 0 44 3 42 32% 0.14[0.01,2.57) ¢———————
Glantz 1996 13 37 9 37 27.9% 1.44[0.70, 2.96] T
Franceschetti 1990 6 41 7 22 201% 0.46 [0.18, 1.20] T
Forsyth 2003 11 46 15 54  29.7% 0.86 [0.44, 1.68] &
Total (95% Cl) 210 194 100.0% 0.94 [0.55, 1.61)
Total events 39 39 T

itv: Tau? = . Chi? = = - - |2 = 389 [ } i
Heterogeneity: Tau? = 0.14; Chi* = 6.50, df = 4 (P = 0.16); |> = 38% 001 o1 H 10 100‘

Test for overall effect: Z = 0.23 (P = 0.82) Favors tréatment Favors control

Fig. 7. Forest plot showing the effect of anticonvulsants prophylaxis versus placebo or
no drug for the occurrence of seizures

of seizure prevention without surgery as a potential confounding variable
[37, 45]. We did not identify any prospective, controlled studies (randomized
or nonrandomized) of seizure prophylaxis in adults or children with brain
tumors using newer antiepileptic drugs.

We rated and summarized study validity [53]. Three of the trials included
were highly vulnerable to bias [40, 64, 80]. One trial had a moderate risk of bias
because it did not include a placebo intervention [37]. Glantz e a/. described
sequence generation and allocation concealment, did not report results selec
tively, included information on adverse events and withdrawals from the study,
and was the trial with the lowest risk of bias [45].

1. Effectiveness in preventing seizures (Fig. 7)

Four hundred and four participants were considered in the analysis of this
outcome. Prophylaxis with the antiepileptic drugs phenytoin, phenobarbital, or
divalproex sodium was no better than placebo or observation (RR: 0.94, 95%
CIL: 0.55 1.61; P 0.8). One trial was the least precise and contributed little to
the meta analysis because the participants were followed for 72 hours after
surgery and there were no seizures in the treatment group [64]. Therefore, a
sensitivity analysis without this trial was unnecessary. The model was reasonably
homogeneous (I°  38.5%) and the funnel plot did not suggest publication bias.

2. Adperse events of anticonvulsants (Fig, 8)

One study did not report adverse events [64] and another reported on this
factor but only with overall results [80]. Franchescetti ¢f /. reported that three
patients in the group allocated to phenytoin and one participant in the group
allocated to phenobarbital had adverse neurological effects in the first postop
erative week without going into further detail [40]. Two trials detailed the
adverse events. Forsyth ¢f a/. reported that 13 of 46 participants taking antiepi
leptic drugs had adverse events: nausea (4), rash (3), sore gums (1), myelosup
pression (1), increased levels of lactate dehydrogenase (1), vertigo and blurred
vision (1), tremor (1), and gait ataxia (1) [37]. Glantz ez al. reported three
patients who developed skin rashes (two receiving divalproex sodium, one
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Treatment Control Risk Ratio Risk Ratio
Study or Subgroup _ Events Total Events Total Weight M-H, Random, 95% Ci M-H, Random, 95% CI
Forsyth 2003 13 46 0 54 307% 31.60 [1.93, 517.35] —
Franceschetti 1990 4 41 0 22 294% 4.93[0.28, 87.55] I . —
Glantz 1996 2 37 1 37 39.9% 2.00[0.19, 21.11] T
Total (95% Cl) 124 113 100.0% 6.09 [1.07, 34.63] ‘
Total events 19 1

Heterogeneity: Tau? = 0.53; Chi* = 2.57, df = 2 (P = 0.28); I* = 22%

k + } —]
Test for overall effect: Z = 2.04 (P = 0.04) 0.001 01 1 10 1000

Fewer Adverse Events More Adverse Events
Fig. 8. Forest plot showing the effect of anticonvulsant prophylaxis versus placebo or
no drug for the adverse event rate

allocated to placebo) [45]. Overall, there were 237 participants with data for
this outcome: 124 allocated to the treatment group, and 113 to the control
group. The participants who received anticonvulsants were more likely to have
adverse effects: 19 events in the treatment group (15%), and one in the control
group (0.9%) (RR: 6.09, 95% CI: 1.07 34.63; P 0.04). The number of parti
cipants taking anticonvulsants in order for one to experience an adverse effect
(NNH) was three. The model was homogeneous and the funnel plot did not
suggest publication bias.

Discussion

In these five clinical trials with random allocation, phenobarbital, phenytoin,
and divalproex sodium did not prevent seizures in people with brain tumors
who had been seizure free before participation in the study.

The best data we have is from a collection of different brain tumors with
different seizure risks, each subgroup with few participants, and is largely based
on two trials, of which only one had sufficient statistical power [45]. Evidence
of this nature is inconclusive and hence we prefer to say that the best evidence
available at present is neither in favor of nor against seizure prophylaxis in
brain tumors. However, it is unlikely from these results that there is a clinically
important effect of phenytoin, phenobarbital, or divalproex sodium in prevent
ing seizures in the absence of careful drug level monitoring. Therefore, it is
important to test the efficacy of newer antiepileptic drugs in this context,
beginning with well designed phase II studies.

As for the seizure outcome, an analysis of adverse effects is difficult and
incomplete because some clinical trials did not routinely report adverse effects.
In our review we sought to compare the adverse event rate between treatment
with antiepileptic drugs and control interventions. The risk of adverse effects
was significantly higher in people taking antiepileptic drugs, although we rec
ognize that older antiepileptic drugs may have a higher rate of adverse events.
Therefore, the risk to benefit analysis of seizure prophylaxis can improve by
using newer antiepileptic drugs. We do not wish to underestimate the toxicity of
the older generations of antiepileptic drugs, and decisions about seizure pro
phylaxis need to weigh up the side effect profile of these drugs.
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Conclusions

The evidence that seizure prophylaxis using phenobarbital, phenytoin, and
divalproex sodium in people with brain tumors is inconclusive at best. The
clinical heterogeneity between and within trials limits any claim to effectiveness
or ineffectiveness. Therefore, there is no data supporting the use of prophylac
tic antiepileptics, and the risk of adverse events limits their overall potential
benefit. Use of these antiepileptic drugs is associated with a higher risk of
adverse effects than in a control group, which is a major factor to consider
when deciding to start seizure prophylaxis. Neither tumor pathology nor sur
gical therapy affected the results.

There is a need for trials using adaptive randomization methods that will
allow us to test different newer antiepileptics. The active participation of neu
rosurgeons as investigators may enhance the impact of these trials in changing
clinical management paradigms and longstanding dogmas.

Commentaries

The balance of the potential benefit against the possible risk of complications
of treatment must always be considered in each individual case. The purpose of
this article was to present to clinicians the best available information on con

troversial subjects so a decision can be made with the best data available, rather
than to establish strict rules. With this idea in mind from the outset, we have
shown that prophylactic systemic antibiotics are indicated for the surgical in

troduction of ventricular shunts, while their use is not routinely advised in
patients with basilar skull fractures, even in the presence of CSF leakage.
Nor can the use of prophylactic anticonvulsants be recommended for people
with brain tumors who have not had seizures, even if they are undergoing a
craniotomy. Unfortunately, no relevant trial was found and no conclusions
could be reached about the use of prophylactic anticonvulsants in patients with
CSH  a very good example of an everyday pathology in neurosurgery that
requires further research. In addition to the call for further investigation into
relevant subjects, the intent of this article was to address major research points
for each subject to avoid duplication of work.
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Abstract

The aim of this work was to clarify the descriptive anatomy of the optic dural
sheath using microanatomical dissections on cadavers. The orbit is the rostral
part of the extradural neural axis compartment; the optic dural sheath forms
the central portion of the orbit.

In order to describe this specific anatomy, we carefully dissected 5 cadav
eric heads (10 orbits) up to the meningeal structure of the orbit and its con
tents. 1 cadaveric head was reserved for electron microscopy to add to our
knowledge of the collagen structure of the optic dural sheath.
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In this chapter, we describe the anatomy of the interperiostal dural concept
and the anatomy of the orbit. The optic dural sheath contains three portions:
the intracranial, the intracanalicular and the intraorbital segment. Each one has
specific anatomic relations which result in particular surgical considerations.

Keywords: Optic nerve; dural sheath; anatomy; skull base surgery.

Introduction

The dural sheath of the optic nerve is a structure which has received little
attention in the literature. Nevertheless, it illustrates a broader idea of the dura
mater: the interperiostodural concept. This sheath has the particularity of being
the longest of the transbasal sheaths. It courses along with the optic nerve from
its foramen to the orbit. At this point, it reinforces the sclera and provides the
optic globe with its characteristic biomechanical properties. In this chapter we
will successively discuss the embryology of optic nerves, the principles of the
interperiostodural concept followed by a descriptive anatomy of this dural
sheath and try to clarify its relations to nearby structures and the surgical
implications at the level of each of its three segments: intracranial, intracana
licular and intraorbital.

Embryology

The optic vesicle begins to form as an evagination on the diencephalic neural
fold on day 22. The stem of the optic vesicle narrows to form the optic stalk.
The nerve fibers that emerge from the retinal ganglion cells in the sixth week
travel through the optic stalk to reach the brain. The optic stalk is transformed
into the optic nerve. As the optic vesicle forms, it is surrounded by a sheath of
mesenchyme which differentiates to form the two coverings of the optic globe:
an inner, pigmented, vascular layer called the choroid (homologous in origin
with the pia mater and arachnoid membranes) and an outer, fibrous layer called
the sclera (homologous with the dura mater). This latter tissue gives rise to the
optic dural sheath whereas the choroid gives rise to the subarachnoid space
between the optic nerve and its dural sheath. The subarachnoid space extends
through the bony optic canal and along the optic nerve to the globe (Fig. 1A, B).
However, the extent of communication in the optic canal showed wide varia

tion from one specimen to another. This subarachnoid space is larger distally
(near the globe) than proximally (region of the optic canal). Elevation of intra

cranial cerebrospinal fluid pressure is transmitted to the subarachnoid space
surrounding the optic nerve sheath and thence into the optic nerve parenchy

ma leading to stasis of normal axoplasmic flow resulting in optic disk swelling.
This mechanical theory explains pathogenesis of disk swelling in patients with
clevated intracranial pressure.
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Fig. 1. Sagittal T2-weighted (A) and coronal T2-weighted (B) MRI scans of the orbit.
The cerebrospinal fluid is contained in the subarachnoid space surrounding the optic
nerve. This subarachnoid space extends through the bony optic canal and along the
optic nerve to the globe. (C) An electron micrographic coronal section of the dural
sheath of the optic nerve (X5000). The dura mater is composed of fibroblasts and
extensive quantities of extracellular collagen
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The interperiosteodural concept

The dura mater of the brain is comprised by two layers: an osteoperiostal layer
which adheres to the bone and a thicker, encephalic layer which remains in
contact to the arachnoid. These two layers adhere to one another at the level of
the cranial vault but are separated at the dural sinuses and the interperiosteo

dural spaces represented by the orbits, the cavernous spaces and the “epidural”
spinal space. These interperiosteodural spaces are filled with adipose tissue and
veins. The adipose tissue serves to improve movement between the two sheets.
The fatty tissue is less developed at the level of the cavernous space |7, 19].
Apart from the area of the sinuses, the venous lacunae are placed between
these sheets and are more developed near the clivus where they form the
petroclival venous confluence [3]. The internal carotid artery and the abducens
nerve pass through this interperiosteodural space [3, 8].

The interperiosteodural concept has been especially studied at the level of
the cavernous spaces. Ridley, in 1695, was the first to describe the parasellar
region as a venous space surrounding the internal carotid artery [14]. In 1732,
Winslow coined the term “cavernous sinus” for this region by analogy with the
cavernous body of the penis since it contains fibrous trabeculae within its
confines [20]. In 1949, first Taptas followed by Bonnet in 1955 described this
sinus as a space located between the two layers of the dura mater [1, 16]. This
space has been the object of numerous controversies. Finally, the notion of the
cavernous space as being a space located between an osteoperiostal layer and
an encephalic layer has since been extended to include the orbit and the spine
inasmuch as the interperiosteodural concept has become an accepted anatomi
cal concept extending from the coccyx to the sclera [9 11].

In the cavernous space, the lateral wall is thus constituted by a layer of
encephalic dura mater which is continuous with the encephalic layer covering
the middle cerebral fossa. This last mentioned is doubled by a second plane
formed by the juxtaposition of the dural sheathes of the cranial nerves coursing
along the lateral wall of the cavernous space [4, 12, 18]. Consequently, these
dural sheathes accompanying the cranial nerves up to the supetior orbital
fissure, which they cross in order to join the orbit, participate in forming the
thickness of the lateral wall of the space. The medial wall of the cavernous
space is formed by the hypophyseal dural sac constituted by the encephalic
dura mater [2] dorsally and the periostium which covers the sphenoid ventrally.
Between these two layers lie the coronary sinuses which represent intercaver
nous anastomoses just like the venous space of the clivus space anastomoses
with the petroclival venous confluence. At the junction of the cavernous space
and the orbit, the osteoperiostal layer continues through the periorbit while the
encephalic layer continues through the dural sheath of the optic nerve. Thus,
anatomic elements of the orbit annexed to the optic tracts are located between
these two structures. The dural sheath of the optic nerve forms a fibrous sleeve
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which is in fact an invagination of the encephalic layer of the anterior base of
the skull at the optic porus.

The orbit is therefore an interperiosteodural space corresponding to the
rostral prolongation of the cavernous space. This space contains the vascular
and nervous elements of the orbital cone surrounded by intra and extra conic
fatty islets. The dural sheath of the optic nerve is positioned at its center.

Described in this manner, the dural sheath of the optic nerve originates at
the level of the optic canal and accompanies the optic nerve to the sclera. It is
constituted by a close knit meshwork of collagen fibers (Fig. 1C). Its collagen
architecture provides indisputable mechanical properties since a 1 mm diameter
collagen fiber is estimated to have a resistance of 10 kg, The dural sheath of the
optic nerve includes three different segments which need to be described: the
very short intracranial segment, the intracanalicular segment in the optic canal
and an intraorbital segment which extends to the sclera.

Intracranial segment

This segment is very short and is essentially constituted by the invagination of
the encephalic layer of the sphenoid planum at the level of the optic canal. This
meningeal invagination does not adhere perfectly to the bone and gives rise to
the falciform ligament. It can be a few millimeters in length. This ligament
normally protects the dorsal surface of the optic nerve although, when an
infraoptic tumor is present, it may shear it. Indeed, meningiomas of the tuber

cule of the sella turcica or of the sellar diaphragm can lift up the visual path

ways and as a result, the ligament can leave its imprint on their dorsal surface.
This fact may explain some preoperative visual field defects. Accordingly, the
surgical approach to these tumors requires opening this falciform ligament
before mobilization of the visual pathways.

Intracanalicular segment

At this level, the relations of the dural sheath are mainly with bony structures
and the meninges.

Relations with bony structures

The dural sheath of the optic nerve exits the base of the skull through the optic
canal which courses obliquely in a lateral and ventral direction. It is located at
the junction of the lesser wing and the body of the sphenoid (Fig. 2). It comes
into close contact with the anterior clinoid process which forms its lateral
border. The anterior clinoid process is attached to the body of the sphenoid
by two bony bridges which form the floor and the roof of the optic canal [15].
The roof of the canal is anterior to the floor; this explains why the plane of the
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Fig. 2. (A) Superior view of the right optic canal. The dura mater has been removed.
The optic canal, which provides passage for the optic nerve and the ophthalmic artery,
opens into the orbital apex. It is separated from the superior orbital fissure by the optic
strut which forms the floor of the optic canal. The optic strut and the roof of the optic
canal constitute the anterior and posterior roots of the lesser wing of the sphenoid
bone. (B) Superior view of the roof of the cavernous sinus without dissection. (C) The
anterior clinoid process and the optic strut have been drilled to expose the anterior
clinoid space. The dura that lines the lower margin of the anterior clinoid process and
extends medially above the oculomotor nerve to surround the internal carotid artery
and form the proximal dural ring is referred to as the carotidoculomotor membrane.
The clinoid segment of the carotid artery is located between the proximal and distal
dural rings. Above the distal dural ring, the carotid artery lies in the subarachnoid space
and below it the cavernous sinus can be seen. (D) The proximal dural ring around the
carotid artery has been opened to expose the oculomotor nerve in the lateral wall of
the cavernous sinus (blue latex)
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Fig. 3. (A) Coronal section of the sphenoid sinus. The bone has been drilled to expose
the hypophyseal dural sac containing the hypophysis. The optic nerve lies above the
anterior loop of the carotid artery in the cavernous sinus. (B) Superior view of the right
optic canal. The bone has been drilled and the dural sheath of the optic nerve has been
opened to expose the optic nerve. The trochlear and frontal nerves cross the optic nerve
and lie outside muscles just below the periorbit. The ophthalmic artery arises from the
intracranial internal carotid artery and extends along the inferolateral aspect of the optic
sheath. (C) Superior view of the right orbit. The frontal nerve and the levator and
superior rectus muscles have been divided and reflected to expose the ophthalmic artery
and the nasociliary nerve as they pass above the optic nerve. The abducens nerve courses
on the medial side of the ophthalmic nerve in the cavernous sinus, but it passes below
the ophthalmic nerve in the superior orbital fissure to enter the medial surface of the
lateral rectus muscle. (D) Medial view of the left orbit. The levator and medial rectus
muscles have been sectioned to expose the distal dural sheath of the optic nerve near
the globe. After passing above the optic nerve (85% of the cases), the ophthalmic artery
courses between the superior oblique and the medial rectus muscles where it gives rise
to the anterior and posterior ethmoidal arteries, the posterior ciliary artery and the
meningeal branch for the dural sheath of the optic nerve

Ophth. N.
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optic porus is not coronal. The optic canal has a truncal form and is wider
in the back (elliptical shape) than in the front (circular shape). The optic
porus is separated from the superior orbital fissure by a bony bridge called
the “optic strut”. This structure is an important surgical landmark when acces
sing the extra dural portion of the anterior clinoid process. The “optic strut”
joins the lesser wing of the sphenoid to the lateral wall of the sphenoid sinus.
During the surgical treatment of spheno orbital meningiomas, loss of vision in
the patient requires that drilling be extended to the dural sheath of the optic
nerve. The optic strut should constitute the medial limit of the drilling process;
if drilling is continued further medially the sphenoid sinus will be opened,
exposing the patient to postoperative rhinorrhea and possible infectious com
plications. The floor of the optic canal forms a relief in the sphenoid sinus
which is an important landmark during endoscopic surgery of the pituitary
gland. At this level, it is located above the anterior bend of the intracavernous
carotid, lateral to the floor of the sella turcica. The bone can be very thin or
even absent and when that is the case, the dural sheath of the optic nerve is in
direct contact with the mucosa of the sphenoid sinus (Fig. 3A).

Meningeal relations

The meningeal relations of the dural sheath of the optic nerve are complex in
the region of the sella turcica. In order to clearly understand them, the anterior
clinoid process has to be drilled in order to expose the anterior clinoid space.
The dura mater covering the ventral surface of the clinoid process forms a
“carotidoculomotor membrane” strung between the internal carotid artery me
dially and the dural sheath of the oculomotor nerve. This membrane forms the
meningeal roof of the cavernous space (Fig. 2C). The carotidoculomotor mem
brane is constituted by encephalic dura mater; medially it forms the proximal
and distal carotid rings (Fig. 2D). The clinoid segment of the internal carotid is
comprised between these two rings. The internal carotid forms its cavernous
segments ventrally to the proximal carotid ring, Dorsally to the distal ring, it
penetrates into the subarachnoid spaces. At this point, the dural sheath of the
optic nerve is in contact with the distal carotid ring (Fig. 2D). The ophthalmic
artery constitutes the first branch of the internal carotid artery, arising medial to
the anterior clinoid process. It then joins the orbit after traversing the optic
canal.

During the surgical treatment of carotid and ophthalmic aneurysms, the
anterior clinoid process should be drilled in order to clearly expose the origin of
the ophthalmic artery and allow the aneurysm to be isolated with a clip.
Hashimoto [5] insisted on the fact that a preoperative 3D angioscan can help
the surgeon determine the exact location of the aneurysm’s collar in relation to
the optic strut (a radiological landmark) and thereby improve subsequent ther
apeutic strategy. When the aneurismal collar is dorsal to the optic strut, the
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aneurysm should most often be treated surgically. However, when the collar is
ventral to the optic strut, the aneurysm is intracavernous and should be treated
with an endovascular technique.

Yang ¢ al. [21] reviewed the principles involved in extradural anterior
clinoidectomy when techniques for the post traumatic decompression of the
optic nerve are employed. He underlined the fact that the clinoid segment of
the internal carotid is only separated from the medial border of the anterior
clinoid process by a thin meningeal sheet: the carotid collar. This meningeal
structure is stretched between the carotid rings. The proximal ring is often
incomplete while the distal ring is tightly packed. This fact explains why venous
blood coming from the cavernous spaces can surround the clinoid segment of
the internal carotid. A clinoidectomy using the extradural approach which is
indispensable for gaining access to the dural sheath of the optic nerve, can
prove to be difficult especially when the sheath is prominent caudally. It should
be carefully drilled so as to avoid injury to the internal carotid. After this
preparatory bony procedure, the dural sheath of the optic nerve is exposed
then incised along the optic nerve from the falciform ligament to the anular
tendon (anulus of Zinn) between the insertion of the lateral and superior rectus
muscles.

Intraorbital segment

In its orbital segment, the relations of the dural sheath of the optic nerve are
essentially with the vascular and nervous elements going to the orbit. At the
exit of the optic canal, the meninges of the sheath of the optic nerve become
particularly dense (Fig. 3B). At this level, it helps form the anular tendon ring
where the muscles providing mobility to the ocular globe and its annexes
(eyelid) insert. The anular tendon forms the apex of the orbital cone through
which course the dural sheath of the optic nerve dorsally in addition to the
abducens nerve, the nasociliary nerve, the superior and inferior branches of the
oculomotor nerve and the ophthalmic artery. The dural sheath of the optic
nerve is an essential surgical landmark beyond the anular tendon since it repre
sents the central element in the orbital cone formed by the rectus, levator and
oblique muscles. It is surrounded by adipose tissue which facilitates eye move
ments in the three spatial planes.

The ophthalmic artery arises at the medial border of the internal carotid, in
general beyond the distal carotid ring, but sometimes at the level of the clinoid
segment between the two carotid rings or at the cavernous sinus (8% of the
cases) [13, 15], below the proximal carotid ring. When this is the case, it joins
the orbit through the superior orbital fissure. The ophthalmic artery accom
panies the optic nerve in its sheath, traveling along its inferomedial border
(Fig. 3D). Beyond the optic canal, it travels obliquely through the sheath of
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the optic nerve and joins the orbital apex lateral to the optic nerve.
Occasionally, it gives off a recurrent branch in the optic canal which takes part
in the vascularization of the intracanalicular segment of the optic nerve [17]. In
85% of the cases, the ophthalmic artery crosses the dural sheath of the optic
nerve dorsally where it lies between the medial rectus and superior oblique
muscles before giving rise to the anterior and posterior ethmoid arteries. The
ophthalmic artery also gives rise to the lacrymal, the ciliary, the supraorbital, the
medial palpebral, the infratrochlear and the dorsal nasal arteries. The central
retinal artery is the smallest of its branches considering its diameter but the
most important according to its function since it is a terminal branch which
provides vascularization to the macula. The central retinal artery enters the
lower surface of the optic nerve at the junction between the anterior 1/3
and median 1/3 about twenty millimeters from the optic canal following a
short, serpiginous trajectory. There it passes to the center of the optic nerve
up to the globe and vascularizes the retina. The central retinal artery can
present anatomical variations: origin by a common trunk along with the pos
terior ciliary or muscular arteries, a proximal origin with a long intraorbital
trajectory before penetrating the dural sheath of the optic nerve, or finally,
with a distal origin and a very short intraorbital trajectory. The intraorbital
portion of the optic nerve derives its blood supply from a rich anastomotic
vascular network located in the pia mater which is supplied by the ciliary
arteries. Optic nerve meningiomas are derived from arachnoidal cap cells
and may grow in a subdural, extradural or combined location. It may focally
enlarge or may extend axially along the nerve to the intracranial compartment.
Optic sheath meningioma in the posterior orbit are virtually impossible to
resect completely without resulting in blindness. Optic neuropathy after surgi
cal treatment may be due to inadvertent retraction, vascular compromise or
heat transmission from bipolar coagulation energy or drilling.

In summary, five different elements cross the orbital segment of the dural
sheath of the optic nerve dorsally:

e The trochlear nerve in the back of the orbit which exits the cavernous space
through the superior orbital fissure. It has an extra conic trajectory under
the periorbit and joins to the superior oblique muscle which it innervates
(Fig. 3B).

e The frontal nerve, the dorsal dividing branch of the ophthalmic nerve, which
arises at the superior orbital fissure outside the common tendon ring and lies
under the periorbit in front of the trochlear nerve. It courses above the
levator muscle and gives off the supratrochlear and supraorbital nerves
(Fig. 3C).

e The nasociliary nerve is the second dividing branch of the ophthalmic
nerve. It also arises at the superior orbital fissure ventrally to the frontal
nerve. It travels in the orbital cone and joins the anteromedial compart
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ment of the orbit. It gives off the long ciliary nerves and distributes sym
pathetic fibers to the dilator muscle of the pupil. These fibers course
around the intracavernous carotid and join the ophthalmic nerve at the
cavernous space.

e The ophthalmic artery crosses over the optic nerve’s dural sheath. It some
times crosses the dural sheath of the optic nerve ventrally before reaching
the anteromedial compartment of the orbit.

e The superior ophthalmic vein receives anastomoses from the facial and
supraorbital veins. It travels under the superior rectus muscle and crosses
over the dural sheath of the optic nerve before taking up a position along the
sheath’s lateral border. It empties into the cavernous space by exiting the
orbit through the superior orbital fissure, outside the anular tendon.

Orbital lesions can be approached by the transcranial, transmandibular,
transnasal, transethmoid, or finally, the lateral or transconjunctival orbital route
[13]. The choice of surgical approach depends on the lesion’s localization, size,
and characteristics as well as the operator’s experience and preference. Most of
the time, two approaches are available to neurosurgeons: the transcranial and
the lateral approach. The transcranial provides access to the orbital apex
through its dorsal wall and to the compartment located medial to the dural
sheath of the optic nerve when the space between the levator muscles of the
eyelid and the superior oblique are open. In order to treat lesions which have
appeared in front of the superior orbital fissure or along the lateral border of
the dural sheath of the optic nerve, the surgeon must open the space located
between the superior and the lateral rectus muscles [6]. These upper
approaches require a craniotomy and drilling of the roof of the orbit. The
trochlear and frontal nerves are particularly exposed to injury due to their
extraconic location, under the periorbit. In contrast, the central retinal artery
is protected by the dural sheath of the optic nerve. In lateral approaches to the
orbit, drilling removes the lateral wall of the orbit and provides access to
the inferolateral quadrant of the orbit by passing under the lateral rectus mus
cle. This approach minimizes the risks of injury to the trochlear and frontal
nerves but opens the door to injuring the central retinal artery or the short
ciliary nerves.

Conclusion

The optic dural sheath is the longest dural sheath. It describes an intracranial,
intracanalicular and intraorbital segments with specific surgical implications.
The optic dural sheath forms the encephalic layer of the orbital compartment
of the extra dural axis compartment which is an anatomic concept applied
from the coccyx to the orbit.
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Abstract

For two decades, endovascular coiling has revolutionized the treatment of
intracranial aneurysms. However, as with all techniques, it has limitations
and endovascular radiologists and neurosurgeons are regularly confronted by
what we call “failed” coiled aneurysms. Failed coiled aneurysms can occur in
different situations: a) presence of a significant remnant at the end of an
endovascular procedure; b) recanalization of an initially satisfactory occlusion;
and c) coil extrusion deemed too thrombogenic or threatening the blood flow
in the parent vessel. We and other teams around the world have developed
strategies to manage these difficult cases. Here, we compare our own experi
ence with other reports in the literature.

Keywords: Clipping; coil embolization; coiling; complications; endovascular therapy;
intracranial aneurysm,; recanalization; residual aneurysm; subarachnoid haemorrhage;
surgery postembolization.
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Introduction

Since 1991, endovascular coiling (EVC) with Guglielmi detachable coils (GDC,
Boston Scientific, Fremont, CA, USA) has progressively become an additional,
effective treatment for intracranial aneurysms (ICA), in particular for those of
the posterior circulation and those that have ruptured [13, 28, 29]. However, as
with all techniques, EVC has several limitations (Table 1). First, up to 69% of
patients undergoing EVC have thromboembolic events demonstrated using
diffusion weighted MR imaging, with 27% experiencing clinical deterioration
[30, 40, 45]; other teams report a 9% rate of clinical ischaemic events [17, 49],
with 3% having haemorrhagic complications [17] and 5% persistent deficits
[30]. Second, the technique requires considerable irradiation, with around 530
chest X ray doses for an EVC procedure plus doses related to the control
angiography and possible second EVC [3, 21, 24, 32, 42], which occurs in
about 10% of all ICA treated by EVC [10]. Third, there is an aneurysm

Table 1. EVC presents a high rate of

TEE — PPMby <69% —7.1%
Irradiation 530"

Residue 43.2% (81%)?
Recanalization 17.2% (2.4-71.4%)>
Cost at 1 year? $45.493

EVC endovascular coiling; PPMby permanent procedural morbidity; TEE thromboem-
bolic event observed by diffusion weighted magnetic resonance imaging.

"About 530 chest X-ray doses for an EVC procedure [32].

2Evaluation with time-of-flight magnetic resonance angiography [16].

Depends on the aneurysm size [29].

4EVC is most costly at 1 year than surgical clipping [25].

Near CO

100 100
75 75
50 50
25 - 25 -
Giant
0 0 mall

Fig. 1. Recanalization % varies depending on: Co complete occlusion; EVC endovas-
cular coiling; SC surgical clipping
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remnant in up to 43.2% of cases [15, 29], or even more if analyzed using time
of flight resonance magnetic angiography [16]. Fourth, EVC shows a high rate
of recanalization averaging about 17.2%, but varying between 2.4 and 71.4%,
depending on the degree of aneurysm occlusion and its size (Fig, 1) [15, 29,
38]. It has been demonstrated that aneurysm recanalization occurs significantly
more often after EVC than after surgical clipping (SC) [7, 29, 47]. When
complete occlusion is achieved with EVC, the rate of recanalization varies
between 2.4 and 42.9% [29], depending on the aneurysm size, while after
SC this rate is 1.5 to 2.4% |7, 47]. This rate of recanalization is even higher
in cases of near complete occlusion (residue of 5% or less; grade I or II of
Sindou [44]), with 22.7 to 71.4% being recanalized after EVC compared to
7.1 to 16.6% after SC [7, 29, 47]. Fifth and finally, in the United States, EVC
appears to be more costly at one year than SC although direct comparison of
both treatment arms in the International Subarachnoid Aneurysm Trial (ISAT)
showed similar costs for the two therapies at 24 month follow up [25, 51].

Table 2. Three types of failed coiled aneurysms (FCA)

A Attempts
no coil left in the aneurysm

B >2mm high aneurysmal residue
at >6 months post EVC

C Complication
Coil extrusion/compression

>5% or 22 mm
| high residue

Fig. 2. Failed coiled aneurysm of group B
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Table 3. Rerupture % within 2 years after EVC [19]

Cco 1.1
Near CO (Residue < 10%) 2.9
Partial O 23.5

Median time to rerupture was 3 days (range 1 day to 1.1 year) and 58% died.
CARAT Cerebral Aneurysm Rerupture After Treatment; CO complete occlusion;
EVC endovascular coiling.

When an ICA is not completely or nearly completely occluded by EVC at a
six month follow up, it is labelled a failed coiled aneurysm (FCA; grade 111 to V
of Sindou [44]) and can be one of three types (Table 2) [14]: type A, when an
EVC attempt was carried out but no coil is left in the aneurysm; type B (Fig. 2),
when there is an aneurysm residue of more than 5% or at least 2 mm between
the aneurysm neck and the coil mass base at six months or later after EVC; and
type C, when a complication related to EVC requires an urgent open surgical
procedure (coil extrusion or nerve compression by the coil package).

Another problem associated with EVC is the risk of re rupture (Table 3).
In 2008, one study [19] reported that the re rupture percentage following EVC
was 1.1% after complete occlusion, 2.9% after near complete occlusion
(residue <10%), and as high as 23.5% after partial occlusion. It must be
stressed that the median time to re rupture was three days and 58% of the
patients who re ruptured died. Therefore, patients who have a marked aneu
rysm residue or recanalization after EVC always require strict follow up, with
an additional obliteration procedure when there is a treatable aneurysm residue.

Experience of our group

In February 1996, we instituted our department of Neurosurgery and our
neurovascular group at the Saint Luc University Hospital, Brussels. Since then,
endovascular coiling (EVC) has been considered as the first line treatment
option for ruptured and unruptured intracranial aneurysms, notably in the
following situations: first, no compressive haematoma requiring urgent evacu
ation; second, aneurysm located on the posterior circulation; third, patients
with a poor medical condition or more than 65 years old; fourth, ruptured
aneurysm, especially if not a middle cerebral artery aneurysm; and fifth, aneur
ysms with a fundus neck ratio greater than or equal to 2.5, neck diameter less
than 4 mm, not giant, and with no thrombus inside the aneurysm.

From February 1996 to August 2009, a consecutive series of 819 aneur
ysms, with significantly more cases in the last few years, was assessed by our
group; 80% were treated while the other 20% were monitored (Fig. 3; Table 4).
Of the aneurysms that were treated, 275 (42%) were recommended for an
EVC procedure and 380 (58%) underwent SC. The EVC procedure performed
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1
Treated

Fig. 3. Flowchart of our general ICA population from February 1996* to August 2009
with the management of our FCA (%). EVC endovascular coiling; February 1996%,
creation of our department; FCA failed coiled aneurysm; F-up follow-up; ICA intracra-
nial aneurysm; SAH subarachnoid hemorrhage; SC surgical clipping. 265*, =275 ICA
submitted to an EVC minus the 10 patients who died within one month post EVC 3%,
three patients after a 2nd ineffective EVC procedure went for open surgery

by our team has already been reported in previous papers [35, 36]. EVC was
essentially performed by one endovascular radiologist (P. Goffette) who used
Guglielmi electrolitically detachable coils (GDC, Boston Scientific, Fremont,
CA, USA) in all cases, associated regulatly in recent years with a balloon assist
technique or stent deployment (Neuroform II, Boston Scientific).

EVC was associated with complete occlusion of the aneurysm in 62.4% of
cases, near complete occlusion in 24%, partial occlusion in 5.6%, and
attempted occlusion in 8% (Table 5). SC achieved complete occlusion in
90.5% of cases (95% if unruptured aneurysms [1]), near complete occlusion
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Table 4. Population with one or more ICA entered in our department between its
opening in February 1996 to August 2009 and our management strategies (%)

by Management strategies

Follow-up  Treatment

by EVC SC

Patients number 651 122 (19) 529 (81) 249 (47) 280 (53)
Sex

F/M 2.1 2.2 2.1 2.1 2
Average age
(min—-max), mo

F 51(21-89) 58 (21-86) 50 (21-89) 50 (21-84) 51 (28-89)

M 52 (21-77) 60 (21-76) 49 (1.8-77) 50 (1.8-73) 49 (33-77)
Patient with 275 (42) 66 (24) 209 (76) 92 (44) 117 (56)
multiple ICA
ICA number 819 164 (20) 655 (80) 275 (42) 380 (58)

EVC Endovascular coiling; F female; ICA intracranial aneurysm; M male; mo months;
SC surgical clipping.

Table 5. Occlusion rates obtained by EVC or SC in 655 consecutive ICA (%)

Treatment
» EVC SC
Aneurysm number 655 275 (42) 380 (58)
Occlusion rate
CcO 515 (79) 171 (62.4) 344 (90.5%)
Near CO 88 (13) 66 (24) 22 (6)
Partial O 19 (3) 15 (5.6) 4 (1)
Attempt 24 (4) 237 (8) 2°(0.5)
No postop angiography 8 (1) - 8(2)

CO complete occlusion; EVC endovascular coiling; F female; ICA intracranial aneurysm;
M male; Postop postoperative; SC surgical clipping.

(90.5%), becomes 95% in case of unruptered aneurysms [1].

23?, three patients had more than one EVC attempt.

2°, 1 wrapping and one surgical approach impossible because of cerebral oedema.

in 6%, partial occlusion in 1%, and attempted occlusion in 0.5%. At the end of
August 2009 and at least 6 months post EVC, there were 57 (31 4 26) FCA,
representing 22% of the cases that underwent an EVC procedure (Table 6;
Fig. 3). These 57 cases comprised 69% of the partially occluded, and, of course,
all aneurysms in which EVC had been attempted but failed.



205

Surgical indications and techniques

"Sy1eap ayl bu pn doxa paie nd ed alam sabeiusdiad JaYyl0
"DS JOJ JUSM pue DAJ puz ayi Jslje paz euedal susled € ‘17
‘bu paa gal Mau 3 qssod Jo Jaie skep may e A padadxaun pap 1d | ‘wsedsosea Ag
pPamo 0} DAJ bu np abeyiioway p ouydelegns e padus Jadxa s1d 7 1(§ pue 7 = SN4AA) U0 1 puod ed U > Jood el u ue pamoyssid € ‘. (97) 9
"u01puod edu D Jood pue D paimdni yimsid 7 ‘. (€1) ¢
DA 150d 830415 D Wayds yds way T e pado sasp puodas syl DA 150d papas gai 1us jed suo ‘. (€) ¢
"1dwisne DAJ suo ueyl aiow pey sius led syl ‘. (8) €

‘snoauriuods Juods ‘budd > ed bins HS ueuwsal
329U Yb Y Wi Z < e Y} M 9Nnp SaJ JO UO 1eZ BUBDAJ S3Y/39y ‘WsAIinaue e ueldesju Dy ‘bu 03 Je ndSeaopus HAF ‘Uo sndd0 18 dwod 0D

l S L - 14 Ll - - - 40909 (®¢€r dweny
0 - S € L (696 0 ()1 (e «Ene Gl O eued
0 - 8 14 6 (60) 6L  (0%) 61 - (I 9z 9¢ 99 0D JeaN
0 l 9 L 1% L)zl (€6) 651 0 0 0 LLL 0D
l 9 4 9 «lz (L9 (1) le (L9 8LL L (Ll1)yez  (9€ol ST ¢
bupusdy suog bBupusd suoqg
DS DA3 puz o1
uo SN X200 0D Jeau
1507 1uswileas) puz sy BEN| 9qels wods 0D uods yreaq VD DA3

1UBW}e3I) PUZ PUB (%) S31BJ UOISNIII0 [eiyjul Iyl 03 buipiodde pue HAF Aq 1sii) paieasl vl Jo dn-mojjo) uoisn>30 °9 ajqel



.M
>
O k= + X:! S 2L/l «d/0D ST 8 0Z  (od) 2d-1 + 4/19 wll
E = + X! S 24 OD1esN G'¢ z S Yooy - i/1v ol
2 = + L9 S Ll 0D 14 14 14 Yooy  + 4/59 6
= = + €9 S a4 0D JeaN € 8 44 VOIN-1 - /€S 8
o = + 4] q 24 ODlesN ¥ L Sz (ydo) od-y + i/8v L
m = + L9 q L ODIesN  G'¢ 14 g V0Dd-Y + IN/6S 9
5 = + L9 S 8 0D JesN z Gl Gl YOOV - IN/19 S
G = + L9 S 0z 0D ST 14 S vooy  + IN/09 14
= + 19 4 24 d 14 14 4 V0Dd-1 + IN/€9 €
= + €9 S ¥9/1 d/d 4 8 %43 VON-Y - IN/€S «C
= + | v 4) d v € ZL divd-y + /L€ L
(dnp saJ wishunsue yb y ww z< ‘wshkinaue syl sp su s 0d) g dnoin
= + v g z 1dwany z v Ll VOOV - N/tS L
= + v S - dweany gL L z YODV - N/or 9
= + v 4 - 1dweny 14 L £ VOIN-Y + 4/99 S
= + v € - dweny ¢ z S VOIN-1 - 4/95 14
= + v S L 1dweny l 9 4! 22194~ - i/L€ €
= + v q - dwany L z 14 VOIN-T + i/6€ 14
= + v q L dweny g 4 0l 1] eg - 4/€s l
(wshinaue sy} spsu 01 ou ‘DAJ pardwane) v dnoio
SOD 0D  °dhL SOD  (w/w)dey puz/isL  N/4  (Ww) XN (Ww) v U0 18207
X9S ‘ou
SO OA3 wshinauy  HYS  /(IA) by 1ud 1ed

206

D pue g ‘v sdnoub ss.y1 ur painqLisip pue Aisbins usado Aq pareat) swsAinauyy pajioD pajie{ dA1NI3SUOD 9Z Jno Jo Aiewwns *f d|qel



207

Surgical indications and techniques

"121)9p Jojouwl

YD s 1US SUBIL ., ‘SO QNOJL SBALUDOD 1YD S 7 UO 1BS euRDaJ 9A ss21b04d B} 101 UoW 01 ueds | -0 Bue suo pue ss ydeibo Hue sy}
1USMIBPUN 1US 1ed 3y} ‘ainpadold JAT puUZ Y3 JaLke SYuow Z| 3yl buInp ,71/8 966 | 210430 PaZ OQUIS 349M SJUD 1ed 0OM] 353U} 4| | ‘.7
“Jeak A

‘fousbiawd u SO (N) ‘(w/w) DAJ yoea Jaije (W) Syuow Jo Jaquinu u euad e pawopad Aydeibo Bue Ag paiesisuowap aseasdu anp sl
1o U0 1es euedal (Ww/w) 29y ‘Wb 4y ‘A1s1ie Je 909133 10 JS4U 10 19150d VD[4 ‘Wishinaue A13 Jen 1o 193s0d o4 ‘Aislie eso eduad jedusd ‘Aispe
Bu 182 UNWIWOD 10 19150d /0D ‘wshinaue p ou dejed |24 19%G < aNp $aJ ‘U0 sn 230 e Led 4 ‘wsAinaue > w eyydo ydo ‘pawioylad ainpadoid
ed buns Jo a2dA1 sy 01 A Bu piodde palysse d A1abins usdo SO Aispe BIgaIDd S PP W YO 'S Xe 1S9DbUO /7 [SYluow W D ew p 4d 7T
‘AJS}Je p104ED BUISIU YD/ {(SOD 3 gels Surawi=) 3 BDS W0JINO MODSe © SOD ‘0 18J 323u/puny N/ ‘9 B4 4 'paz euedal AMo s U ebe
Y2 Ym uo sn 210 e 1ed A uo paydeal pue UO 1BS BURDSJ J9}4E JSIB SYIUOW 7/ PawIopad sem ainpadosd pig e pue uo sn 220 938 dwod Y3 m
191e shep g1 paie dwod A nj sem HAT AQ Juswiiealy 9yl “dsu oyl U Adle p 1oJed euidlu 2y} O S Soquioy} e AQ paidniialu sem AT 1S4
31 4d/0D (214 1US 25 UOISOg ' WIOJOININ) JUS1S B JO 3sn ay) 2] dsap 218 dwod Jeau Sem JAF puods ‘218 dwiod sem IAT1sII 0D 1e3N/0D
‘aunpadold e3> bins (N) 3usbin ue Ag PaMO 04 UO SNIIXS 0D NJIXd (10D ‘S9INPad0id OM] JO U0 ‘Bu 01 Je ndseropus DA T ‘Aydeibo bue Ag
P91LJISUOWSP UO SN D20 3318 dwod O ‘bu dd p Ag pamo 04 snpuny ybnoldyi Uo 1DeIIXS 0 7D ! 95SaA Jualed ybnNoiyl Uuo 1Deixa 01 /D ydau
BNP $94 343 JO 2ININS AQ PIMO 04 U0 109534 0D SNPUNY g 23U BNp s34 9y} Jo bu dd > Ag pamo 0420 q U3 U0 }2953) 0D SNpun4 £g '3 q ssod
uoied dded >3094pIng 01 Y} M aNp Sal 3ypau zg ‘uoed dde d d 194 p 40} ybnoua anp Sad 3Pau /g ‘A191ie Bu 18D UNWWOoD JO Jslue oDy

= + (N2 g - Shilxe 0D G'¢ € L VOIN-d - /€9 4
—_— + (N)1d 1 - SNixe 03  G'¢ Sl 14 VOOV + 4/6€ l

(UosniIxa 0D :uoied dwod HAJ) D dnoio

et + X:! S LLL 0D T € 9 vooy  + /9 L1
= + L9 q q d 'L g€ 4 voov  + W/zv 9l
= JesN zq q «CL/8 40D Je3aN/0D L SY 8 VD d-T + /95 Gl
q + g 4 L1 0D ST ¥4 9 edlad-1 + /vt rl
g + K:! € 9€ 0D JeaN z z 4 vooy  + 1/vS €l
= + K:! g a4 0D JeaN € z 9 V0Dd-1 - /55 zl



208 C. RAFTOPOULOS and G. VAZ

In these 57 FCA, 27 (47%) underwent a second EVC procedure (Table 6;
Fig. 3), 29 (10.5% of all the aneurysms initially treated by EVC) were selected for
a surgical procedure, and one patient was lost. In three of the patients who had a
second EVC procedure, the aneurysm recanalized and SC was performed. Of
the 32 FCA (11.6%) that were selected for surgical occlusion, 26 had already
undergone surgery by the end of August 2009, and 6 patients are scheduled for
upcoming surgery. Among the 26 FCA who have already had the open surgical
procedure, 58% had had a previous subarachnoid haemorrhage (Fig. 3).

For the FCA undergoing SC, since one year, the procedure is first per
formed virtually using the Dextroscope (Volumes Interactions, Bracco,
Singapore) before going to the operating room. The Dextroscope allows
the user to see a 3D virtual reality multimodal patient’s head with its intra
cranial vessels and helps the neurosurgeon to familiarize him/her self to the
forthcoming surgery. The SC procedure was performed under mild hypother
mia (33°C) and electroencephalographic burst suppression [32, 33, 35 37].
Temporary clipping and evoked potentials were used when required. The
most frequent surgical approach was a pterional approach. In all cases, clips
designed by Perneczky were used (Zeppelin GbmH, Pullack, Germany and
later Peter Lazic GbmH, Tuttlingen, Germany) [31]. This type of clip offers
two fundamental advantages: (1) A larger operative field vision during the
clipping process because the applying forceps hold the clip inside its ends;
and (2) the possibility of removing these clips over a wide range of angles with
a removing forceps fitting between the clip’s ends. These clips can, thus, be
easily removed allowing more clipping trials to obtain complete aneurysm
occlusion. All the procedures were performed by the first author (CR)
assisted by the co author (GV). Intermittent temporary occlusion of the
parent vessel was used in 54% of the 26 FCA, and was always less than
ten minutes except in one case without clinical consequence (Table 7,
group B, patient 14). If a longer temporary occlusion was required, we
stopped the occlusion after ten minutes to allow reflow for at least five
minutes before restarting temporary occlusion. All patients had post opera
tive cerebral angiography by femoral catheterisation.

Our population and illustrative cases

Group A (Table 7), with seven cases of attempted EVC, represents the stan
dard procedure for the neurosurgeon, but these were difficult cases. Indeed, all
these cases either had an unfavourable morphology (wide aneurysm neck,
fundus neck ratio <2.5, or arterial branch at the aneurysm neck) for stabilizing
the coil inside the aneurysm or showed particularities, such as access vessel
tortuosity, atheromatosis or fibromuscular dysplasia, which prevented the
endovascular radiologist from navigating the endovascular catheter to the an
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Fig. 4a. Large left paraclinoid aneurysm (posterior variant) (Table 7, group B, patient
11). (A) Before endovascular coiling (EVC); (B) after the first EVC with near complete
occlusion (CO) but poor coil packing, this first EVC was interrupted by thrombus
formation in the internal carotid artery at the neck that was removed surgically; the
endovascular procedure was completed 13 days later; (C) recanalization; (D) second
EVC with partial occlusion; (E) second recanalization; (F) complete occlusion by surgical

clipping

Fig. 4b. Intraoperative photograph showing, through a left pterional approach, the
reconstruction of the internal carotid artery (solid arrow head) with three short slightly
curved fenestrated clips. On the left (open arrow head), three coil loops are visible
outside the aneurysm wall probably after a slow migration through the fundus wall
itself
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eurysm neck. EVC was attempted in these cases either because the endovas
cular radiologist thought he could succeed or because the patient was in a poor
clinical condition and we agreed to try to at least occlude the fundus.

For FCA with coils inside the aneurysm (group B; Table 7), there were
several specific situations. The less difficult case was when the recanalization
was large enough to allow direct application of one or multiple clips (Table 7,
patient 11) (Figs. 4a, 4b ). Another situation was when the recanalization
occurred with coils partly present in the aneurysm neck (Table 7, patient 7,

Fig. 5. Large right paraclinoid aneurysm (Table 7, group B, patient 7). (A) Just before
the EVC; (B) at the end of EVC with near complete occlusion but poorly packed coils in
the fundus and partly migrated in the parent vessel; (C) recanalization at 24 months;
(D) surgical complete occlusion with the migrated coil incorporated in the neck and
parent vessel walls

Fig. 6a. Small left PICA aneurysm (Table 7, group B, patient 15). (A) first complete
endovascular coiling (EVC); (B) first recanalization; (C) second EVC with a stent (the
two stars indicate the stent extremity markers, Neuroform I, Boston Scientific);
(D) second recanalization; E, nearly complete occlusion after direct clip application
(the only case considered not completely occluded after surgical clipping)
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Fig. 6b. Intraoperative photograph showing, through a left retrosigmoid approach
(the left ear is located at the upper left), two clips (two open arrow heads) on the part
of the aneurysm neck which was not filled with coils. A temporary clip on the left
vertebral artery through the left mixed nerves is also visible (solid arrow head).

Fig. 5 and patient 15, Figs. 6a, 6b) and, in one case, with a stent in the parent
vessel (patient 15, Figs. 6a, 6b). In these situations, we had to dissect and
precisely place the clips on the part of the aneurysm neck that was free of coil.
In the case with the stent present in the parent vessel (Fig. 6a). we could
temporarily clip the parent vessel, the left vertebral artery (Fig. 6b), with no
difficulty probably because the stent was already integrated into the vessel
wall. In three cases (Table 7, group B, patients 1, 2 and 8), although we
thought there was enough aneurysm residue for direct clip application, we
unfortunately experienced a parent vessel stenosis by the clip being pushed
onto the parent vessel by the coil mass. We therefore resected the aneurysm
fundus with the coil mass either in an en block (patient 8, Figs. 7a, 7b) or a
piecemeal fashion. Once the fundus with the coil mass had been resected, we
were able to streamline the clip application onto the aneurysm neck,
avoiding any parent vessel stenosis. In another case (Table 7, group B,
patient 14) (Figs. 8a, 8b), after piecemeal resection of the fundus with the
coils, there was not enough neck remnant for clip application without parent
vessel stenosis. In this case, we were obliged to perform a suture with 3
stitches of an 8.0 thread plus application of a microclip on a residual leak.
In group C cases (Table 7, group C), there were two different situations: In
the first (Fig. 9a). an anterior communicating artery aneurysm was initially
completely occluded by EVC, but then presented a coil extrusion into the
parent vessel, up to the left Sylvian bifurcation. Because of the significant
length of the extruded coil and the potential thromboembolic risk, we decided
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Fig. 7a. Small left middle cerebral artery aneurysm (Table 7, group B, patient 8).
(A) Before endovascular coiling (EVC); (B) after near complete occlusion by EVC;
(C) recanalization; (D) complete occlusion by surgical clipping after en bloc resection
of the aneurysm fundus filled with coils.

to extract it as an emergency (Fig. 9b). A report of this case has previously been
published in full [34]. It was a straightforward procedure consisting essentially
of temporary clipping of both the left and right A1 segments and, with the help
of a hook, anchoring the coil and extracting it (Fig. 9b). The post operative
evolution was uneventful. The second case (Fig. 10a) occurred after complete
occlusion of a right small middle cerebral artery aneurysm by EVC when
multiple coil loops extruded into the left mild cerebral artery bifurcation.
The surgical procedure was also performed as an emergency and involved
extracting the entire coil mass and the extruded coils through the fundus
(Fig. 10b). During this procedure, we observed that already only two hours
after the EVC, the coil mass was already very adherent to the aneurysm wall,
but not enough to preclude its extraction. Regarding our entire series of 26
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Fig. 7b. Intraoperative picture showing, through a left pterional approach, the ““en
bloc” resected fundus full of coils. The coils appear clearly imbedded into a dense
intraaneurysmal fibrosis precluding all coil extraction. One straight clip is placed on the
remaining aneurysm neck without any parent vessel stenosis. On the upper left, a
blade is used to retract the left temporal lobe. No retractor on the left frontal lobe

consecutive FCA, complete occlusion was performed in 25 cases (96%), only
one patient deteriorated slightly after surgery (patient 17 in group B; Table 7)
and no mortality was observed.

Our classification of FCA and its lessons

Our experience has led us to subdivide group B into four subgroups (Fig. 11):
Subgroup B1, in which there was enough remnant to allow direct clip applica
tion on the entire aneurysm neck without any coil manipulation (#»  11); sub
group B2, in which presence of coil in the neck obliged us to precisely locate
the occluding clip on the free of coil aneurysm neck (#  2); subgroup B3, in
which we had to perform a fundus coil resection followed by clip application
on the neck remnant (#  3); and subgroup B4, in which after fundus and coil
resection there was not enough neck remnant to allow a direct clip application
so that a suture was required (# 1). For group C FCA, we subdivided it into
two subgroups: Subgroup C1, when the extruded coil could be extracted
through a small opening at the aneurysm base on the parent vessel followed
by closure of the opening with a single stitch (# 1); and subgroup C2, when
the coil mass with the extruded coil could be extracted through the aneurysm
fundus (# 1).

Among this population of 26 FCA that have been clipped so far, 23 (88%)
were on the anterior circulation; 7 cases were in group A, 11 in B1, 21in B2, 3 in
B3,1in B4,1in Cl and 1 in C2 (Table 7; Fig. 11). The time between EVC and
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Fig. 8a. Small left pericallosal artery aneurysm seen from a right approach (Table 7,
group B, patient 14). (A) Before endovascular coiling (EVC); (B) after complete occlu-
sion by EVC; (C) recanalization; (D) complete occlusion by neck suture and one micro
clip after piecemeal resection of the aneurysm fundus full of coils

SC of FCA of group B was on average 29 months, the median being at
24 months.

Our classification of FCA (Fig. 11), represents a modification of the Gurian
classification [14], with group B subdivided into four subgroups of increasing
difficulty, and group C into two subgroups of increasing difficulty. The cases in
group A and subgroup B1 represent situations similar to our standard neuro
vascular practice but often on morphologically complex aneurysms. The cases
in the other subgroups are different in terms of difficulty and risk. Subgroup
C2, followed by subgroups B3 and B4, present difficulties of increasing mag
nitude. Situations such as those found in subgroup B4 should be carefully
avoided, with regular radiological monitoring of the aneurysm to wait for a
larger recanalization. The surgical danger in this subgroup clearly outweighs the
risk of waiting for a larger neck remnant. Indeed, the only case we had in this
group B4 (Table 7, patient 14) was also the only case where we had to tempo
rarily clip the parent vessel for more than 10 minutes, fortunately without
morbidity. Considering cases of type B3, the application on the aneurysm neck
stenosing the parent vessel helps to guide the surgeon in his/her resection of
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Fig. 8b. Intraoperative image showing, via a right interhemispheric approach, the
opened aneurysm fundus full of incorporated coil which was piecemeal resected to
access the aneurysm neck; unfortunately the residual aneurysm neck was too small to
allow direct clip application and a difficult suture using three stitches with a 8.0 thread
plus a microclip was required. Left: a blade slightly retracts the sagittal falx; right:
another blade slightly retracts the right hemisphere

Fig. 9a. Small anterior communicant artery aneurysm (Table 7, group C, patient 1).
(A) Before endovascular coiling; (B) after complete occlusion and unravelling of the last
coil up to the left Sylvian artery bifurcation; (C) after complete removal of the floating
extruded coil

the aneurysm fundus with the coil mass inside, maintaining sufficient neck for
repositioning of a direct clip. For patients in subgroup C1, physicians must
weigh the thromboembolic risks associated with extruded coils of different
lengths and spatial volumes into the parent vessels [2, 40, 46], as recently
reported in a case of delayed coil migration [12], against the risks of a few
days or weeks of anticoagulant and antiaggregant treatment. Considering all
types of FCA (Fig. 11), the lowest risk is associated with types A, B1 and B2.
Types B3 and B4 should be left for a period of careful follow up until the

aneurysm neck is large enough for direct clip application. For group C, these
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Fig. 9b. Intraoperative photograph showing, through a left pterional approach, the
unravelled coiled on a hook used for its extraction through the parent vessel. (1) Left
optic nerve; (2) aneurysm sac; (3) left A1; open head arrow temporary clip on left A1;
solid head arrow temporary clip on right A1

Fig. 10a. Small right middle cerebral artery aneurysm (Table 7, group C, patient 2).
(A) Before endovascular coiling (EVC); (B) after complete occlusion but at the end of
the EVC massive coil migration into the parent vessel and unravelling of a coil
(C) complete occlusion by one clip after transaneurysmal coil extraction

cases should remain rare with the development of better endoluminar tools and
implants like protective stents or pipeline devices [23, 41, 43]. However,
deployment of a stent increases the complication rate [11, 17, 27, 43] and
the long term stability of these new devices needs to be demonstrated [39].
In the majority of our 26 FCA treated with an open surgical procedure,
temporary clipping was used either to reduce the pressure inside the aneurysm
or to allow the resection en bloc or piecemeal of the aneurysm sac with its coils
or to extract the coils through the aneurysm fundus. We have never had to use
extra intracranial (EC IC) bypass, or a trapping or wrapping procedure to
control the FCA. In order to avoid potentially very dangerous surgical proce
dures, as with FCA types B3 and B4, we now wait for a residue height of at
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Fig. 10b. Intraoperative picture showing, through a right pterional approach, the coil
mass extracted through the incised aneurysm fundus within two hours after the en-
dovascular procedure complicated by coil migration into the parent vessel. Upper right,
a blade slightly retracts the right temporal lobe

least 3 mm when the aneurysm neck width is 3 mm or more. A residue of this
size should enable the aneurysm neck wall to be sufficiently large for direct clip
application without causing parent vessel stenosis.

Experiences of other teams

Table 8 summarises the publications that have reported different surgical man

agements of FCA [4 6, 8,9, 14, 18, 20, 22, 206, 37, 406, 48, 50, 52, 53]. Analysis
of this table shows that FCA are predominantly anterior circulation aneurysms,
the proportion varying between 65 and 100%. The majority of publications
focused only on FCA of type B or C. In our experience, 50% of FCA (13/26)
were distributed in subgroups Bl or B2 (direct clip application) while this
percentage varies between 18 and 90% in the literature (Table 8). There is
no other reported case of coil extraction through the parent vessel, probably
indicating that physicians prefer to use an anticoagulant antiaggregant treat

ment in most cases even though a coil that migrates into the parent vessel
can induce severe permanent ischaemic stroke [12]. Considering coil extraction
through an aneurysm fundus, in our classification subgroup C2 (Fig. 11), the
largest series was reported by Thornton e a/. in 2000 with 9 cases in a seties of
11 FCA [46]. However, the majority of authors prefer to avoid such a proce

dure which is only relatively safe within hours after EVC before the develop

ment of strong coil adhesion to the aneurysm fundus. Complete occlusion of
FCA was possible in 25 of our 26 cases (96%), while in the literature this rate
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A

2: Clip 2: Suture

B1 B2 B3 B4

2: Suture 2: Clip
C1 Cc2

Fig. 11. Modified classification of Failed Coiled Aneurysms (n = 26), Three main types
according to Gurian et al., (A) attempted endovascular coiling without coil left in the
aneurysm (n=7); (B) at least 6 months after endovascular coiling, coils inside the
aneurysm and a > 2mm high aneurysm residue (n=17); (C) endovascular coiling
complication, coil extrusion into the parent vessel (n=2). Six subtypes. B1: enough
residue along the aneurysm neck for direct clip application (DCA) (n=11); B2: coil into
the aneurysm neck but residue large enough for direct clip application (n = 2); B3: first
fundus coil resection (FCR), in bloc or piecemeal, followed by clip application (n = 3);
B4: first FCR followed by suture (n=1); C1: coil extraction through parent vessel
(CEtPV) followed by a single stitch of the small parent vessel opening (n=1); C2: first
coil extraction through fundus (CEtF) followed by clip application (n=1); a subtype
C3: corresponding to a coil mass compressing a neural structure could be imagined,
however as we have never met such a situation we have not included this type in this
classification (n=0). Red aneurysm lumen or residue; black coils; green clip or suture;
orange coil extraction within or outside the aneurysm fundus. DCA direct clip applica-
tion; FCR fundus with coil resection; CEtPV coil extraction through parent vessel; CEtF
coil extraction through fundus

varies between 50%, reported by Thornton ez al. [46], and 98%, reported by
Zhang et al. in 2003 using intraoperative angiography control [53].

Our morbidity percentage was 4% consisting in slight cognitive troubles in
a small FCA of subgroup B1 (patient 17, Table 7); in the literature this rate
varies between 0 and 10%. The highest percentage was reported by Lejeune
et al. with 10% [22], a rate similar to the 9% reported by the International
Subarachnoid Aneurysm Trial [4]. Reported mortality rates, absent in our
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group, vary between 0 and 14%. Gurian ez 2/ in 1995 reported the highest
mortality rate of 14% [14]; the majority of their perioperative deaths were in
complex cases, cither because of the aneurysm size, difficult location (posterior
circulation) or due to the initial poor clinical condition of the patient.

If we consider only the series of at least 10 cases, each report has its own
particularities. Gurian e a/. reported a series of 21 FCA [14]; this team was the
first to present a classification of the FCA into three groups, A, B and C, a
classification which is now widely used in the literature. Four cases in their
series were treated before GDC was available. This series showed the same rate
of SC for FCA as we did, around 11% of all aneurysms submitted to an EVC
(Fig. 3). These authors used 8 EC IC bypasses and intraoperative angiography.
They reported the highest mortality rate of 14%, but in two cases this was
related to difficulties occurring during the EVC procedure.

Thornton e# al. presented a series of 11 cases [46]. Nine of these 11 cases
involved a coil extraction through the aneurysm fundus (subgroup C2, Fig. 11).
These authors reported the lowest complete occlusion rate after surgery (50%).

Zhang ¢t al., reported a series of 40 cases [53] with 3 bypasses, 3 wrapping,
3 hypothermic circulatory arrests, intraoperative angiography in all cases, the
highest complete occlusion rate (98%), and two perioperative deaths (5%).

Veznedaroglu ez al., in their 18 cases [48], reported 15 clippings with com
plete occlusion and 3 wrappings, with no morbidity and no mortality. These
authors recommended that the height of the aneurysmal remnant should be at
least twice that of the neck to avoid stenosing the parent vessel with the clips.
They used intraoperative angiography.

In the small case series of Konig ef al., all 10 cases were located on the
anterior circulation and had direct clip application with in one case coils ex
traction; no morbidity and no mortality was reported [20].

The series reported by Campi e/ a/. was not focused on the surgical man
agement of FCA [4]. If we consider their FCA operated late (more than 3
months after EVC; 25 cases) as being FCA of type group B, we observed a
morbidity of 9%.

Lejeune e7 al. [22] reported 21 cases with only two cases of type A; all FCA
were clipped; two coil extractions were reported; 19 FCA (90%) were
completely occluded; two patients (9.5%) developed moderate disability.

The largest series of 43 cases was reported by Waldron ef /. [50] and was
characterised by an increasing trend in FCA occurrence and a 23% rate of
unclippable FCA with 42% of cases being large or giant aneurysms and no coil
extraction reported. Seven by passes were performed. These authors presented
a ratio of coil width to compaction height as potentially predictive of clipp
ability. A perioperative mortality rate of 7% was reported.

Regarding our surgical experience with 26 FCA, there is a decreasing trend in
FCA during recent years, in contrast to the findings of Waldron’s group; three
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fundus coil mass resections and two coils extractions were performed; complete
occlusion was possible in 92% of our series without any deaths and our experi
ence led us to desctibe a modified Gurian classification with, in particular, four
subgroups in group B and two subgroups in group C (Fig. 11). The increasing
trend for FCA requiring a second, open surgical procedure that was recently
reported by Waldron ¢f al. [50] was related by the authors to a wider access to
endovascular procedures, less experienced newly trained endovascular practi
tioners, and the preference of patients for minimally invasive procedures. We
believe that our opposite observation of a decreasing trend in FCA, is related to
that fact that since the start of our program, in February 1996, the same neu
rovascular team has been in charge of the neurovascular pathology in our
University and each case is discussed by this team to ensure careful selection
of the best technique for each aneurysm with 58% of the ICA being initially
selected for SC (Fig, 3). The increased experience of our team during this time
period, the considerable experience of our endovascular radiologist, and
improvements in endovascular techniques and devices, such as new stents, rep
resent other likely reasons for the reduced rate of FCA.

Conclusions

All FCA can be categorised into the different groups and subgroups of our
modified classification, allowing the neurosurgeon to better appreciate the diffi

culties and potential risks associated with each type. This modified classification
encourages the neurosurgeon to wait until an aneurysm residue is large enough
for direct clip application. With better collaboration between endovascular radi

ologists and vascular neurosurgeons, increased experience of endovascular radi

ologists, and better endovascular tools and devices, the rate of occurrence of
FCA should stabilise or even decrease. However, the most effective strategy to
reduce the rate of FCA remains a pluridisciplinary approach to identify the best
technique with the lowest risk and the highest probability of stable complete
occlusion for each aneurysm. Even if endovascular techniques continue to
improve, they will still have the inherent disadvantage of their endoluminal
approach, including thromboembolic risks and difficulty to ensure a permanent
stable complete or near complete occlusion of the aneurysm.
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