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New directions in neoadjuvant therapy for rectal cancer
Mohammed Mohiuddin® and Majid M. Mohiuddin®

Neoadjuvant chemoradiation therapy in rectal cancer has
yielded exciting data on response to treatment and is now
widely accepted as essential for the optimum treatment of
this disease. Although a variety of drugs (5-fluorouracil,
irinotecan, oxaliplatin) and molecular targeted therapy
(vascular endothelial growth factor inhibitors, epidermal
growth factor receptor inhibitors, etc.) are being explored
as single agents or in combination with radiotherapy, the
results of treatment have plateaued with response rates
of 65-70% and complete pathological responses of
10-20%. This review analysis makes it possible for the
underlying factors in the continued lack of improvement
and examines potential new directions for future
approaches to management of this disease. Anti-Cancer

In 2010, colorectal cancer is the third most likely cancer
diagnosis among men and women in the USA, with rectal
cancer representing approximately 30% of the cases [1].
In patients younger than 40 years of age, the incidence of
rectal cancer seems to be increasing out of proportion
compared with colon cancer, according to the Surveillance
Epidemiology and End Results database [2]. Naturally,
finding long-term cures with functional preservation of
the anal sphincter and with minimal side effects is the
ultimate therapeutic goal for these patients. To under-
stand a way forward in multimodality treatment, it may
be of help to reassess our past approaches.

Forty years ago, surgery alone was the standard of care for
rectal cancer, but high cure rates were seen only in the
early stage (T'1-T2 NO) of the disease. Locally advanced
(T3-T4 NO, or N+) rectal cancers had an unaccep-
table local recurrence rate of 25-40% [3,4]. As surgical
techniques improved including better anastomoses, pel-
vic lymph node evaluation, and en-bloc dissection, local
control rates also improved but were still too high [5].
The addition of postoperative radiation improved the
locoregional control (LLRC) by 35% (in one meta-
analysis), but still it did not impact disease-free survival
(DFS), distant metastasis (DM), or overall survival (OS)
[6]. During the period from the 1980s to the early 1990s,
postoperative radiation for T'3 or N1 disease became the
US standard, and trials such as INT/NCCTG 86-47-51
showed that addition of chemotherapy to the radiation
further improved local control [7,8]. Other studies such
as NCCTG 79-47-51 and GITSG GI-7175 showed
improvements in DM and DFS [9,10]. Importantly, the
need for postoperative radiation despite a more extensive
and meticulous surgery such as the total mesorectal
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excision procedure was highlighted by the fact that
radiation still cuts the local failure rate by half [11].

Until the last decade or so, the field of rectal oncology has
been relatively static from the point of view of chemo-
therapeutic agents. From the 1960s to the 1990s, the
adjuvant treatment has largely centered on a single agent,
5-fluorouracil (5-FU), with recently reported studies such
as INT-0114 and INT-0144 tweaking differences in
delivery [comparing bolus, modified bolus, and contin-
uous venous infusion (CVI)] or sequencing with or
without biological modifiers (e.g. leucovorin, levamisole,
semustine, etc.) [8,12,13]. The overall conclusion is that
continuous infusion of 5-FU is more effective than bolus
delivery by allowing a more sustained pharmokinetics
that is useful when given along with the radiation.
Capecitabine (Xeloda, [.a Roche AG, Basel, Switzerland)
is a 5-FU prodrug oral agent that has been added to the
arsenal because of its convenience in delivery over
infusion. Unfortunately, as other agents such as cisplatin,
taxanes, and gemcitabine have not been as effective in
the adjuvant or metastatic setting for rectal cancer, they
have not been tried in the definitive setting with
radiation.

During this time, a number of single institutions had
been pushing neoadjuvant chemoradiation therapy long
before the phase III German study was finally reported
in 2005 [14-16]. A review of all phase II and III
neoadjuvant therapy studies from 1965 to 2004 including
3157 patients showed that the following three factors
on multivariate analysis predict for an improvement in
pathologic response rates: continuous infusion of 5FU,
two-drug regimen (excluding folinic acid), and a higher
radiation dose [17]. The overall pathologic complete
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response (pCR) rate reported was 13%, with a range of
0-67%. The German study finally overturned the
National Cancer Institute postoperative standard when
it showed improved local control (doubled), sphincter-
preservation rates (doubled), and no detriment in the OS
[18]. The treatment in this study used continuous
infusion of 5-FU and conventional radiation doses of
45-50.4 Gy, thus representing the new standard of care.
Although showing efficacy over the adjuvant technique, it
is important to note that the pCR rate for neoadjuvant
treatment in the German study was surprisingly only 10%
for T'3 tumors and 0% for T4 tumors.

Meanwhile, there has been an influx of new and
promising chemotherapy agents for colorectal cancer that
show a systemic efficacy for metastatic disease. Capeci-
tabine offers an oral convenience with a similar pharmo-
kinetics to continuous infusion of 5-FU. Other oral
fluoropyrimidine agents such as uracil and tegafur and S1
(derivative that inhibits degradation) have been tried
[19,20]. Irinotecan was added to 5-FU as FOLFIRI
and has shown promise in DFS for colon cancer, and
oxaliplatin was added as FOLFOX in the metastatic and
adjuvant settings [21,22]. Biological agents such as
epidermal growth factor receptor (EGFR) modifiers,
such as cetuximab, and antiangiogenesis drugs, such as
bevacizumab, are currently under investigation and have
been detailed elsewhere in this issue of the journal.

Unfortunately, recent phase I or II neoadjuvant rectal
studies have shown that these newer agents are merely
being added to the current continuous infusion of 5-FU
regimens while keeping all other factors the same, in-
cluding the radiation dose. This may seem like the logical
next step when extrapolating from metastatic disease, but
it is not really marching in step with the ongoing impro-
vements in surgery and radiation treatment delivery.
Therefore, not surprisingly, there has been no real impro-
vement as shown by the very recent failure of oxaliplatin.

In the phase III ACCORD 12/0405-Prodige2 trial
reported in April 2010, 45Gy with capecitabine
(800 mg/m?, twice daily) was compared with 50 Gy with
capecitabine (800 mg/m?, twice daily) and oxaliplatin
(50 mg/m?, every week) [23]. The pathological complete
response rate was not statistically significantly different
at 14% versus 19%, whereas the grade 3 toxicity was 1%
versus 25%, respectively. In fact, the experimental arm
represents a step backwards as the radiation dose was
decreased to 45 Gy in the interest of adding the new drug
because of the concern for the added toxicity. The
investigators concluded that next time, capecitabine
should be given with a radiation dose of at least 50 Gy.
The multicenter phase III Italian STAR study of 747
patients treated with a radiation dose of 50.4 Gy also
showed that the addition of oxaliplatin weekly to stan-
dard FU-based preoperative combined radiation therapy
significantly increases toxicity without affecting the local

tumor response [24]. The reduced pathologic metastatic
rate suggested a potential effect on distant micrometas-
tases. These two studies typify many other study designs
in which the effective dose of the backbone, 5-FU, may
be decreased to accommodate the new drug. If anything,
by emphasizing only the new chemotherapy agent as
the experimental variable, they suggest only small and
incremental improvements in local control, sphincter pre-
servation, and the decrease of systemic metastasis.

To further compound this locked-in paradigm in medical
oncology (i.e. more is better), German researchers
investigated the addition of cetuximab to the oxaliplatin
and capecitabine regimen (triple therapy), in anticipation
that the above two trials of doublet therapy would have
been positive [25]. German investigators analyzing three
prospective phase I-II trials using this schema showed
that the pCR rate went down from 14 to 9% with the
addition of cetuximab. They concluded that there was
a ‘subadditive interaction’ with more agents, and that
the impressive results of cetuximab seen in metastatic
colorectal cancer may not be simply transferred to combined
chemoradiation protocols.

Thus, in the last 5-6 years, the results of neoadjuvant
therapy have shown little improvement despite the use of
other multiple cytotoxic agents in a more intensified
approach as part of the neoadjuvant strategy. There is
usually more of toxicity and less efficacy. The new
molecular targeted agents such as antivascular endothe-
lial growth factor (VEGF) (bevacizumab) or anti-EGFR
agents (cetuximab, panatumimab, etc.) seem to hold so
much promise have also failed to have any meaningful
impact on the rates of pCR or on the survival of patients
[26-29]. The current pCR rates still range between 5 and
30%. The higher pCR rates reported in some studies are
often a function of inclusion of patients in early stage
with small volume disease rather than a true reflection of
efficacy of neoadjuvant therapy.

Part of the problem is that the rationale for using a
multidrug combination in the neoadjuvant setting is
based on the success of such combinations in the treat-
ment of metastatic colon cancer rather than rectal cancer
per se. There is an assumption that there are no intrinsic
differences in the biology of these tumors. These drugs in
one setting may not provide the synergy with radiation in
another. The approach of chemotherapy intensification as
part of the neoadjuvant therapy, therefore, needs to be re-
examined as to whether this is the right strategy when
the role of chemotherapy is nominally as a radiation sensi-
tizer to enhance local effects rather than as a systemic
therapy, although the latter could be having a significant
collateral benefit.

In short, the results of neoadjuvant therapy suggest that
a third of rectal cancers will have pCR or a near pCR, a
third will show good partial response (downstaging), and
a third of the tumors will remain bulky and largely



unaffected. This differential response is clearly governed
by factors such as tumor volume and by the genetic
fingerprint of the tumor, which are directly related in
that as tumors grow larger, they exhibit greater genetic
mutations and growth independence leading to poorer
outcomes. Clearly, therefore, a neoadjuvant strategy cannot
be a ‘one-size-fits-all’ approach but requires optimization.

A new approach needs to change our current thinking by
altering other variables than the addition of another
chemotherapy agent. The first step would be radiation
dose escalation (total dose and daily fraction size) as
radiation is the most effective single cytotoxic agent that
can also be delivered in a very targeted manner. The
second step would be to re-examine the known effective
radiosensitizers, which are not necessarily the most
effective ones against colorectal cancer but which may
enhance the effect of radiation though they have not
been adequately tested in rectal cancer in the past
pursuit of tweaking the 5-FU delivery. The third step
would be to add chemotherapy agents in a sequential
manner with concurrent radiation instead of suboptimal
doses of drugs, all given together in the hope of maximal
effects. The fourth step would be to tailor the treatment
for individual patients based on the biology of their
tumor.

Radiation dose

It is one of the mysteries of modern cancer therapy
that the widespread strategy in the combined modality
treatment of gastrointestinal (GI) cancers is to deliver
a dose of 50.4 Gy of radiation at 1.8 Gy per fraction with
chemotherapy, whether treating stage T1/2 cancers or
bulky T4 cancers. This accepted practice (National
Comprehensive Cancer Network, American Society of
Clinical Oncology guidelines) is based on a notion of
radiation tolerance limitations for the small bowel
[30,31]. In a biologically dynamic system, using a physical
agent that predicts a certain cell kill per unit dose means
that it is illogical to expect that the response to larger
tumors is likely to be the same as small tumors.

In true dose-escalation manner, the Lyon R96-02 study
reported in 2004 on 88 patients with low rectum T2/T3
tumors with less than two thirds ofcircumferential in-
volvement [32]. The patients received 39 Gy at 3 Gy/Fx
with half of the patients receiving an additional
endocavitary boost of 85Gy in three fractions using
contact X-rays. Twelve patients had a further brachyther-
apy boost of 20-30 Gy and seven patients never under-
went surgery because of a good response. No concurrent
chemotherapy was given. The study reported a clinical
complete response of 2 versus 24% and a pathologic
sterilization rate of 34 versus 57%, respectively, with a
sphincter preservation rate of 44 versus 76% in favor of
the boost. There was no difference in morbidity, local
failure, or OS at 2 years. The 2-year local relapse-free
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survival (RFS) was 88% in the external beam radiation
therapy group and 92% in the external beam radiation
therapy and boost group. The study shows that dose
escalation alone does have a significant effect on down-
staging rectal disease.

The Princess Margaret Hospital (PMH) reviewed three
phase II studies for T3-T4 or N + patients treated with
continuous infusion of 5-FU in a dose-escalation manner
of 40 Gy/20 Fx, 46 Gy/23 Fx, or 50 Gy/25Fx. These co-
horts showed a pCR rate of 15, 23, and 33%, respectively.
In 2 years, the study showed an improvement in local
RFS, DFS, and OS with a dose of 46 Gy or more [33]. A
phase 1 dose-escalation trial of 45Gy to the pelvis
(1.8 Gy/Fx) with continuous infusion of 5-FU followed
by concomitant boosts of 1.2 Gy twice daily to 54.6, 57,
and 61.8 Gy was tolerable and resulted in 96% of patients
with a negative margin at resection [34].

We have described earlier a clinical staging system based
on volume and tumor fixity, which allows the radiation
dose to be titrated to the extent of disease for optimized
outcomes [35]. With modern surgical techniques, resec-
tions can be carried out safely even after high (> 50 Gy)
or ultra high-dose reirradiation (> 85Gy) of the pelvis
[32,34,36]. Dose painting techniques combined with
improved tumor imaging can deliver focally higher dose
radiation to regions of primary tumor, and the fear of
surgical complications should no longer be a limiting
factor. The high-dose region of the rectum is likely to be
sacrificed in the surgical specimen so that long-term
toxicity is not a concern. In addition, the use of con-
formal, smaller portals of radiation to the gross discase
only, will limit the toxicity to the bowel as seen in earlier
studies with radiosensitizers. The benefit of increased
pCR rates, disease control, and survival of the patient
with T4 or bulky tumors, however, could be substantial.

Radiation dose per fraction

An improved dose response has been noted not just for
total dose but dose per fraction. When treating at doses
more than 2Gy, the PMH reported that patients
receiving 40 Gy at 2.5 Gy/Fx had a complete response in
49% of mobile tumors, 22% of partially fixed ones, and 9%
of fixed cancers [33,37]. Derdel ez /. [38] using a similar
fractionation scheme as the PMH but without chemo-
therapy reported 62% downstaging (> 50% regression)
with a pCR rate of 20% as compared with only 35%
downstaging and 0% pCR rate at 45-50 Gy at 1.8 Gy/Fx.
A prospective phase II study of preoperative short-course
radiation for rectal cancer used 2.9 Gy twice daily (5.8 Gy/
day) to a total dose of 29 Gy was well tolerated with 92%
local control [39]. A dose-escalation phase I/II study to a
total dose of 45-54 Gy with CVI of 5-FU but using 1.8 Gy
to the pelvis with a twice-a-week concurrent boost of
2.7 Gy to the tumor reported an overall pCR rate of 24%
and 50% for tumors less than 200 cc [40].
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In-vitro tumor models of combined modality therapy
shows that 1.8 Gy produces modest sensitization as it is
largely at the shoulder region of the cell survival curve.
Sensitization increases significantly within the exponen-
tial double-strand break region of the cell survival curve
[41]. Our experimental data on 5-FU/radiation interac-
tion suggest that 1.8-2 Gy induces thymidylate synthase
induction and produces modest sensitization or additive
effect. However, at higher dose/Fx, an exponentially
greater sensitization is seen in wild-type cells and more
particularly in mutant cell lines [42]. Therefore, in large
rectal cancers in which mutations such as p53, K-ras, and
other regulatory genes are common, treatment with
higher dose/Fx (2.25-2.5Gy) with chemotherapy may
yield substantially higher pCR rates. Therefore, both the
total dose and the dose per fraction need to be increased.

In a phase II RTOG-0012 study combining total dose and
daily fraction escalation, Mohiuddin ez /. [43] reported on
T3-T4 distal rectal tumors within 9cm of the dentate
line treated with CVI of 5-FU and radiation. One arm
received a high-dose fractionation of 55.2-60 Gy at 1.2 Gy
twice daily (2.4 Gy/day), whereas the other arm received
irinotecan in addition to 5-FU with a standard radiation
dose of 50.4-54 Gy at 1.8 Gy/Fx. The study reported a
pCR rate of 28%, the highest in any multi-institutional
study. For T3 tumors (72% of the total patients), the pCR
rate was 35%. Even the T4 tumors (28%) had an 18%
pCR rate. There were no increased postsurgical compli-
cations. These response rates are significant when put
in the context of the RTOG-0247 study using standard
50.4 Gy along with capecitabine/oxaliplatin or capecita-
bine/irinotecan [44]. The pCR rate was 18 and 10%,
respectively, which were both lower than the pCR of 28%
in the high-dose radiation and CVI of 5-FU arm alone,
despite the fact that RTOG-0247 had fewer (11%) T4
tumors. The German rectal cancer trial achieved a weak
pCR rate of 25% for T2 tumors, 10% in T3 cancers, and
0% in T4 cancers using a dose of 50.4 Gy with infusion of
5-FU. The difference in response can be attributed to the
higher dose of radiation in RTOG-0012.

Chemoradiotherapy

5-FU continues to remain the mainstay of chemoradiation
combined therapy for GI cancers. It is still unclear as to
whether this combination results in true sensitization or
produces additive effects. It has been postulated that it is
the radiation that sensitizes the 5-FU effect rather than
the other way round [45]. 5-FU radiosensitization occurs
at drug concentrations that are lower than those required
for independent cytotoxic effect. This accounts for the
widespread acceptance for 5-FU in designing chemo-
radiation approaches for GI cancers. The process of
radiation sensitization of 5-FU is discussed in other
papers of the journal. However, in large tumors drug
delivery to cells may be insufficient to be fully exploited
in the current chemoradiation schedules. Continuous

infusion of 5-FU has, therefore, yielded better outcomes
as compared with bolus infusion [8]. Capecitabine is an
oral agent that mimics continuous infusion of 5-FU and
may have a theoretical advantage in that the radiation
induces intracellular thymidine phosphorylase, which is
necessary for the conversion of capecitabine to the active
metabolite [46]. However, it has never been tested as to
whether 5-FU is necessary throughout the whole cycle of
radiation or most effective at the beginning or at the end
of the treatment.

In-vitro experiments with other agents have shown that
enhanced tumor cell killing can be shown with any
number of drugs especially the ones used for rectal cancer
therapy (5-FU, irinotecan, oxaliplatin, etc.). However,
the data from xenograft models and the failure of clinical
benefit suggest that the conventional approach may
produce a limited benefit and further intensification by
expanding the number of related agents may be counter-
productive, resulting in enhanced toxicity rather than
improved tumor regression [19,47-49]. Tumor popula-
tions that respond to the addition of one drug with
radiation may be the same population that responds to
the use of a second or a third drug, so that in effect the
same sensitive cells may be killed over and over by the
multidrug regimen and radiation. The strategy therefore
needs to focus not on the sensitive cells but on the cells
that are not affected by the current chemoradiation
combination.

Although 5-FU remains a key component in adjuvant
therapy, other drugs such as mitomycin-C, which also
sensitizes hypoxic cells, but might have a lower systemic
profile for response in metastatic colorectal cancer, may
in fact exhibit a higher synergy with radiation than 5-FU
in the early phase of treatment and need to be system-
atically investigated [50].

Gemcitabine

Gemcitabine (2'2'-difluro-2-deoxycytidine) is a fluorine-
substituted analog of cytarabine. It has shown antitumor
activity in a number of murine tumor models and in
human tumor xenografts, and may in fact be a better
sensitizer to radiation than 5-FU [51]. Gemcitabine even
at low concentrations, much lower than the therapeutic
doses, decreases the intracellular deoxyribose nucleotide
pools and enhances the radiosensitivity of cells i vitro
[52]. In clinical practice, gemcitabine administration
is targeted for systemic effects at 1-2mg/m? but for
radiation sensitization, a low dose, 24-h infusion is likely
to produce optimum results. A dose of 400 mg/m?* weekly
over 7 weeks with 30 Gy in 10 fractions in 2 weeks has
been the neoadjuvant protocol at MD Anderson Cancer
Center for locally advanced pancreatic cancer [53,54].
When compared with 5-FU given with 30 Gy in 10 frac-
tions and an intraoperative boost of 10 Gy, the gemcita-
bine regimen resulted in a pathologic partial response
(> 50% nonviable tumor cells) of over 50 versus 40% and



a successful resection rate of 74% compared with 60% with
5-FU chemoradiation. More surprisingly, two patients had a
complete pathologic response with the use of gemcitabine.
The optimal dosing and combination of gemcitabine and
radiation in pancreatic cancer has not been examined. A
phase I study attempted dose escalation of weekly 350, 400,
and 500 mg/m? with 30 Gy. This study suggested that a
dose of 500 mg,/m2 was too toxic [55]. Yet, a Taiwanese
study of 50.4-61.2 Gy with a dose of 600 mg/m* weekly, of
gemcitabine versus 5-FU (500 mg/m? daily for 3 days every
14 days) showed an objective response rate of 50 versus
13% and a median survival of 14.5 versus 6.7 months,
respectively [56]. The CALGB 89805 phase 11 study used
40 mg/m* twice weekly with 50.4 Gy with good LRC [57].
The University of Michigan protocol reported tolerable
toxicities with a systemic dose of 1000 mg/m? (on days 1,
8, and 15 of the 28-day cycle) and a daily dose escalation
of 0.2 Gy starting at 24 Gy at the rate of 1.6 Gy a day in 3
weeks [58]. They concluded that 36 Gy at 2.4 Gy/day was
tolerable, only if the radiation encompassed only the gross
tumor and not the regional lymph nodes. The phase 11
trial reported a disease control rate of 84.6% with 16 of
the 17 resected specimens having no microscopic disease
at the margin [59].

Phase I-II trials combined 1.25 Gy twice a day to a total
dose of 50Gy for locally advanced stage II-III rectal
cancers [60]. The dose of gemcitabine in this study
started at 10mg/m® given twice a week and was dose
escalated by 5 mg/m” to the final tolerated dose of 40 mg/m®.
Among the 36 patients who underwent surgery, 17
(47%) had a marked pathologic response, including six
(17%) with a microscopically complete response and
11 (30%) with only microscopically residual carcinoma of
less than 1 cm. All patients had clear surgical margins, and
the 3-year actuarial OS rate was 85%, LRC was 94.5%, and
DFS was 67%. Gemcitabine at a dose of 75 mg/m? weekly
with a continuous infusion of 5-FU (225 mg/mz) has been
attempted with 45 Gy to the pelvis for locally advanced
rectal cancer and is found to be tolerable [61]. It seems
that gemcitabine is a potent radiosensitizer that is gaining
momentum for use in GI tumors, but gemcitabine, either
alone or in combination with 5-FU, as a radiosensitizer for
primary rectal cancer has not been studied adequately
and needs to be further explored.

Taxanes

There are no studies using taxanes in colorectal cancer
but they are currently utilized clinically as effective
radiosensitizers in the treatment of nonsmall cell lung
cancer and head and neck cancer [62-64]. Taxanes
disrupt chromatin structure and chromosome segregation
in mitosis. Paclitaxel (Taxol, Bristol-Mayers Squibb, New
York) and docetaxel (Taxotere, Sanofi-Aventis, Bridge-
water, New Jersey, USA) bind to the N-terminal 31
amino-acid sequence of the B-tublin subunit of the
tubulin polymers. Docetaxel has higher binding affinity
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for the tubulin-binding site and greater cytotoxicity
in vitro, but clinically they have different toxicity profiles
[65]. The taxanes cause G2/M cell arrest, which is a very
radiosensitive phase. The timing of drug delivery is
important, as the paclitaxel-induced G1 arrest can cause
more resistance by preventing cycling to G2/M. Reex-
amining the role of taxanes to enhance radiosensitization
either with 5-FU or other agents in rectal cancer may
provide an enhancement of effect especially in mutant
cell lines deficient in G2/M block.

The use of taxanes in abdominal malignancies is scant.
Before gemcitabine, an MD Anderson pilot study of only
35 patients used paclitaxel (60 mg/m?; 3h given weekly)
along with 30Gy in 10 fractions as a preoperative
radiosensitizer in resectable pancreatic cancer. This
approach was deemed feasible, but did not show any
advantages over 5-FU [66]. Another study using a dose of
50 mg/m?/week with 50 Gy for locally advanced pancreatic
cancer yielded a response rate of 26% and a median
survival of 8 months [67]. RTOG 98-12 showed a 43%
1-year survival rate with paclitaxel/radiation for patients
with locally advanced pancreatic cancer, representing a
40% improvement in survival rate compared with the
earlier RTOG 92-09 study of 5-FU-based chemoradiation
[68]. Perhaps, because of the successful use of taxanes in
lung cancer, paclitaxel (50 mg/m?, weekly) with cisplatin
(25 mg/mz, weekly) and concurrent radiation has been
used in the most recent RTOG 0113 and 0436 studies of
thoracic esophageal cancer. One of the advantages of
taxane-based therapy over 5-FU was its less severe
mucosal reactions, and the cisplatin/paclitaxel combina-
tion yielded a clinical complete response rate close to
35% [69]. Although encouraging, the method of drug
delivery may explain the varying results of paclitaxel in
these disease sites. Continuous infusion of paclitaxel
(24h for 5 or 7 days) has been used successfully with a
higher dose irradiation for mesothelioma, nonsmall cell
lung carcinoma, and locally advanced head and neck
squamous cell cancers [63,64,70]. It may be that the
dose-response relationship for radiosensitization depends
more on exposure duration than the peak concentration
[71]. Currently, the acceptable phase II levels for 5-day
and 7-day infusions would be 21 and 10.5 mg/m*/day,
respectively [53]. Paclitaxel has not been used in rectal
cancer so far and deserves evaluation either alone or in
combination with other agents.

Platins

Cisplatin is a known radiosensitizer since the 1960s and
has been used in a number of disease sites, including
lung, head and neck, and gynecological malignancies. It
seems to inhibit the DNA synthesis by intrastrand cross-
links. With radiation, cisplatin seems to inhibit poten-
tially lethal damage repair and cause radiosensitization of
hypoxic tumor cells [72]. Unfortunately, cisplatin has not
shown a systemic effect when used alone in rectal cancer
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and so it has not been explored in combination with
radiation for definitive treatment. In contrast, oxaliplatin
seems to be effective in the treatment of systemic
colorectal disease, and so medical oncologists extrapolate
that it may be effective clinically in the definitive setting
with radiation without many in-vitro studies. Oxaliplatin,
such as carboplatin, has a different side effect profile and
may not be as effective with radiation as cisplatin. This
might account for the disappointing results when added
to 5-FU and radiation in clinical studies to date [48].
Rather than extrapolate from one setting into the defini-
tive one and assume similarity based on being in the same
class, it would be more worthwhile to experiment using
a true radiation sensitizer such as cisplatin itself, which is
routinely used in esophageal cancer [69]. In anal cancer,
the phase III RTOG 98-11 trial attempted to replace
mitomycin C with cisplatin when given along with 5-FU
and radiation [73]. Its failure in the treatment of anal
cancer may be an example of overlapping effects in the
same sensitive cell populations as compared with a true
spatial cooperation.

Cetuximab (epidermal growth factor receptor)

EGFR overexpression is frequently detected in colorectal
cancers and has been associated with poor prognosis
and resistance to radiation therapy [74-76]. EGFR
is a tyrosine kinase cell surface receptor encoded by
the c-erbB-1 proto-oncogene that plays a role in signal
transduction through phosphorylation of mitogen-acti-
vated protein kinase through the Ras/Raf pathway. EGFR
can increase tumorigenicity by promoting cell cycle pro-
gression, angiogenesis, metastasis, and protection from
apoptosis [77].

Cetuximab is an immunoglobulin G1 chimerized, mono-
clonal antibody that specifically binds to EGFR and
competitively blocks other ligands, such as tumor growth
factor-a [78]. The binding to EGFR blocks autophos-
phorylation and the activation of receptor-associated
kinases, resulting in inhibition of cell growth, induction
of apoptosis, and decreased matrix metalloproteinase and
vascular endothelial growth factor production [79]. The
drug has been used with great success as a single agent
with radiation in head and neck cancers [80]. In 2004,
cetuximab was approved for patients with metastatic
colorectal cancer who are refractory or intolerant to
irinotecan. However, the indications of use have narrowed
with new studies and are limited to patients with wild-
type KRAS only (approximately 60% of patients) [81].

Preclinical data regarding cetuximab show an enhanced
tumor response of 1.59 with one dose of cetuximab and
3.62 with three doses when given with radiation, and are
only associated with tumors expressing moderate-to-high
levels of EGFR [82]. Unfortunately, phase I/II trials of
cetuximab with 5-FU or capecitabine preoperatively show
that the pCR rate ranges from 0 to 20%, with a pooled

rate of 9.1% (29 of 316 patients) [83]. The gene copy
number (GCN) of EGFR and KRAS mutation status were
not prognostic for tumor regression in neoadjuvant
chemoradiation for rectal cancer in an other retrospective
analysis [84]. Outside the metastatic setting, it seems
that cetuximab is not useful, even in patients selected for
wild-type KRAS. The mature results of the MRC COIN
study in 2010 showed that the addition of cetuximab to
FOLFOX in stage III colon cancer did not improve the
DEFS, but increased the toxicity [85]. Newer studies are
showing a lack of benefit with cetuximab in metastatic
colon cancer even in patients selected for wild-type
KRAS as per the CRYSTAL and OPUS trials [86-88].
These are largely disappointing results despite the
success seen in head and neck cancers. Reasons may
include a less critical role of repopulation in colorectal
adenocarcinoma in the neoadjuvant setting, using a
noncurative dose of radiation, or antagonism of che-
motherapy agents in which the cells arrest in Gy or G,-M
and fail to pass through the S phase. However, EGFR
upregulation is a fact of life after radiation [82]. There-
fore, although cetuximab has failed in the way it has been
used, other strategies may find a more effective role
for this agent than has been explored yet. The role of
cetuximab as a radiosensitizer is also discussed in detail in
a separate chapter of this issue of the Journal.

Bevacizumab

VEGF is a pivotal regulator of both normal and pathogenic
angiogenesis and plays an important role in the survival
of newly formed blood vessels and in endothelial cell
migration and mitogenesis, induction of proteinases
leading to remodeling of the extracellular matrix, and
increased vascular permeability [89,90]. The biological
effects of VEGF are mediated through its endothelial cell
surface receptors such as Flt-1 (fms-like tyrosine kinase)
and kinase domain region. During radiation, VEGF can
induce overexpression of bcl-2, which inhibits apoptosis
[91]. VEGF has been associated with increased micro-
vessel tumor density and increased risk for lymph node
metastases. A high expression of VEGF has been asso-
ciated independently with disease progression and inferi-
or survival in rectal cancer, with increased risk of local
failure and metastases [92].

A promising antiangiogenesis inhibitor is bevacizumab, a
recombinant humanized monoclonal anti-VEGF antibody.
The use of an anti-VEGF monoclonal antibody to block
VEGF has been shown to inhibit the growth of a variety
of human tumor cell lines and has been approved as a
chemotherapy agent for metastatic colorectal cancer in
2004 [93]. Bevacizumab is increasingly being used in
combination with chemotherapy for the treatment of
metastatic cancers and has also had initial testing in
neoadjuvant regimens. Results of treatment, although
initially promising, still show pCR rates ofless than 20%



[26]. Antiangiogenic agents have been shown to normal-
ize tumor vasculature, reduce intratumoral hydrostatic
pressure and hypoxia, potentially creating biological
cooperation if not true sensitization [89]. Although
bevacizumab is not a true radiosensitizer, it may none-
theless help promote the setting for improved radio-
sensitization. Alternatively, radiation can stimulate the
upregulation of VEGF and can allow bevacizumab to be
more effective [94]. Thus, bevacizumab may play a role
sequential to radiation. A short treatment program that is
initiated with antiangiogenic agents followed by chemor-
adiation may offer increased cell sensitivity and response.

Genetics

A truly individualized approach to rectal cancer would take
tumor genetics into account when choosing chemotherapy
agents. KRAS genotyping was added to the National
Comprehensive Cancer Network clinical practice guide-
lines for metastatic colon cancer in 2008. The new
guidelines stipulate that only patients whose tumors have
the wild-type (normal) KRAS genes should receive
treatment with the EGFR inhibitors, cetuximab and
panitumumab. In general, a low GCN of EGFR and
mutated KRAS status predict for a worse prognosis on
colon cancer, and also are significant predictors of response
to preoperative chemoradiation [95]. The two markers are
related as radioresistance to KRAS-mutated cells is
mediated through EGFR-dependent pathways [96]. KRAS
serves as a mediator between extracellular ligand binding
and intracellular transduction of signals from the EGFR
to the nucleus. In a study using cetuximab, 5-FU, and
radiation therapy for locally advanced rectal cancer, a tumor
regression grade of 3—4 was achieved in 52.4% of patients
with a high GCN of EGFR as compared with 5.6% with
low GCN (P =0.0016) [97] KRAS-mutated tumors also
had a lower rate of tumor regression grade 3—4 of 20%
versus 38%. Therefore, for 40% of the patients who have
mutated KRAS, there needs to be a more aggressive
treatment strategy.

In the German prospective neoadjuvant radiochemother-
apy protocol (CAO/AIO/ARO-94), the pretreatment
biopsies of 44 patients were evaluated by immunohis-
tochemistry for apoptotic index, Ki-67, p53, and bcl-2
[98]. Patients with a high apoptotic index were more
likely to have a good response, and this correlated with
Ki-67 but not with p53 or b-cl2. Apoptotic index and
tumor regression predicted an improved RFS. A literature
search of 1204 studies in locally advanced rectal cancer
treated with neoadjuvant chemotherapy and radiation
reviewed p53, EGFR, thymidylate synthase, Ki-67, p21,
and bcl-2/BAX [99]. The researchers felt that EGFR,
thymidylate synthase, and p21 were predictive, whereas
p53, Ki-67, and bcl-2 were not. P21 and BAX were
deemed to need further evaluation. A future strategy
might be pretreatment and midtreatment biopsies to
evaluate a change in genetic fingerprint that predicts a

Neoadjuvant therapy for rectal cancer Mohiuddin and Mohiuddin 357

tumor response and the need to adjust chemotherapy
agents [100].

Future strategies

Attempts to enhance the effects of radiation with the
addition of systemic agents have been ongoing for many
decades. Although it is well known that certain drugs
potentiate the effect of radiation  vitro, there are signi-
ficant challenges in obtaining predictable results i vivo.
Variables such as drug metabolism, inconsistent distri-
bution, effects of tumor microvasculature, hydrostatic
pressure gradients, hypoxia, induced resistance, and a
host of other factors make it harder to obtain predictable
effects. For most drugs, we may understand the main
biological mode of action, but these are rarely the only
effects produced in physiological systems. In fact, cellular
stress responses, development of alternate pathways to
circumvent cellular injury, adaptive resistance are all too
common. The addition of radiation adds an additional
complexity in changing cell cycle dynamics, upregulating
survival genes, interfering with drug effects, and/or
changing the essential microenvironment. This is one of
the reasons as to why radiation sensitization is poorly
understood except at the most basic conceptual level.

The fundamental basis of combined chemotherapy and
radiation is to use spatial cooperation in which toxicity
is distributed in the system while a local effect can be
enhanced. This clearly relies on the drug being effective
against the tumor in the first place. Unfortunately, spatial
cooperation has a limited potential because studies have
shown that radiochemotherapy combinations also en-
hance radiation-related acute and delayed side effects
thereby requiring a significant reduction of either the
radiation or the dose of the radiosensitizing drug, often
making the overall effort a zero-sum game, especially
around critical normal tissue structures. Therefore,
although the focus remains on biologically effective
agents for metastatic disease, some true opportunities
for radiation sensitization may be missed.

Cytotoxic enhancement usually requires the drug to be
present at the time of radiation, but this may be variable
because of the patient-to-patient pharmacokinetic and
pharmacodynamic differences. Although these differ-
ences are unpredictable, an early recognition of biological
effects (such as by functional imaging) may allow for
better individualization and optimization either by
changing the drug strategy, changing the radiation dose
per fraction, or time interval between the first and the
last dose of treatment. All of these factors need to be
explored in expanding the optimum use of combined
modality chemoradiation.

Chemosensitization of radiation is a complex process that
we understand only superficially. It is unlikely that in-
vitro data can be fully translated into clinical outcomes.
Although in-vitro results may give us clues and some
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biological bases for appropriate combinations, future
improvements will still be determined by imaginative
clinical trials in a physiologically dynamic system. A
higher radiation dose titrated to the volume of discase
combined with a selective approach to radiation dose/
time fractionation based on the individual tumor gene
profile has to be a cornerstone in extending the full
benefits of combined chemoradiation. Overcoming re-
accelerated tumor growth and preventing the develop-
ment of adaptive resistance in partial responders is also
critical in reducing rates of DM in these tumors.

Future approaches to treatment requires a paradigm shift in
the management of this disease, in which chemoradiation
should be considered as the primary treatment approach,

as in anal canal cancer, and surgery of the local lesion
considered as the consolidation adjuvant phase of treat-
ment. A suggested option for future trials is shown in
Fig. 1. Radiation treatment volumes should be limited to
the true pelvis for stage T1-T3 cancers and only for T3/4
or N+ cancers larger volumes should be considered.
Rectal cancers can be divided into favorable or advanced
based on their T stage and biology (K-ras and EGFR
GCN). Favorable tumors can receive the standard daily
fractionation or a twice-a-day boost per RTOG-0012.
Unfavorable tumors will need more total dose com-
pared with smaller volumes of the tumor using larger
(2.5 Gy) fraction sizes. The schema of combined chemo-
radiation for locally advanced disease is shown in Fig. 2.
Neoadjuvant chemotherapy can be given in the form of
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bevacizumab to normalize the blood vessels feeding the
tumor. This would allow more oxygenation needed for
radiosensitization and an increased chemotherapy drug
delivery to the tumor. The first drug, gemcitabine, can be
given with concurrent radiation therapy. Midtreatment
evaluation can be done with functional imaging or MRI to
evaluate early response. If response is suboptimal, the
drug can be switched to 5-FU in a sequential manner.
This approach is similar to switching between neoadju-
vant chemotherapy regimens for breast cancer based
on early clinical or ultrasound response. Between the split
course of radiation, cetuximab or bevacizumab can be
given as the tumor will be overexpressing VEGF and
EGFR in response to the radiation. These biological
modifiers act as an environmental primer for the sub-
sequent resumption of chemoradiation. Although there is
a tendency to add more drugs together to the radiation, it
would seem wiser to use radiosensitizing chemotherapy
drugs sequentially with the radiation to allow full dosage
of each individual drug and maximal effect. When the
first drug has killed a population of tumor cells in
combination with the radiation, the second drug can then
attempt to kill the remaining tumor cells using a different
mechanism. In this sequential manner, the two drugs
are not competing, not reducing the dose, or causing
synergistic toxicities. On completion of radiation therapy,
adjuvant chemotherapy such as FOLFOX should be
given in systemic doses during the time interval to
surgery to decrease the chance of developing systemic
metastasis.

Conclusion

The neoadjuvant chemoradiation approach has proved to
be successful in many disease sites including rectal
cancer. However, we have hit a plateau in the pCR to
treatment, which is lower than 30%. The current
approach, coming from the medical oncology community,
is to keep the radiation dose constant and add multiple,
new chemotherapy agents taken from the metastatic
setting to the definitive regimen. This has resulted in
unimpressive clinical responses and often in more
toxicity. To move forward, we may have to reexamine
the known chemosensitizers other than 5-FU that have
been clinically discarded without a thorough evaluation of
timing and drug delivery. These agents should be given
sequentially to each other but concurrently with radiation
to allow maximal dosing and sensitization. Greater
sensitization can also be achieved with a higher radiation
dose per fraction and total dose using newer, conformal
delivery techniques, such as intensity-modulated radia-
tion therapy. Biological agents seem to have a role in
priming the tumor for chemoradiation and should be used
neoadjuvantly or adjuvantly to the definitive course of
irradiation. As in anal cancer, the goal is to move the pCR
to above 50% so that surgery slowly becomes an adjuvant
treatment that may eventually be avoided altogether. If
we persist in our current approach to rectal cancer, we are
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likely to remain clinically frustrated. Real change requires
a new mental approach, a paradigm shift. Sir Francis
Bacon quotes

When you wish to achieve results that have not been
achieved before, it is an unwise fancy to think that
they can be achieved by using methods that have been
used before.
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