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Simple Summary: Colon cancer is a common disease that is primarily treated by surgically removing
the affected bowel, but the quality of surgery is variable internationally, leading to suboptimal patient
outcomes. Pathologists should provide feedback to surgeons and can help to improve long-term
patient outcomes. This review summarises the key aspects of pathological quality control that should
be adopted internationally to improve the chances of survival from this deadly disease.

Abstract: Colon cancer is a common disease internationally. Outcomes have not improved to the same
degree as in rectal cancer, where the focus on total mesorectal excision and pathological feedback has
significantly contributed to improved survival and reduced local recurrence. Colon cancer surgery
shows significant variation around the world, with differences in mesocolic integrity, height of the
vascular ligation and length of the bowel resected. This leads to variation in well-recognised quality
measures like lymph node yield. Pathologists are able to assess all of these variables and are ideally
placed to provide feedback to surgeons and the wider multidisciplinary team to improve surgical
quality over time. With a move towards complete mesocolic excision with central vascular ligation to
remove the primary tumour and all mechanisms of spread within an intact package, pathological
feedback will be central to improving outcomes for patients with operable colon cancer. This review
focusses on the key quality measures and the evidence that underpins them.

Keywords: colon cancer; pathology; quality of surgery; feedback; macroscopic assessment

1. Introduction

With global diagnoses of more than 1.8 million new cases per year, colorectal cancer
is the third most frequent malignant disease seen in male and female populations [1].
When magnified further, the data show an uneven split between colon and rectal cancers
of approximately 70% and 30%, respectively [2]. Colorectal cancer is a good candidate
for surgical intervention with a curative aim [3], and the way in which the resection
specimen is evaluated is fundamental within this context. Indeed, the evaluation by
pathologists can facilitate changes to standardised surgical procedures, resulting in superior
patient outcomes.

Initially described by Heald, total mesorectal excision (TME) is now the international
standard approach for surgically resecting rectal cancers [4]. The paradigm shift that TME
created has not only vastly improved oncological outcomes via a standardised surgical
approach, but also, importantly, utilised pathological evaluation and feedback [5,6]. An
identical principle for the resection of colon cancer is the recently described complete
mesocolic excision (CME) with central vascular ligation (CVL) [7]. Pioneered by Hohen-
berger and colleagues in Erlangen, Germany, this approach has also led to significant
improvements in oncological outcomes. These outcomes have been replicated in other
centres utilising the technique [8-11]. Although CME with CVL provides many of the same
oncological benefits of TME, it is still yet to be adopted as an international surgical standard,
with many centres still favouring ‘conventional” approaches largely due to concerns over
morbidity with high-tie surgery [12-14].

Cancers 2023, 15, 4116. https:/ /doi.org/10.3390/cancers15164116 1

https:/ /www.mdpi.com/journal/cancers



Cancers 2023, 15,4116

2. Paving the Way: Jamieson and Dobson

As far back as 1909, well before CME was described, Jamieson and Dobson first
described the lymphatic drainage of colon cancer and the optimal principles for surgical re-
section [15]. Their proposal relied on the fundamental principle that colon cancer lymphatic
drainage follows the arterial supply. Thus, to prevent any remaining cancer from being
left in situ and disease recuring locally or distally post-surgery, ‘whole-package’ resection
is required, including the tumour and associated lymphatics, which brings benefits by
reducing the risk of spread as well as preventing tumour spillage. This is exactly the same
principle that TME is built upon [4,7].

Anatomically speaking, the mesocolon and mesorectum are continuous structures [16-18].
Similarly, the embryological tissue planes of these structures are analogous. Each is con-
tained within a peritoneum and visceral fascia; ‘whole-package’ resection in both CME and
TME is made possible due to the presence of these planes [4,7]. One important difference is
the marked variability in the vasculature of the colon compared to the rectum [7,19]. This
poses idiosyncratic surgical challenges, which three-dimensional computed tomography
(CT) angiography has been suggested to overcome [20,21].

Whilst Jamieson and Dobson diligently charted the lymphatic drainage of colon cancer
over one hundred years ago, more recently, the Japanese Society for Cancer of the Colon
and Rectum (JSCCR) published a system to more thoroughly classify colon lymph node
anatomy based on their proximity to the wall of the bowel [15,22]. Initially, a cancer will
drain to the paracolic (D1) nodes, which are closest to the bowel wall and follow the path of
the marginal arteries. Intermediate (D2) nodes represent the next drainage layer, and these
follow the path of the branches of the superior and inferior mesenteric arteries. Finally, the
highest level of drainage potentially included in standard specimens is provided by the
central (D3) nodes. These nodes are found on both the right and left sides of the colon. On
the right, they reside at the origin of the ileocolic, right colic and middle colic arteries, and
on the left side, they run along the inferior mesenteric artery from the origin at the aorta to
the branch of the left colic artery [22].

3. Contemporary CME with CVL

According to Hohenberger, there are three key components to CME with CVL. Sharp
dissection should be achieved along the embryological tissue planes, whereby the visceral
and parietal fascia are separated, resulting in an intact surgical specimen lined by peri-
toneum and fascia, as applicable. The primary aim is to ensure this lining remains intact,
thus reducing the risk of tumour spillage. Next, to facilitate the removal of the D3 lymph
nodes and maximise the lymph node harvest, CVL should be performed on the supplying
colonic arteries. This may also be referred to as “high-tie” and involves ligation of the
vessels close to their root. The level of venous ligation generally does not receive the same
attention in the literature as the arterial tie, but Hohenberger confirms that the veins should
also be ligated centrally. The scientific rationale for this is less clear. Hohenberger finally
specifies that by resecting an adequate length of bowel, more longitudinal paracolic nodes
will be removed [7,23]. A lack of randomised trials means the relative significance of each
of these components is not yet fully understood.

In Japan, the JSCCR also recognises the importance of operating within the embryolog-
ical plane, although they do not undertake CVL on all patients. The decision on the level of
vascular ligation is made inter-operatively and largely depends on the depth of primary
tumour invasion [22]. More specifically, they advise that T1 tumours undergo D2 resection
with intermediate vascular ligation, while T2-4 undergo D3 resection with CVL [22,24].

What is deemed an adequate length of longitudinal bowel resection from the primary
tumour is also a point of difference between Hohenberger and the JSCCR. The latter
advocate a more conservative length (rarely more than 10 cm), while the former is more
radical, going at least one vascular arcade beyond the tumour, which results in a longer
length of bowel resected [24,25]. There are several Japanese studies that support a more
conservative approach. Longitudinal lymphatic spread beyond the paracolic area in left-
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and right-sided tumours was found to be as low as 0% and 1-4%, respectively [26,27]. In
contradiction to this, another study found that in 16% of cases, the first metastatic lymph
node was found in the paracolic region, in excess of 5 cm from the primary tumour [28].
Despite this, West et al. found that while the length of resection was variable, there was a
high rate of mesocolic plane excision in both Japanese and Hohenberger cases. The long-
term outcomes for both were also analogous, leading to the suggestion that the operating
plane is likely to be of greatest significance, with the height of the ligation having a smaller
influence in some cases [24]. A comparison of CME, D3 and conventional surgery is shown
in Figure 1.

Figure 1. A comparison of CME, D3 and conventional surgery, showing a right hemicolectomy
resected through CME with CVL (A), D3 resection (B) and conventional D2 resection (C). Note the
increased length of the vascular pedicle with both CME and D3 surgery compared to conventional
D2 surgery. Also note the significantly longer length of the colon removed with the CME approach
compared to D3.

A further development is the expanded use of laparoscopic and robotic-assisted
techniques [29]. Concerning CME, several retrospective comparative studies and a ran-
domised controlled trial have been conducted to compare open versus laparoscopic
techniques [30-36]. Findings were consistent across these studies; operating times, on-
cological benefit, safety profile and specimen quality were similar between the two groups.
For D3 resection, a Japanese randomised controlled trial was conducted to compare open
versus laparoscopic techniques; oncological outcomes were equivalent, but lower complica-
tions and shorter hospitalisation were apparent [31,36]. Other retrospective comparative
studies also concur with this [29,32,33,35]. While robotic-assisted CME has predominantly
been utilised for right-sided procedures, studies conducted show that despite a laparoscopic
or open environment, the oncological benefit and safety profile results are similar [37,38].
However, although robotic CME increased operating time, it also increased lymph node
yield and was associated with low conversion rates [37-40]. Initial findings show encour-
aging results in this area.

4. Oncological Outcomes and Benefits

Hohenberger et al. reported a series of cases performed over 24 years, during which
there were defined periods of analysis: pre-CME (1978-1984), development of CME
(1985-1994) and implementation of CME (1995-2002). Between the pre-CME and im-
plementation periods, 5-year cancer related survival after surgery increased by 6% (82.1%
to0 89.1%) and 5-year recurrence rates decreased by 2.9% (6.5% to 3.6%) [7]. Notwithstanding
these significant results, there are some limitations with the series; the duration over which
the study was conducted carries potential confounders, and as it was a non-randomised
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study, exactly how patients were selected is unclear. However, significantly increased
disease-free or disease-specific survival as a result of CME has been shown in several
subsequent studies [8,9]. Decreased rates of local and distal recurrence have also been
shown [10,11]. However, this is not a universal picture, as other studies have shown no
significant difference in overall survival with the use of CME; however, pathological quality
control is not uniform [9,41-43]. In addition, increased morbidity has been associated with
CME use, especially in right-sided tumours [22,24], although this has been disputed by a
recent meta-analysis [44].

To date, there have been only retrospective studies published that compare CME with
non-CME and, importantly, no randomised controlled trials. With evidence increasingly
suggesting that CME is largely effective due to an integral mesocolic plane, it is essential that
independent pathological analysis take place on resected specimens. Indeed, it is notable
that many studies conducted in this area do not consider this an essential component.
However, two important randomised controlled trials are ongoing. COLD compares D2
and D3 lymph node dissection in colon cancer [45], and RELARC compares D2 dissection
with CME for laparoscopic right hemicolectomy in colon cancer [46].

Some studies looking at CME have reported results that encourage its use. Two studies
reported that surgeons employing the technique regularly are more likely to produce a
high-quality specimen compared to those that do not [25,47]. Another study found that
88.5% of specimens were judged to be in the mesocolic plane following CME, whereas
conventional surgery was found to be 47.4% [25]. In addition, Ng et al. found that at a large
referral centre, two-thirds of all colon cancer resections were performed in the mesocolic
plane [14]. It is therefore all the more pertinent that West et al. found a 15% improvement
in 5-year overall survival for patients with resections in the mesocolic plane versus those
in the muscularis propria [48]. This benefit increased to 27% for stage III disease. A large
review considering 18,989 patients from 27 studies also found significant positive impacts
on 3-year and 5-year overall survival as well as 3-year disease-free survival [49].

One can argue that simple standardisation of a surgical procedure provides further
rationale to adopt CME as the convention; studies have elicited better quality resections
via standardisation [50,51], which can facilitate better patient outcomes [52,53]. Further
significant results from a Danish study were found in which one hospital underwent a
CME education programme and was compared to five others that did not; in the CME
educated group versus the conventional group, mesocolic plane excision was 75% vs. 48%,
distance between tumour and ligation point was 105 mm vs. 84 mm, mean lymph node
yield was 28 vs. 18 and improved 4-year disease-free survival was 85.8% [95% CI 81.4-90.1]
vs. 73.4% [66.2-80.6] [9,50]. When the original programme was rolled out across the other
five sites, mesocolic plane excision increased from 58% to 70% (p < 0.001) [54]. It is also
apparent that through such education programmes, CME can be relatively quickly learned
and adopted [50,55].

5. The Pathologist, a Gatekeeper to Quality Control

The pathologist is uniquely suited to the role of assessing the quality of colon cancer
resection specimens. Not only are they independent of the surgery, but they are also
exposed to specimens from multiple surgeons. When harnessed by the MDT, this essen-
tial experience facilitates a rich feedback loop, wherein the pathologist is able to supply
direct feedback to the MDT, including photographic records. The role has already been
exemplified in TME and is now considered standard of care following rectal cancer surgery.
The Medical Research Council CR07 trial demonstrated an improvement in the quality
of resected specimens over time when assessing how the plane of surgery affected local
recurrence in rectal cancer. Between 1998 and 2005, mesorectal plane excisions increased
from less than 50% to more than 60%, muscularis propria excision decreased from over 20%
to 10%, and circumferential resection margin involvement decreased from 21% to 10% [6].
Pathological quality control and direct feedback to the MDT during the trial are likely to
have contributed to improving the quality of the resected surgical specimen over time.
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Although other factors, such as the introduction of MRI for surgical planning and adjuvant
chemotherapy, have played their part in the sustained improvements in long-term rectal
cancer survival, the improvement in specimen quality should not be understated [30].

6. Pathological Assessment of Mesocolic Integrity

In CME, the integrity of the resected mesocolon should not be breached. This is
described as surgery in the mesocolic plane. This results in the cancer and potential
mechanisms of spread (tumour deposits, lymphatics, lymph nodes, nerves and blood
vessels), being contained within a package lined by the peritoneum and fascia [7,15]. The
requirement to be scrupulous concerning mesocolic integrity is founded in studies that
show improved patient outcomes resulting from CME [7,36]. The integral package brings
significant benefits by reducing the risk of intra-abdominal recurrence in two ways. Firstly,
it prevents spillage of tumour cells into the peritoneal cavity, and secondly, it increases
surgical radicality [48]. In a single-centre retrospective study, mesocolic versus muscularis
propria plane surgery conferred a 15% overall survival advantage at 5 years for mesocolic
plane patients [48]. In addition, the advantage increased to 27% in stage III patients,
showing that it is even more crucial to remove the mesocolon intact at the later stages
of disease.

Largely based on the CRO7 trial [5,56] and subsequently developed for the MRC
CLASICC trial [57], a three-tier system is used to grade the plane of surgery (see Table 1
and Figure 2). This provides an objective specimen quality assessment and facilitates the
evaluation of patient prognosis. The assessment should first be performed on the intact,
fresh specimen. Then, a secondary assessment should commence on the intact and cross-
sectionally sliced formalin-fixed specimen to establish the presence of any defects as well as
their respective depths. The optimal plane of surgery is represented by the mesocolic plane,
whereby the peritoneal and fascial linings are intact. Only defects that are less than 5 mm in
depth are permitted at this grade. Intermediate quality is represented by the intramesocolic
plane. At this grade, the depth of any single defect must be in excess of 5 mm but must
not extend down to the muscularis propria. A poor-quality specimen is represented by
the muscularis propria plane, in which a defect is found that extends on to the muscularis
propria or deeper, e.g., surgical perforation. Importantly, a final grading is governed by
considering the poorest quality area, even if it is limited in size [48].

Table 1. Pathological assessment of the mesocolic plane.

Plane Description

Mesocolon intact and covered by peritoneum and
Mesocolic plane fascia (where relevant). Defects measure no more
than 5 mm in maximum size.

Mesocolic defects greater than 5 mm in size that do
not extend down to the muscularis propria.
Substantial mesocolic defects that extend down on to
the muscularis propria or beyond, e.g., perforation.

Intramesocolic plane

Muscularis propria plane

The process of mesocolic grading is prone to a degree of intra- and inter-observer
variation. Munkedal et al. found that inter-observer agreement was poor (k < 0.4), while
intra-observer agreement was fair to good (k 0.4-0.7) [58]. They proposed several refine-
ments to the grading system to improve reproducibility, one of which drew on the Japanese
classification of lymphatic drainage: only the mesocolon in the tumour lymphatic drainage
field should be assessed. However, they suggest excluding from evaluation the area within
10 mm of the longitudinal margins, regardless of inclusion in the drainage area. This is
due to consistent irregularity at the margins, which risks unreliability. Finally, on some
specimens there are ‘peritoneal windows’ (fused serosal layers devoid of intervening fat),
which if damaged in isolation should also not be a cause for downgrading [58]. Identifying
and minimising inter-observer variation is essential to avoiding bias; thus, it is paramount
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to centrally moderate specimen grading within a clinical trial setting. The UK FOXTROT
trial is an exemplar of this; locally across 80 centres, pathologists graded specimens, and
these will be compared centrally to facilitate calculation of inter-observer variation [59].
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Figure 2. Pathological assessment of the mesocolic plane, showing examples of specimens in the
mesocolic plane (A), intramesocolic plane (B) and muscularis propria plane (C). Not the small
mesenteric disruptions in B that do not extend down to the muscularis propria (blue circle). The
specimen in C shows a ragged mesentery with multiple disruptions down to the muscularis propria.

7. Distance between the Tumour and Point of Central Arterial Ligation

A quality measure of CVL is the distance between the tumour and the arterial ligation
point on the pathological specimen. This measure is flawed at the individual level, as
the length of the original vessel is not known by the pathologist, and the vessel will
contract after removal and even more with formalin fixation [47]. However, from the
population perspective, when intermediate-level ligation was compared to central ligation
by Hohenberger, the latter was associated with a significantly greater distance between
the tumour and ligation point: 81.4 mm vs. 128.7 mm in right-sided tumours; p < 0.0001
and 97.0 mm vs. 145.0 mm in left-sided tumours; p < 0.001. It was also significantly
correlated with a greater lymph node yield [47]. Further studies have corroborated these
findings [11,25,50], and associations have been made between optimal-plane specimens
and an increased distance between the tumour and high-tie, as well as increased lymph
node yield [11,60].

The central ligation height is a key marker for the radicality of CME, but there are
challenges. The measure is best conducted on fresh specimens immediately after resection.
However, for logistical and clinical reasons, this is often impractical [61]. To optimise this
measurement, two solutions have been suggested: in-theatre measuring of the specimen or
photography against a metric scale. In addition, there is significant anatomical variation
found in the length of the central vessel [25,61], and thus, at the individual level, its measure
holds little value. It is, however, useful at the population level because it accurately conveys
the radicality of CME and can therefore be used for audit and training.

Assessment of the remaining arterial stump radiologically is another consideration.
Despite Swedish and U.K. studies, which cite anatomical variation as reason to suggest the
length of the remaining arterial stump does not accurately predict the length of the resected
vessel [62,63], stump length is still a strong marker for surgical radicality. A Danish study
quantified that the mean stump length measured by CT was 38 mm (95% CI: 3343 mm),
whereas the target within the CME with CVL context is approximately 10 mm [61]. If
increased radicality improves outcomes, there is potential to use this post-operatively
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for immediate feedback, as well as for follow-up, because the arterial stump does not
significantly change length over time [64]. However, a CT conducted immediately after
surgery is unlikely to be palatable due to increased radiation exposure, so this may need to
be done on the routine 12-month post-operative scan.

8. Length of Bowel Resection

A multi-centre study in Japan (where the “10 cm rule’ is standard) compared various
surgical approaches (CME with CVL, D3 lymph node removal and conventional surgery)
in stage III colon cancer and considered bowel resection length [25]. The study found CME
bowel length was significantly greater than D3 (median 355 mm vs. 184 mm in right-sided
tumours; p = 0.0003, 355 mm vs. 146 mm in left-sided tumours; p < 0.0001), but the central
arterial ligation height was not significantly different (median 115 mm vs. 103 mm in
right-sided tumours, 128 mm vs. 120 mm in left-sided tumours). When conventional

‘intermediate ligation” surgery is compared to D3, the latter yields significantly shorter

bowel resection length and greater arterial ligation height (median central ligation height:
81 mm vs. 103 mm in right-sided tumours; p = 0.037, 100 mm vs. 120 mm in left-sided
tumours; p = 0.034). Unsurprisingly, surgery performed in the conventional way was in the
mesocolic plane only 47% of the time versus 72% for D3 surgery [25]. This suggests that,
when compared to other CME parameters, the oncological value gained by increasing the
length of resection is relatively limited.

Kobayashi et al. found that as the length of bowel resection increases, so does the
number of resected lymph nodes [25]. Although this has been corroborated in other
studies [24,25,47,48], the number of malignant lymph nodes does not appear to increase,
suggesting that there is no benefit to removing large numbers of benign nodes that are well
away from the tumour site [24,25]. Longitudinal outcomes from Hohenberger and those in
Japan both show comparable results despite significant differences in specimen length. The
T-REX study aims to establish a more accurate comparison of optimal resection length and
ligation height in centres around the world undertaking both CME and D3 surgery [65].

9. Lymph Node Yield

In general, CME lymph node yield is greater than that of non-CME surgery [66]. Two
studies by West et al. quantified CME vs. non-CME: a median of 18 versus 30 nodes [47]
and a median of 18 versus 28 nodes [50]. Due to the longer bowel resection in CME, many
of the additional nodes are more likely to be of the D1 and D2 types, although the D3
nodes will also be included in CME [47]. There has been international debate as to the
optimum number of nodes to harvest and how they should be processed in an effort to
stage colorectal cancer accurately. The Royal College of Pathologists advises that every
node within the specimen should be examined and that pathologists should regularly audit
their practice with the expectation of a minimum average of 12 nodes across 50 cases [67].
However, leading centres regularly harvest 2040 nodes via careful dissection or the use of
ancillary methods such as methylene blue [68]. CME is thought to partially bring benefit
from maximised node yield via increased accuracy of staging. Hohenberger found that
a yield of 28 was independently associated with 5-year cancer-related survival (96.3% vs.
90.7%, p = 0.018) for those patients that were node-negative [7]. Another study found CME
to have a significant benefit over non-CME surgery in stage I and II colon cancer for similar
reasons [9]. Part of the survival benefit from greater lymph node numbers in early-stage
disease arises from stage migration. Much of the benefit is believed to be due to a better
immune response, e.g., the relationship between deficient mismatch repair/microsatellite
instability, immune response and patient outcomes [69].

A primary reason why staging is of utmost importance is for patient access to adju-
vant chemotherapy; low yields reduce the likelihood of a stage III diagnosis, which then
precludes access to such therapy [70]. However, node yield as a marker of surgical quality
in isolation is not recommended unless the surgical plane is also considered, as even the
most radical surgery can occasionally result in low yield, and conversely, specimens that
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are extensively disrupted may still contain many nodes [71]. Most important is that an
exhaustive search be performed that evaluates all paracolic, intermediate and central nodes
within 10 cm of the tumour. Morris et al. also investigated whether the practicing patholo-
gist had any influence over the yield; it was found that specialist pathologists (those that
regularly undertake this work) were more likely than non-specialists to achieve adequate
yield within their specific role (OR, 2.16; 95% CI, 1.93 to 2.41) [70].

10. Photography

The key to recording and documenting specimen quality is standardised specimen
photography. This can be utilised by the MDT to facilitate audits of surgical quality,
scientific discussion and training. The aforementioned feedback loop is strengthened by
this activity; studies show that benefits have been gained in the assessment of specimen
quality as well as linked to improved outcomes, especially when used in clinical trial
settings [34,72]. More specifically, Munkedal et al. found that by utilising specimen
photography within MDT meetings wherein surgeons could derive feedback, mesocolic
plane surgery increased (52% to 76%, p = 0.02) [34]. Photography also allows the addition of
centralised mesocolic grading across multiple centres, e.g., in a clinical trial, which in turn
has been shown to reduce interobserver error [24,25,50]. The recommended standardised
approach is outlined below (see Figure 3).
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Figure 3. Optimal specimen photography protocol. Three separate images should be captured
as a minimum. These include the anterior whole specimen view (A), posterior whole specimen
view (B) and cross-sectional slices (C).

Photography should be high-resolution and taken directly above the specimen to
reduce distortion artefacts. A fixed stand should ideally be used to mitigate against
movement artefacts. Placed next to the specimen should be a metric scale, as this allows for
calibration of the software for morphometrical analysis. Ideally, prior to formalin fixing or
opening, the anterior and posterior aspects of the whole specimen should be photographed.
The mesentery should be laid out flat and without tension, so that the proximal and distal
aspects, tumour and vascular ties can be labelled or obviously visualised. Close-ups of
any relevant areas should be taken, e.g., mesocolic defects and perforations. Formalin
fixation should follow, and the tumour segment should be sliced at 3-4 mm intervals. The
slices should be laid out sequentially, with the proximal and distal slices labelled. Finally,
clinically important areas should be noted, and close-up photographs taken. This protocol
has been used to quality control specimens for a number of studies referenced in this
manuscript [24,25,34,47,48,50].
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11. Conclusions

TME has improved oncological outcomes and increased overall survival for rectal
cancer patients around the world. This has predominantly been achieved by operating
within the mesorectal plane, which facilitates intact resection of the cancer. Unsurprisingly,
therefore, TME is now internationally standardised and precisely defined. By applying the
same principles, CME can provide similar benefits for the resection of colon cancer. Studies
to pathologically assess the quality of resection have confirmed that when CME is compared
to conventional surgical approaches, the former produces a higher-quality specimen (more
likely to be intact and within the mesocolic plane) and facilitates improvements in other
quality markers. These include increased lymph node yield and improved radicality of
surgery by centrally ligating the supplying vasculature. Operating within the mesocolic
plane has been associated with an overall improvement in 5-year survival, especially for
patients with stage III colon cancer.

Notwithstanding the suitability of the pathologist for objectively, systematically and
promptly reporting an independent assessment of the specimen, it is unfortunate that
recent studies comparing CME with non-CME have negated the importance of such an
analysis. Lack of standardisation in CME means that inclusion of this analysis in the future
is even more important and should be mandatory to interpret trial data. These benefits
are only increased further when combined with a well-functioning MDT. Not only can
pathological data inform MDT discussions around the individual patient, but it can also be
extensively used in training sessions, informing best practices and continually improving
the MDT as well as overall patient outcomes. It is therefore essential that any new clinical
trials in this area be underpinned by independent pathological quality control.
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Simple Summary: We studied real-world patients with locally advanced rectal cancer receiving
preoperative radiotherapy with or without chemotherapy. The aim was to find factors associated with
complete response to therapy, i.e., no remaining tumour, that could be used to identify patients who
would not need surgery in the future. Tumour stage and length, intensity of preoperative treatment,
and laboratory factors, such as carcinoembryonic antigen (CEA), leucocyte counts, and platelets, were
all associated with complete response. Treatment intensity mattered and when radiotherapy was
combined with chemotherapy, 21% had a complete response compared to 8% with radiotherapy alone.
A model for identifying patients with a better chance of achieving a complete response was developed
using tumour stage and length, CEA, and leukocyte levels as factors predicting complete response.

Abstract: Complete pathological response (pCR) is achieved in 10-20% of rectal cancers when treated
with short-course radiotherapy (scRT) or long-course chemoradiotherapy (CRT) and in 28% with
total neoadjuvant therapy (scRT/CRT + CTX). pCR is associated with better outcomes and a “watch-
and-wait” strategy (W&W). The aim of this study was to identify baseline clinical or imaging factors
predicting pCR. All patients with preoperative treatment and delays to surgery in Uppsala-Dalarna
(n = 359) and Stockholm (1 = 635) were included. Comparison of pCR versus non-pCR was per-
formed with binary logistic regression models. Receiver operating characteristics (ROC) models for
predicting pCR were built using factors with p < 0.10 in multivariate analyses. A pCR was achieved
in 12% of the 994 patients (scRT 8% [33/435], CRT 13% [48/358], scRT/CRT + CTX 21% [43/201]). In
univariate and multivariate analyses, choice of CRT (OR 2.62; 95%CI 1.34-5.14, scRT reference) or
scRT/CRT + CTX (4.70; 2.23-9.93), cT1-2 (3.37; 1.30-8.78; T4 reference), tumour length < 3.5 cm (2.27;
1.24-4.18), and CEA < 5 pg/L (1.73; 1.04-2.90) demonstrated significant associations with achieve-
ment of pCR. Age < 70 years, time from radiotherapy to surgery > 11 weeks, leucocytes < 10°/L, and
thrombocytes < 400° /L were significant only in univariate analyses. The associations were not
fundamentally different between treatments. A model including T-stage, tumour length, CEA, and
leucocytes (with scores of 0, 0.5, or 1 for each factor, maximum 4 points) showed an area under the
curve (AUC) of 0.66 (95%CI 0.60-0.71) for all patients, and 0.65-0.73 for the three treatments sepa-
rately. The choice of neoadjuvant treatment in combination with low CEA, short tumour length, low
cT-stage, and normal leucocytes provide support in predicting pCR and, thus, could offer guidance
for selecting patients for organ preservation.

Keywords: rectal cancer; predictive factors; pre-operative treatment; pathologic complete remission
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1. Introduction

Administration of preoperative radiotherapy, either short-course (scRT) or long-course,
has been important in decreasing local recurrence rates after rectal cancer surgery [1-5].
In locally advanced rectal cancer (LARC), the addition of chemotherapy to long-course
radiotherapy (CRT) further decreases local recurrence rates, whereas the impact on overall
survival (OS), except possibly in the most advanced (ugly) cases, is unclear [6-8]. An
impact on distant metastasis-free survival rates has only been seen when preoperative
chemotherapy (CTX) is added to scRT/CRT, i.e., total neoadjuvant therapy (TNT) [9,10].

The tumour response to neoadjuvant treatment is highly heterogenous, ranging from
complete shrinkage of the tumour to lack of effect and, occasionally, to progression. In
approximately 10-28% of patients, neoadjuvant treatment results in the disappearance
of the rectal tumour with no signs of residual tumour on MRI, proctoscopy, and digital
examination (clinical complete response, cCR) or no residual viable cancer cells in the
surgical specimen and pathologic complete response (pCR, also denoted ypCR) [9-11].
Patients who achieve pCR exhibit significantly more favourable oncological outcomes with
higher 5-year disease-free survival rates (DFS, 83% if pCR versus 66% if non-pCR) and OS
rates (88% with pCR versus 76% non-pCR) [12,13]. The achievement of a complete remission
provides the possibility for organ-preserving surgery or a non-operative, watch-and-wait
(W&W) approach. Research efforts have been directed toward identification of clinical
and other parameters that could help predict pCR after preoperative treatment [14-19].
However, several unclear issues, particularly related to the importance of clinical T-stage
(cT-stage), tumour length, presence of extramural vascular invasion (cEMVI+), mesorectal
fascia (c(MRF+) involvement, and clinical laboratory values need to be clarified [14-19].

The primary aim of this study was to identify clinical and imaging factors that can
be used to predict pCR (and would thus also be applicable to cCR with the possibility of
a W&W strategy), by combining data from two population-based Swedish cohorts, and
comparing the three most commonly used schedules, scRT, CRT, or scRT/CRT + CTX; all
with a >4-week interval to surgery. A secondary aim was to explore if a model based on
clinical factors predicting pCR could be built.

2. Materials and Methods

Our study consisted of two independent population-based retrospectively collected
cohorts from Uppsala-Dalarna (Cohort A) and Stockholm (Cohort B). All patients living
in these regions at the time of diagnosis constituted the study base and were included if
they had received preoperative RT with or without chemotherapy with a minimum delay
of 4 weeks to surgery. Patients in Cohort A were treated between 1 January 2010 and 31
December 2018; a detailed description of this cohort has been published previously [15].
Cohort B consisted of data for consecutive patients with rectal cancer in the Stockholm
region diagnosed between 1 January 2006 and 31 December 2016. Patients were followed
for recurrence and survival until 24 March 2022. Several patients in both cohorts were
included in randomized trials such as Stockholm III (42 in Cohort A and 54 in Cohort B),
EXPERT-C (0/33), or RAPIDO (106/35) [9,20,21].

The results of cohort A have been published [15]; we initially sought to determine
whether the two patient datasets demonstrated similar associations between the explored
variables and pCR; if so, they could be combined to increase statistical power in the
calculations of importance for, above all, the three different treatment schedules most
commonly used today.

The study was approved by the local ethical committee at Karolinska Institutet as
an extension to the approval by the ethical committee at Uppsala University for the Upp-
sala/Dalarna study. Through approval, we gained access to the prospectively maintained
quality register database including all patients in these regions diagnosed with colorectal
cancer. This database is part of the national quality register (Swedish Colorectal Cancer
Registry [SCRCR] defined in detail at https://screr.se/) (accessed on 7 November 2022).
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The same inclusion criteria were applied for both cohorts, except that, patients who
achieved cCR (n = 22) and were monitored in a W&W strategy were included in the
Uppsala/Dalarna study. However, in this analysis, the cCR patients were excluded to
achieve histopathological data from the resected specimen for all patients. The differences
in collected data between the cohorts included the presence of metastatic lateral lymph
nodes according to MRI and thrombocytes collected only in Cohort B. Of the total 361 cases
in cohort A, two patients were inadvertently missed before fusion with Cohort B, leaving
359 patients from cohort A for final analysis. Patients with rectal cancer and MO disease
treated with curative intent who received preoperative neoadjuvant or conversion treatment
(hereafter referred to as preoperative) followed by delayed surgery performed >4 weeks
after completion of the RT were eligible. This study excluded patients with concurrent
malignant disease and crucial missing information about pathological staging.

Rectal tumours were defined as those located with the caudal limit within 15 cm above
the anal verge, the distance being measured by rigid proctoscopy. Low rectal tumours were
defined as those 0-5 cm above the anal verge, middle rectum as 6-10 cm, and high tumours
as more than 10 cm above the anal verge. The database contains information about clinical,
radiological, and histopathological staging, information on all treatments, relapse sites and
timepoints, and survival information. This information was retrieved from the SCRCR
and the patient’s medical files. Cut-off < 3.5 cm for tumour length was defined with the
ROC/Youden method (area under curve [AUC] 0.55; 95% CI 0.50-0.61, p = 0.050). The
other cut-offs were defined as previously published [22-24].

For both cohorts, neoadjuvant treatment was given according to one of three differ-
ent protocols:

A: scRT: short-course hypo-fractionated 5 Gy x 5 in one week, and delayed surgery.

B: CRT: Chemoradiation 1.8 Gy x 28 or 2 x 25 Gy concomitant with capecitabine
825 mg/ m? twice daily, days 1-38 or 900 mg/ m? on RT days, and delayed surgery.

C:scRT/CRT + CTX: neoadjuvant scRT or CRT preceded or followed by chemotherapy
as part of the clinical trials EXPERT-C and RAPIDO. The EXPERT-C randomised phase 11
trial administered four cycles of capecitabine and oxaliplatin (CAPOX) alone or with cetux-
imab, followed by CRT, TME-surgery, and further four cycles of adjuvant CAPOX [21]. The
RAPIDO study compared CRT as standard arm versus an experimental arm starting with
5 Gy x 5, followed by six courses of CAPOX before surgery [9]. Adjuvant chemotherapy
using 8 cycles of CAPOX was provided in the standard arm.

Radiology included pelvic MRI and chest, abdominal, and pelvic CT at baseline used
as a basis in these analyses. Restaging 3-6 weeks after completion of the neoadjuvant
treatment served as grounds for decision making regarding curative surgery during a mul-
tidisciplinary team (MDT) conference, but these results were not included in the analyses.

Statistics

Data were analysed with SPSS (IBM SPSS Statistics for Windows, 2020, Version 27.0.0.1,
IBM Corporation, Armonk, NY, USA). Patient demographics are presented as absolute val-
ues and percentages, and, for continuous variables, also as median and range. Comparisons
of groups were performed by applying the X? test for categorical variables. For continuous
variables, we applied the non-parametric Mann-Whitney U test or the Wilcoxon signed
rank test. Laboratory tests (haemoglobin, leucocytes, thrombocytes, C-reactive protein, and
CEA) were analysed as categorical factors. With pCR as a dependent parameter, we used
models of binary logistic regression for univariate analyses and calculated odds ratios (OR)
and 95% confidence intervals (CI) to predict whether covariates influenced the achievement
of pCR. Variables that were associated with pCR in the univariate analyses with p < 0.05 for
all patients and <0.10 for treatment groups, and with missing values less than 18% were
included in the multivariate logistic regression analyses. Receiver operating characteristics
(ROC) with Youden optimization and AUC were calculated to discriminate for the model’s
predictive power. The cut-offs for the factors from the multivariate analysis added to
the model were the ones used in the Sorbye consensus [22] and those optimized by the
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Youden method as described above. Relapse-free survival (RFS), overall survival (OS),
and disease-specific survival (DSS) were calculated with Kaplan—Meier survival estimates
and the Cox proportional hazards model. All p-values were two-sided and considered
statistically significant when p < 0.05.

3. Results
3.1. Patient Characteristics

Patient and tumour characteristics for the 359 patients in Cohort A and the 635 in
Cohort B are described in Table S1. Minor differences in age and baseline MRI-derived
factors, such as cN-stage, cMRF+, cEMVI+ and mucinous tumour, as well as clinical factors
such as elevated carcinoembryonic antigen (CEA) distribution were noted. The proportion
of patients treated with the three alternatives, scRT, CRT, or scRT/CRT + CTX, varied
between the cohorts because of the differences in inclusion times, with Cohort A formed
in 2010-2018, and Cohort B in 2006-2016. Prior to June 2011, when the RAPIDO trial
comparing CRT and scRT + CTX was initiated, most LARCs were treated with CRT and
after June 2016, and when the trial had closed patient entry, these patients continued to
be treated with scRT + CTX within the LARCTC-US study (https://clinicaltrials.gov /ct2
/show /NCT03729687) (accessed on 23 November 2022). Different treatment schedules
resulted in varying times to surgery. Patient and tumour characteristics in the treatment
groups (scRT, CRT, and scRT/CR + CTX) in the two cohorts were also in line.

When the associations between the characteristics and the probability of reaching pCR
(12.8% in Cohort A and 12.3% in Cohort B) were compared between the cohorts, similar
results were observed (Table S2). Because of this, we concluded that the findings reported
from Cohort A [15] were confirmed in an independent cohort (Cohort B) and the two
cohorts could be pooled.

The clinical characteristics of the pooled cohort (A + B) by treatment group are de-
scribed in Table 1. Patients treated with scRT were older and had less advanced tumours
(cT1-3, cNO, cMRE-, or cEMVI-) according to treatment indication, and had fewer mucinous
tumours and shorter tumour lengths, but higher C-reactive protein (CRP) levels. The most
advanced tumours were observed in the scRT/CRT + CTX group.

Table 1. Baseline clinical, imaging, and laboratory characteristics of the pooled cohort of eligible
patients (1 = 994) according to pre-operative treatment.

Treatment scRT CRT scRT/CRT + CTX All Patients p-Value
n = 435 (44%) 1 = 358 (36%) n =201 (20%) 1n =994 (100%)
Age Median (range) 73 (43-91) 64 (31-81) 64 (23-82) 66 (23-91) 0.003
<70 years 183 (42%) 287 (80%) 156 (78%) 626(63%) <0.001
>70 years 252 (58%) 71 (20%) 45 (22%) 368 (37%)
Sex Female 173 (40%) 150 (42%) 85 (42%) 408 (41%) 0.768
Male 262 (60%) 208 (58%) 116 (58%) 586 (59%)
MRI T-stage cT1-2 50 (12%) 10 (3%) 2 (1%) 62 (6%) <0.001
¢T3 260 (60%) 170 (47%) 102 (51%) 532 (54%)
cT4 125 (28%) 178 (50%) 96 (48%) 399 (40%)
Missing 0 (0%) 0 (0%) 1(0.5%) 1(0.1%)
MRI N-stage cNO 124 (29%) 37 (10%) 10 (5%) 171 (17%) <0.001
cN1-2 309 (71%) 321 (90%) 191 (95%) 821 (83%)
Missing 2 (0.5%) 0 (0%) 0 (0%) 2 (0.2%)
MRI Mesorectal No 254 (58%) 86 (24%) 61 (30%) 401 (40%) <0.001
fascia o 0 0 o
engagement Yes 175 (40%) 272 (76%) 139 (69%) 586 (59%)
Missing 6 (2%) 0 (0%) 1(0.5%) 7 (0.7%)
MRI Extramural No 296 (68%) 201 (56%) 94 (47%) 591 (60%) <0.001
vascular invasion Yes 129 (30%) 157 (44%) 105 (52%) 391 (39%)
Missing 10 (2%) 0 (0%) 2 (1%) 12 (1%)
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Table 1. Cont.

Treatment scRT CRT scRT/CRT + CTX All Patients p-Value
n = 435 (44%) 1 = 358 (36%) =201 (20%) 1 =994 (100%)
MRI Mucinous No 369 (85%) 301 (84%) 142 (71%) 812 (82%) <0.001
tumour
Yes 55 (13%) 57 (16%) 56 (28%) 168 (17%)
Missing 11 (2%) 0 (0%) 3 (1%) 14 (1%)
MRI Lateral o o o 5
lymph nodes No 242 (56%) 202 (56%) 52 (26%) 496 (50%) <0.001
Yes 44 (10%) 68 (19%) 27 (13%) 139 (14%)
Missing 149 (34%) 88 (25%) 122 (61%) 359 (36%)
MRIIQE;EO“ <35cm 87 (20%) 27 (8%) 22 (11%) 136 (14%) <0.001
>3.5cm 320 (74%) 319 (89%) 173 (86%) 812 (82%)
Missing 27 (6%) 12 (3%) 6 (3%) 45 (4%)
Dis“;gfgeea“al 0-5cm 179 (41%) 144 (40%) 64 (32%) 387 (39%) 0.050
6-10 cm 164 (38%) 147 (41%) 80 (40%) 391 (39%)
11-15 cm 92 (21%) 67 (19%) 57 (28%) 216 (22%)
Weekz ffré’;‘ end <8 244 (56%) 141 (39%) 29 (14%) 414 (42%) <0.001
to surgery 8-11 92 (21%) 133 (37%) 18 (9%) 243 (24%)
>11 99 (23%) 84 (24%) 154 (77%) 337 (34%)
Haemoglobin >110 g/L 291 (67%) 327 (91%) 179 (89%) 797 (80%) 0.100
<110g/L 54 (12%) 30 (8%) 21 (10%) 105 (11%)
Missing 90 (21%) 1(0.2%) 1(0.5%) 92 (9%)
Leucocytes <10°/L 257 (59%) 302 (84%) 155 (77%) 714 (72%) 0.122
>10°/L 63 (15%) 49 (14%) 28 (14%) 140 (14%)
Missing 115 (26%) 7 (2%) 18 (9%) 140 (14%)
Thrombocytes <400°/L 176 (41%) 239 (67%) 69 (34%) 484 (49%) 0.598
>4007 /L 19 (4%) 31 (9%) 10 (5%) 60 (6%)
Missing 240 (55%) 88 (24%) 122 (61%) 450 (45%)
C-reactive protein <10 mg/L 186 (43%) 251 (70%) 108 (54%) 545 (55%) <0.001
>10 mg/L 86 (20%) 47 (13%) 45 (22%) 178 (18%)
Missing 163 (38%) 60 (17%) 48 (24%) 271 (27%)
Camzﬁg‘;‘eb;y"“i“ <5u/L 198 (45%) 187 (52%) 119 (59%) 504 (51%) 0.441
>5 /L 107 (25%) 124 (35%) 76 (38%) 307 (31%)
Missing 130 (30%) 47 (13%) 6 (3%) 183 (18%)
Pathologic Non-pCR 402 (92%) 310 (87%) 158 (79%) 870 (87%) <0.001
complete o o o o
esponse pCR 33 (8%) 48 (13%) 43 (21%) 124 (13%)

Abbreviations: CRT: concomitant chemoradiotherapy, MRI: magnetic resonance imaging, pCR: pathologic com-
plete response, RT: radiotherapy, scRT: short course radiotherapy, scRT/CRT + CTX: scRT/CRT combined with
systemic chemotherapy, MRI Tumour length: craniocaudal extension of tumour measured by MRI. p-values below
0.05 are marked in bold.

Survival was compared between the pCR and non-pCR groups. The median reverse
Kaplan—Meier follow-up was at 64 months (95% CI 63-65). RES was significantly better in
the pCR group (HR 0.22; 95% CI 0.13-0.37), with 5-year RFS rates of 96% in pCR versus
79% in non-pCR groups (Figure S1A). OS was better in the pCR group with a 5-year OS
rate of 92% compared with 70% in the non-pCR group (Figure S1B). DSS, considering CRC
deaths and censoring deaths from other causes, was also higher in the pCR arm, with a
5-year DSS rate of 96% in the pCR group versus 79% in the non-pCR group (Figure S1C).

3.2. Clinical Factors and pCR

PCR was achieved in 12% of the 994 patients. pCR was noted in 8% (33/435) with
scRT, in 13% (48/358) with CRT, and in 21% (43/201) with scRT/CRT + CTX (p < 0.001).

Characteristics of the patients who achieved pCR compared to those who did not are
presented in Table 2. Tumour characteristics such as cT-stage (p = 0.027) and tumour length
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(p = 0.010) were statistically significantly associated with pCR. Furthermore, laboratory
parameters, including leucocytosis (p = 0.014), thrombocytosis (p = 0.023), elevated CRP
(p <0.001), and CEA (p = 0.001) were statistically significantly different between the pCR
and non-pCR groups. The cohort did not show any difference.

Table 2. Differences in baseline clinical, laboratory, and imaging-defined characteristics and treatment
groups between the pCR and the non-pCR groups for the pooled cohort (1 = 994).

Non-pCR pCR p-Value
n =870 (Row%) n =124 (Row%)
Age Median (range) 68 (23-91) 65 (38-84) 0.003
<70 years 531 (85%) 95 (15%) 0.001
>70 years 339 (92%) 29 (8%)
Sex Female 351 (86%) 57 (14%) 0.234
Male 519 (89%) 67 (11%)
MRI T-stage cT1-2 48 (77%) 14 (23%) 0.027
cT3 464 (87%) 68 (13%)
T4 357 (90%) 42 (10%)
Missing 1 0
MRI N-stage cNO 152 (89%) 19 (11%) 0.546
cN1-2 716 (87%) 105 (13%)
Missing 2 0
MRI Mesorectal fascia No 346 (86%) 55 (14%) 0.366
engagement Yes 517 (88%) 69 (12%)
Missing 7 0
MRI Extramural No 513 (87%) 78 (13%) 0.190
vascular invasion Yes 348 (89%) 43 (11%)
Missing 9 3
MRI Mucinous tumour No 713 (88%) 99 (12%) 0.456
Yes 144 (86%) 24 (14%)
Missing 13 1
MRI Lateral lymph nodes No 441 (89%) 55 (11%) 0.083
Yes 116 (84%) 23 (17%)
Missing 313 46
MRI Tumour length <35cm 109 (80%) 27 (20%) 0.010
>3.5 cm 716 (88%) 96 (12%)
Missing 44 1
Distance anal verge 0-5cm 332 (86%) 55 (14%) 0.414
6-10 cm 347 (89%) 44 (11%)
11-15 cm 191 (88%) 25 (12%)
Weeks from end of RT <8 371 (90%) 43 (10%) 0.110
to surgery 8-11 214 (88%) 29 (12%)
>11 285 (85%) 52 (15%)
Haemoglobin >110 g/L 689 (86%) 108 (14%) 0.088
<110 g/L 97 (92%) 8 (8%)
Missing 84 8
Leucocytes <10°/L 614 (86%) 100 (14%) 0.014
>10°/L 131 (94%) 9 (6%)
Missing 125 15
Thrombocytes <400°/L 418 (86%) 66 (14%) 0.023
>400° /L 58 (97%) 2 (2%)
Missing 394 56
C-reactive protein <10mg/L 468 (86%) 77 (14%) <0.001
>10 mg/L 160 (90%) 18 (10%)
Missing 242 29
Carcinoembryonic antigen <5u/L 424 (84%) 80 (16%) 0.001
>5 /L 281 (92%) 26 (8%)
Missing 165 18
Treatment group scRT 402 (92%) 33 (8%) <0.001
CRT 310 (87%) 48 (13%)
scRT/CRT + CTX 158 (79%) 43 (21%)
Cohort A Uppsala/Dalarna 313 (87%) 46 (13%) 0.808
B Stockholm 557 (88%) 78 (12%)

Abbreviations: CRT: concomitant chemoradiotherapy, MRI: magnetic resonance imaging, pCR: pathologic com-
plete response, RT: radiotherapy, scRT: short course radiotherapy, scRT/CRT + CTX: scRT/CRT combined with
systemic chemotherapy, MRI Tumour length: craniocaudal extension of tumour measured by MRI. p-values below
0.05 are marked in bold.
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Data regarding the probability of reaching pCR according to treatment are shown in
Table 3. Significant differences for all patients were noted for age, cT-stage, cN-stage, cMRF,
c¢EMVI, mucinous tumour, and weeks from RT to surgery for treatment (exact p-values not
shown). Differences in pCR rates for the scRT group were noted for cT-stage, cMRF, cEM VI,
and CEA. For the CRT group, differences in pCR versus non-pCR were noted for cT-stage,
tumour length, and elevated CEA. For the scRT/CRT + CTX arm, only sex was statistically
significant in the pCR versus non-pCR comparison.

Table 3. Observed frequencies of pCR according to major clinical parameters in the treatment groups.

scRT CRT scRT/CRT + Chemo Total
Total pCR Total pCR Total pCR Total pCR
435 33 Row % 358 48 Row % 201 43 Row % 994 124 Row %
Sex Female 17310 6% 150 23 15% 85 24 28% 408 57 14%
Male 262 23 9% 208 25 12% 116 19 16% 586 67 11%
Age <70 years 183 19 10% 287 42 15% 156 34 22% 626 95 15%
>70 years 252 14 6% 71 6 8% 45 9 20% 368 29 8%
MRI T-stage cT1-2 50 9 18% 10 5 50% 2 0 0% 62 14 23%
T3 260 19 7% 170 23 14% 102 26 25% 532 68 13%
T4 125 5 4% 178 20 11% 96 17 18% 399 42 11%
Missing 0 0 0 0 1 0 0% 1 0 0%
MRI N-stage cNO 124 12 10% 37 5 14% 10 2 20% 171 19 11%
cN1-2 309 21 7% 321 43 13% 191 41 21% 821 105 13%
Missing 2 0 0% 0 0 0 0 2 0 0%
MRI Mesorectal fascia MRF- 254 26 10% 86 14 16% 61 15 25% 401 55 14%
MRF+ 175 7 4% 272 34 13% 139 28 20% 586 69 12%
Missing 6 0 0% 0 0 1 0 0% 7 0 0%
MRI Extramural EMVI- 296 28 9% 201 30 15% 94 20 21% 591 78 13%
vascular invasion EMVI+ 129 4 3% 157 18 11% 105 21 20% 391 43 11%
Missing 10 1 10% 0 0 2 2 100% 12 3 25%
MRI Mucinous tumour Non-mucinous 369 30 8% 301 40 13% 142 29 20% 812 99 12%
Mucinous 55 2 4% 57 8 14% 56 14 25% 168 24 14%
Missing 11 1 9% 0 0 3 0 0% 14 1 7%
MRI Lateral lymph No lat. nodes 242 18 7% 202 26 13% 52 11 21% 496 55 11%
nodes Lateral nodes 44 5 11% 68 11 16% 27 7 26% 139 23 17%
Missing 149 10 7% 88 11 13% 122 25 20% 359 46 13%
MRI Tumour length <3.5cm 87 10 11% 27 9 33% 22 8 36% 136 27 20%
>3.5 cm 320 23 7% 319 38 12% 173 35 20% 812 96 12%
Missing 27 0 0% 12 1 8% 6 0 0% 45 1 2%
Distance anal verge 0-5cm 179 16 9% 144 22 15% 64 17 27% 387 55 14%
6-10 cm 164 10 6% 147 17 12% 80 17 21% 391 44 11%
11-15cm 92 7 8% 67 9 13% 57 9 16% 216 25 12%
Weeks from RT to <8 244 22 9% 141 17 12% 29 4 14% 414 43 10%
surgery 8-11 92 7 8% 133 20 15% 18 2 11% 243 29 12%
>11 99 4 4% 84 11 13% 154 37 24% 337 52 15%
Haemoglobin >110g/L 291 22 8% 327 47 14% 179 39 22% 797 108 14%
<110g/L 54 3 6% 30 1 3% 21 4 19% 105 8 8%
Missing 90 8 9% 1 0 0% 1 0 0% 92 8 9%
Leucocytes <10°/L 257 19 7% 302 44 15% 155 37 24% 714 100 14%
>10°/L 63 3 5% 49 3 6% 28 3 11% 140 9 6%
Missing 115 11 10% 7 1 14% 18 3 17% 140 15 11%
Thrombocytes <400° /L 176 13 7% 239 35 15% 69 18 26% 484 66 14%
>400° /L 19 0 0% 31 2 6% 10 0 0% 60 2 3%
Missing 240 20 8% 88 11 13% 122 25 20% 450 56 12%
C-reactive protein <10 mg/L 186 14 8% 251 36 14% 108 27 25% 545 77 14%
>10 mg/L 86 4 5% 47 5 11% 45 9 20% 178 18 10%
Missing 163 15 9% 60 7 12% 48 7 15% 271 29 11%
Carcinoembryonic <5u/L 198 18 9% 187 32 17% 119 30 25% 504 80 16%
antigen >5 /L 107 3 3% 124 11 9% 76 12 16% 307 26 8%
Missing 130 12 9% 47 5 11% 6 1 17% 183 18 10%

Abbreviations: CRT: concomitant chemoradiotherapy, MRI: magnetic resonance imaging, pCR: pathologic com-
plete response, RT: radiotherapy, scRT: short course radiotherapy, scRT/CRT + CTX: scRT/CRT combined with
systemic chemotherapy, MRI Tumour length: craniocaudal extension of tumour measured by MRI. Differences
that are statistically significant (X2-test) in the different treatments are marked in bold.

19



Cancers 2022, 14, 6238

3.3. Univariate and Multivariate Analyses for pCR

Patients achieving pCR were compared to non-pCR patients for clinical and tumour-
related factors (Table 4). In the univariate binary logistic regression analyses for pCR,
statistical significance was noted for age < 70 years (OR 2.09, 95% Cls in Table 4), cT1-2
(OR 2.47, with T4 as reference), tumour length < 3.5 cm (OR 1.84), time from RT to surgery
(OR 1.57), normal leucocytes (OR 2.37), normal thrombocytes (OR 4.57), normal CEA (OR
2.03), or CRT (OR 1.89, with scRT as reference), and scRT/CRT + CTX (OR 3.32 with scRT
as reference).

Table 4. Univariate and multivariate logistic regression analyses of the pooled cohort (n = 994 and
735, respectively) for clinical, laboratory, and imaging-defined factors predicting pCR status.

Univariate Analyses 1 = 994 Multivariable Model n = 735

OR (95% CI) p-Value OR (95% CID p-Value
Age Continuous 0.97 (0.95-0.99) 0.002
>70 years 1.00 .
<70 years 2.09 (1.35-3.23) 0.001 1.35 (0.77-2.37) 0.291
Sex Male 1.00
Female 1.25 (0.86-1.83) 0.234
MRI T-stage T4 1.00 1.00
T3 1.24 (0.82-1.87) 0.292 1.38 (0.85-2.28) 0.193
cT1-2 2.47 (1.26-4.87) 0.008 3.37 (1.30-8.78) 0.013
MRI N-stage cN1-2 .
N0 1.173 (0.70-1.97) 0.546
MRI Mesorectal fascia MRF+ 1.00
engagement MREF- 1.19 (0.81-1.74) 0.367
MRI Extramural EMVI+ 1.00
vascular
invasion EMVI- 1.23 (0.82-1.82) 0.305
MRI Mucinous tumour Mucinous 1.00
Non-mucinous 1.20 (0.72-1.94) 0.456
MRI Lateral lymph Lateral lymph nodes 1.00
nodes
No lateral lymph nodes 0.62 (0.37-1.06 0.085
MRI Tumour length >3.5cm 1.00 1.00
<3.5cm 1.84 (1.15-2.96) 0.011 2.27 (1.24-4.18) 0.008
Distance anal verge 0-5cm 1.00
6-10 cm 0.76 (0.50-1.17) 0.217
11-15 cm 0.79 (0.47-1.30) 0.154
Weeks from RT to Surg. <8 1.00 1.00
8-11 1.16 (0.70-1.92) 0.540 1.61 (0.87-2.98) 0.131
>11 1.57 (1.02-2.42) 0.040 1.45(0.79-2.67) 0.227
Haemoglobin <110g/L 1.00
>110g/L 1.90 (0.89-4.01) 0.093
Leucocytes >10°/L 1.00 1.00
<10°/L 2.37 (1.16-4.81) 0.017 2.02 (0.93-4.37) 0.075
Thrombocytes >400° /L 1.00
<400°/L 4.57 (1.09-19.2) 0.037
C-reactive protein <10 mg/L 1.00
>10 mg/L 1.46 (0.85-2.52) 0.171
Carcince@bryonic >5 /L 1.00 1.00
antigen
<5u/L 2.03 (1.27-3.25) 0.003 1.73 (1.04-2.90) 0.034
Treatment group scRT 1.00 1.00
CRT 1.89 (1.18-3.01) 0.008 2.621 (1.34-5.14) 0.005
scRT/CRT + CTX 3.32(2.03-5.41) <0.001 4.70 (2.23-9.93) <0.001

Abbreviations: CRT: concomitant chemoradiotherapy, MRI: magnetic resonance imaging, pCR: pathologic com-
plete response, RT: radiotherapy, scRT: short course radiotherapy, scRT/CRT + CTX: scRT/CRT combined with
systemic chemotherapy, MRI Tumour length: craniocaudal extension of tumour measured by MRI. p-values below
0.05 are marked in bold.

In multivariate analysis (n = 735 with 98 events), seven covariates with p-value < 0.05
in the univariate analyses were included, excluding thrombocytes not collected in Cohort
A. Factors that were statistically significant for pCR in the multivariate model included
cT1-2 (OR 3.37 with cT4 as reference), tumour length < 3.5 cm (OR 2.27), non-elevated CEA
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(OR 1.73), and CRT (OR 2.61 with scRT as reference) or scRT/CRT + CTX (OR 4.70 with
scRT as reference). Interaction terms for the significant factors were not significant and thus
not included in the multivariate model (p-value for cT-stage + tumour length was 0.963,
cT-stage + CEA was 0.957, and cT-stage + treatment group was 0.850).

We examined predictive factors associated with pCR for the three treatments separately.
In the scRT group (n = 435), univariate analyses demonstrated that age < 70 years, cT1-2,
c¢MRF-, cEMVI-, and normal thrombocytes were associated with higher pCR rates (Table
S3), with none of the factors remaining statistically significant in the multivariate analysis
(n = 294). In the CRT population (1 = 358), cT1-2, tumour length < 3.5 cm, and normal
CEA were associated with a higher pCR rate in the univariate analyses, and cT1-2 (OR
5.94) remained statistically significant in the multivariate analysis (1 = 301, Table S4). In
the scRT/CRT + CTX group (n = 201), female sex with OR 2.00 was the only statistically
significant factor in the univariate analyses (Table S5).

3.4. Predictive Model for pCR

A predictive model for pCR was developed based on factors identified in the mul-
tivariable analysis (Table S6, Figure S2). Cut-offs were based on TNM classification, the
literature, and the ROC defined.

The scoring points for cT-stage (cT1-2 = 0, ¢T3 = 0.5, and cT4 = 1), tumour length
(£85cm =0,4-7 cm = 0.5, and >7 cm = 1), CEA (<3 pg/L =0, 3-5 ng/L = 0.5, and
>5 ug/L = 1), and leucocytes (<8.2-10°/L = 0, 8.3-10° /L = 0.5, and >10°/L = 1) were
combined, thus resulting in a maximum score of 4. ORs and 95% Cls are presented in
Table S6.

The performance of the combined pCR effects model obtained an AUC of 0.65 (95%
CI 0.60-0.71), with cut-off < 1.75 points for the whole cohort (p < 0.001), of which 25% had
PCR. In the subgroup treated with scRT, AUC was 0.73 (0.62-0.83) and cut-off < 1.25 points
and 16% had pCR; in the CRT group, AUC was 0.67 (0.58-0.76) with cut-off < 1.75 points
and 31% had pCR; and for scRT/CRT + CTX, AUC was 0.65 (0.55-0.75) with cut-off < 1.75
points and 50% had pCR (all statistically significant).

4. Discussion

The highest pCR rates of 21% were achieved with scRT/CRT + CTX compared with
13% with CRT and 8% with scRT in this pooled analysis of rectal cancer patients who under-
went surgery after a delay following pre-treatment. Independent factors associated with
PCR were cT1-2, tumour length < 3.5 cm, normal CEA, and treatment modality. Leucocyto-
sis also adds to the model. This may have practical importance when discussing whether a
non-surgical W&W approach could be recommended prior to treatment initiation.

Our population-based results indicate that treatment with RT, either preceded or
followed by systemic chemotherapy, i.e., TNT, is the most effective treatment modality
for achieving pCR. In recent years, the focus has been directed towards more extensive
administration of chemotherapy in the neoadjuvant setting and several clinical trials have
been performed or are ongoing [9,10,25,26]. Results from the RAPIDO study demon-
strated the superiority of scRT + CTX versus CRT in preventing disease-related events,
predominantly systemic recurrences, and support our findings regarding the hierarchy of
preoperative treatments in achieving pCR [9]. Despite a two-fold higher chance of pCR
in the experimental group (28% versus 14%) [9], a 5-year update of the trial has revealed
more locoregional failures in the experimental group (12% vs. 8%, p = 0.07) [27]. Results
from the US OPRA study with CRT and chemotherapy either as induction or consolidation
showed better organ preservation rates (3-year TME-free survival rate 41% vs. 53%), when
the chemotherapy was given as consolidation after CRT [11].

Several studies have reported cT-stage as an independent variable to predict pCR [28,29],
in line with our findings. Our cohort of patients with cT1-2 tumours was limited (1 = 62, as
most patients with c¢T1-2 tumours underwent surgery directly or were treated with scRT
without a delay to surgery and were thus excluded from analysis), but achieved a pCR
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rate of 23%, and this was as high as 50% in the CRT group. With a corresponding rate for
¢T3 tumours of 13% we can conclude that, not surprisingly, cT1-2-stage can be used as
predictive factor for pCR when using scRT or CRT. Most cT2-stage patients are regularly
not candidates for pre-surgical treatment, and too few patients with cT1-2 tumours were
treated with scRT/CRT + CTX to draw any conclusions. In Cohort A, a subdivision of
cT3-stage into the substages a-d was explored [15]; however, this was not recorded in
cohort B. It is possible that the best discriminator is not between ¢T2 and ¢T3 but rather
within cT3. Separation of cT2 from cT3a is also difficult using MRI [30].

Length of tumour persistently demonstrated statistically significant associations with
PCR in our examination for the entire cohort. We found a cut-off of <3.5 cm to be a break
point for tumours responding with pCR. The calculated AUC 0.55 indicates, however, a
limited discriminative strength and necessitates incorporation of other parameters when
predicting pCR. A study by Jankowski et al. [31] showed that a tumour length > 7 cm and
circumferent extension of the tumour meant that only 1.6% could achieve a sustained cCR
with a sensitivity as low as 23% [31]. In our study, we did not retrieve data for the extent of
circumferential tumour engagement of the rectal wall; thus, our results are not comparable
with the Polish study. It is fully plausible that cT-stage and tumour length overlap as larger
tumours are more often associated, but not necessarily always (reflected in non-significant
interaction term), with higher cT-stage with deeper invasion into the rectal wall. In this
way, their significance as predictive factors may intertwine.

The serum marker CEA has been used to predict prognosis both pre- and post-
operatively, and it is an important tool for surveillance of colorectal patients to detect
recurrence post-operatively [24]. CEA has also been the subject of interest as a predictor
for response to neo-adjuvant therapy in rectal cancer, most studies of which have found
associations with pCR rates [14,15,28,32-34]. In a report from Joye et al., a CEA cut-off of
4.6 ug/L was applied and an association between pre-treatment CEA and probability for
PCR was found in a multivariable analysis [14]. Furthermore, in our study, a pre-treatment
CEA value below reference (<5 pg/L) had a positive association with an OR of 1.28 for
reaching pCR (whereas the ROC-defined subgroup with <3 pug/L had an OR of 2.39).
CEA was the only laboratory parameter in the full cohort that demonstrated statistically
significant associations with pCR in both univariate and multivariable analyses; how-
ever, the number of patients with missing values for the other laboratory tests was quite
high (9-45%).

The significance of age in univariate analyses is probably related to the active selection
of younger fit patients for more intense treatment. Older patients, often with comorbidities,
may not always tolerate these treatments and are left with scRT alone, which has less cell
killing effect and, thus, fewer pCRs, as seen in a systematic review [35].

Our findings of both leucocytosis and thrombocytosis being significant covariate
factors in univariate analyses are in accordance with previous reports in LARC [17,36-39].
These associations were most pronounced in the scRT/CRT + CTX-group. Thrombocytosis
could not be added to the multivariate model as this information was available only in
Cohort B. Pre-treatment haemoglobin value and its relation to oncologic treatment response
(particularly RT) and prognosis in solid tumours, including rectal cancer, have been the
focus of several studies [14,28,40]. A higher pre-treatment haemoglobin value is associated
with pCR likelihood [14,28], in line with a trend in our study. Clinically, haemoglobin
values are probably of limited relevance.

MRI-defined cMRF+ and cEMVI+ were significantly associated with pCR in the scRT
group but not in the CRT or scRT/CRT + CTX groups. Both involved MRF and positive
EMVI indicate a more advanced tumour and the reference treatment is either CRT or
scRT/CRT + CTX. Thus, scRT was provided only to fragile patients not tolerating the
reference treatment. Therefore, if a suboptimal treatment must be given, with scRT for an
advanced tumour, both MRF+ and EMVI+ mean a lower chance of pCR. If the reference
treatment is applied, neither of these factors are important for predicting pCR (or potentially
for a cCR if a W&W policy is applied).
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In summary, besides treatment protocol, early tumour stage (cT1-2), tumour length
< 3.5 cm, normal routine blood counts, and CEA can assist in predicting pCR and, ulti-
mately, cCR state in a setting before neoadjuvant treatment initiation. The decision to aim
for organ preservation by giving more active neoadjuvant treatment than indicated can thus
be supported by our model, with the caveat of its limitation as AUCs were in the range of
0.65-0.73, sensitivity and specificity 59-70%, and pCR carried rates of 16-50%. The predic-
tive factors and the model also need to be validated in other large patient series, preferably
prospective, and we will start with the RAPIDO [9] dataset. In this regard, other markers,
serial examinations with MRI, PET-CT, and functional radiology measuring the tumour’s
metabolic activity before and early during the treatment could improve the baseline model
in the future [41].

Better survival has also been observed in patients achieving pCR [12,13] in line with
our findings for OS, DSS, and RFS (with 5-year rates of 92%, 96%, and 92%, respectively).
PCR status thus helps in decisions to omit adjuvant therapy [42]. A third decision our
prognostic factors may support is to sustain from surgery in cCR and offer a W&W strategy.
Today, this is normally based on tumour-free proctoscopy, digital examination, and MRI.
Still, in this situation, there is a clear risk that tumour cells persist [43]. It has been
reported that a near-pCR situation is not associated with the same favourable prognosis as
PCR [44,45]. This adds to the dilemma and necessitates incorporation of further tools to
judge durable tumour control probability with better certainty.

Our study has limitations associated with retrospective studies. The exclusion of cCR
patients also reduced the number of favourable outcome patients in cohort A. Undeniably,
there has been a selection bias as many patients were selected for different treatment
protocols based on age and comorbidities. In terms of strengths, this was a comprehensive
study that included a large number of patients treated with the three most widely utilized
neoadjuvant protocols after up-to-date staging, including an MRI for all patients.

5. Conclusions

The choice of neoadjuvant treatment in combination with low CEA, short tumour
length, low cT-stage, and normal leucocytes provide support in predicting pCR and, thus,
could offer guidance for selection of patients for organ preservation strategies at baseline,
i.e., to provide neoadjuvant rather than adjuvant treatments and W&W strategies.
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Simple Summary: Surgery for rectal cancer involving adjacent organs (T4 primary tumors) or for
locally recurrent rectal cancer requires dissection planes beyond the well-defined perimesorectal space.
It is, therefore, of paramount importance to define the extent of surgery preoperatively. Magnetic
resonance imaging (MRI) provides adequate guidance for the surgeon to achieve a clear resection
margin. In this study, the diagnostic performance of MRI against histopathology and oncological
outcomes that can be achieved with MRI-guided surgery are studied using an MRI-based division of
the pelvis into seven compartments. Overall, the accuracy of MRI is good, yielding excellent results
for T4 tumors and good results for locally recurrent tumors. Complete histopathologic (R0) resection
is the most important determinant of outcome.

Abstract: Rectal cancer invading adjacent organs (T4) and locally recurrent rectal cancer (LRRC) pose
a special challenge for surgical resection. We investigate the diagnostic performance of MRI and
the results that can be achieved with MRI-guided surgery. All consecutive patients who underwent
MRI-based multivisceral resection for T4 rectal adenocarcinoma or LRRC between 2005 and 2019
were included. Pelvic MRI findings were reviewed according to a seven-compartment staging system
and correlated with histopathology. Outcomes were investigated by comparing T4 tumors and LRRC
with respect to cause-specific survival in uni- and multivariate analysis. We identified 48 patients with
T4 tumors and 28 patients with LRRC. Overall, 529 compartments were assessed with an accuracy of
81.7%, a sensitivity of 88.6%, and a specificity of 79.2%. Understaging was as low as 3.0%, whereas
overstaging was 15.3%. The median number of resected compartments was 3 (interquartile range 3-4)
for T4 tumors and 4 (interquartile range 3-5) for LRRC (p = 0.017). In 93.8% of patients with T4 tumors,
a histopathologically complete (RO(local)-) resection could be achieved compared to 57.1% in LRRC
(p < 0.001). Five-year overall survival for patients with T4 tumors was 53.3% vs. 32.1% for LRRC
(p = 0.085). RO-resection and M0-category emerged as independent prognostic factors, whereas the
number of resected compartments was not associated with prognosis in multivariate analysis. MRI
predicts compartment involvement with high accuracy and especially avoids understaging. Surgery
based on MRI yields excellent loco-regional results for T4 tumors and good results for LRRC. The
number of resected compartments is not independently associated with prognosis, but R0-resection
remains the crucial surgical factor.
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1. Introduction

The standard of surgical care for patients with rectal cancer is total mesorectal excision
(TME)-based surgery with five-year local recurrence rates of approximately 5% and even
lower in contemporary surgical series [1,2]. Nevertheless, locally recurrent rectal cancer
(LRRC) remains an issue in rectal cancer treatment, and if detected, salvage surgery should be
considered as a potentially curative option [3]. In addition, about 10% of patients with rectal
cancer present with infiltration of adjacent organs (T4-tumors) [4]. Both LRRC and T4-primary
tumors require complex surgical management with en bloc removal of involved organs and
structures beyond the well-defined planes of TME surgery [5]. These often exenterative
operations may result in considerable morbidity and functional sequelae [6,7]. It is, therefore,
of paramount importance to carefully select patients for surgery. MRI has emerged as the gold
standard for assessment of the tumor spread in the small pelvis [8-10]. However, beyond-
TME surgery is rather a surgical strategy than a clearly defined procedure. Therefore, it is
common clinical practice to divide the pelvis into compartments and remove those parts
that are involved. Surgery is guided by the findings of MRI and depends on its accuracy.
This approach enables the surgeon, on the one hand, to achieve a clear surgical margin and,
on the other hand, to spare uninvolved compartments and, hence, function. Georgiou et al.
established an MRI staging system based on seven pelvic compartments and reported
excellent results with respect to diagnostic performance [11]. Meanwhile, the usefulness of
the proposed pelvic compartmentation was confirmed on an anatomical base [12].

The aim of this study is to investigate the performance of this MRI compartment
assessment with respect to histopathology and report the results achieved by MRI-guided
beyond-TME surgery. Our hypothesis is that the number of resected compartments is not
associated with prognosis if the MRI assessment is accurate.

2. Materials and Methods

The database of the colorectal unit of Dresden-Friedrichstadt General Hospital was
queried for all consecutive patients with resection of rectal cancer infiltrating adjacent
organs or exhibiting positive lateral lymph nodes (Figure 1B) that required en bloc resec-
tion of the lateral pelvic compartment (primary tumor group). Additionally, all patients
operated on for a local recurrence of rectal cancer were retrieved (local recurrence group).
The chosen time interval ranged from 2005 to 2019. Inclusion criteria were histologically
confirmed adenocarcinoma, resection of either an adjacent organ or en bloc resection of
one or both lateral compartments and attempt of complete tumor removal. Patients with
histology other than adenocarcinoma or without an MRI of the pelvis were excluded. The
extracted data were supplemented by an extensive chart review. We documented patient,
treatment, and tumor characteristics. Additionally, initial MRI scans and reports were
reviewed with respect to the extent of infiltration according to the seven compartments
described by Georgiou et al. (Figure 1) [11]. If tumor infiltration was detected within the
confines of one compartment, the compartment was judged infiltrated irrespective of the
extent of infiltration. Investigators of the MRI scans were blinded against the pathology
reports. Likewise, all histopathology reports were screened for the description of adjacent
organ infiltration, and the declaration of compartment involvement followed the definitions
of Georgiou et al. [11]. If a compartment was described as positive in MRI and negative in
histopathology, the combination was judged as overstaging; likewise, if a compartment
was negative in MRI and positive in histopathology, it was declared as understaging.
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Figure 1. Pelvic MRI with delineation of the pelvic compartments (different colors, T2-weighted fast
spin echo sequence). (A) sagittal image with a locally recurrent rectal cancer (anastomotic recurrence
in a 68-year-old male) after anterior resection. The recurrent tumor is delineated with a grey dotted
line and colored burgundy. PR—peritoneal reflection; (B) axial image with a ¢T3 primary tumor
(marked as in A) and a positive lymph node in the left lateral compartment (red dotted line) in a
70-year-old male. The lymph node proved to be infiltrated by adenocarcinoma on histopathology
after RCT and en bloc resection of the central and left lateral compartments.

All patients were discussed in a multidisciplinary team (MDT) and offered radiochemother-
apy for downsizing whenever possible. As a rule, a second pelvic MRI was performed
after preoperative therapy in order to document tumor response. It was, however, not
considered for the assessment of this study.

MRI examinations were performed with a 1.5-Tesla General Electrics scanner (General
Electrics Company, Boston, MA, USA). According to protocol, two phased-array surface
coils equipped with four receiving channels were employed for signal detection. The
positioning of the coils was on the pelvis and underneath the patient. For gross orientation,
a sagittal T2-weighted turbo spin-echo was used in order to detect the tumor location. In
primary rectal cancer, the protocol followed the recommendations of the MERCURY study,
including high-resolution T2 fast relaxation fast spin echo images perpendicular to the
longitudinal axis of the rectum [13,14]. For these images, a small field of view (20 cm) and
a slice thickness of 3 mm (gap 0.3 mm) were chosen. Scan acquisition parameters were:
echo time (TE) 110.0 ms, repetition time (TR) 3357.0 ms, Echo Train Length (ETL) 15, and
Receiver Bandwidth 31.25 kHz. Neither contrast agents nor diffusion-weighted imaging
(DWI) were systematically employed in the considered time period. In local recurrence,
image acquisition was tailored to the tumor location in the turbo spin-echo images.

All patients were treated by laparotomy. The extent of the operation was guided by
the pretherapeutic MRI imaging and intraoperative assessment. If performed, pelvic side
wall dissection was done en bloc, usually with resection of the internal iliac vessels of the
involved side [15]. Further details of anatomical landmarks and surgical strategies have
only recently been described elsewhere [12,16].

Follow-up was realized in our outpatient clinic with at least annual visits and appropri-
ate investigations as recommended by the German guidelines [17]. A detailed description
has formerly been given [18].

All parameters were compared for the two groups. MRI findings were analyzed with
regard to the pathology findings as the gold standard. We evaluated accuracy, specificity,
sensitivity, negative predictive value, and positive predictive value for all compartments
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and repeated the analysis for every single compartment. As appropriate, patient, treatment,
and tumor characteristics were compared with the x2-test, Fisher exact test, and Mann-—
Whitney-U test. Survival was calculated as overall survival (OS) according to Kaplan-Meier
and potential prognostic factors were tested with the log-rank test. These potential prog-
nosticators were included in a multivariate Cox proportional model to elicit independent
associations. The starting point for survival analysis was the date of multivisceral resection.
Death of any cause was counted as an event. Patients who were lost to follow-up or had
less than 60 months of observation time at the closing date of the study (31 March 2023)
were censored. A p-value of <0.05 was considered significant. Statistical analysis was
performed with SPSS® version 29 (IBM Corp., Armonk, NY, USA).

3. Results

We identified 75 consecutive patients with a multivisceral resection in the predefined
time period. Four patients were excluded because of a missing MRI (1 = 3) and a sacral
resection for an abscess (1 = 1), leaving 71 to be considered. Five patients recurred after ini-
tial multivisceral resection and underwent further exenterative surgery for their recurrence.
They were analyzed in both groups; thus, 76 cases (25 (32.9%) females) were included in
the analysis. Forty-eight patients (63.2%) were operated for their primary tumor (including
two ¢T3 tumors with positive lateral lymph nodes) and 28 (36.8%)) for a LRRC (Figure 2).
Median age was 66.5 (interquartile range (IQR) 58-73) years, with patients in the LRRC
group slightly older than in the primary tumor group (68 vs. 65 years). Median follow-up
for surviving patients was 72.6 months, with only one patient lost. Further patients and
tumor characteristics are given in Table 1.

Patients with multivisceral
resection for rectal cancer
OF recurrence

n=75
Excluded
n = 1 (sacral resection for
an abscess)
Eligible patients
n=74
v i

=&b
T4 primary rectal cancer n=5 Locally recurrent rectal cancer
n=51° n=28

| Mo MRI available
n=3
v L J
T4 primary rectal cancer Locally recurrent rectal cancer
with MRI with MRI
n=48% n=28

n = 336 compartments n = 196 compartments

No histopathology report No histopathology report

n =1 compartment n =2 compartments
L ]

Compartments assessed Compartments assessed

n=335 n=194

TPn= 80 TPn= 44

TNn=199 TN n =109

FPn= 52 FPn= 29

FNn= 4 FNn= 12

Figure 2. Flow chart of the study population/MRI assessment. TP—true positive, TN—true negative,
FP—false positive, FN—false negative. *—including two ¢T3 tumors with positive lateral lymph
nodes; P—five patients were operated on for a local recurrence after multivisceral resection for a T4
primary tumor and were investigated in both groups.
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Table 1. Patient and tumor characteristics.

Parameter Primary Tumor Group Local Recurrence Group Total
(n = 48) (n = 28) (n = 76) P
Age (median (IQR) in years) 65 (58-73) 68 (58-74) 66.5 (58-73) 0.477 2
Sex
Male 31 (64.6) 20 (71.4) 51 (67.1) 0.618°
Female 17 (35.4) 8(28.6) 25 (32.9)
Follow-up (median (IQR) in 72.6 (63.2-111.2) 74.3 (47.5-112.4) 72.6 (61.6-111.2) 0.674 2
months)
Pretherapeutic CEA
Normal 22 (45.8) 12 (42.9) 34 (44.7) 0.816°
Elevated 25 (54.2) 16 (57.1) 42 (55.3)
Values inng/L
(median (IQR) in months) 7.0 (3.0-41.8) 8.6 (2.1-24.8) 7.9 (3.0-32.0)
Tumor extent
(r)cT0-3 ¢ 2(4.2) 1(3.6) 3(3.9) 1.000b
(r)cT4 46 (95.8) 27 (100) 73 (97.3)
Lateral lymph nodes
No 40 (83.3) 27 (96.4) 67 (88.2) 0.142°
Yes 8(16.7) 1(3.6) 9(11.8)
Distant metastases
No 32 (66.7) 19 (67.9) 51 (67.1) 1.000b
Yes 16 (33.3) 9(32.1) 25 (32.9)
Preoperative irradiation of the
small pelvis b
No 7 (14.6) 14 (50.0) 21 (27.6) 0.001
Yes 41 (85.4) 14 (50.0) 55 (72.4)

Values in parentheses are percentages if not otherwise specified. ~IQR—interquartile range; CEA—
carcinoembryonic antigen. *—Mann-Whitney-U test, b__Fisher exact test, €—patients with lateral lymph nodes.

A median of 3 compartments were involved in both groups on MRI. However, sig-
nificantly more compartments were resected in patients with recurrent disease (median 4
(IQR 3-5) vs. 3 (IQR 3-4), p = 0.017). Cystectomy was performed in half of the patients with
LRRC compared to one-third in those with T4 primary tumor. Vascular resections and sacral
resections were performed significantly more often in LRRC, whereas significantly more
hysterectomies were performed in women with T4 tumors. A pelvic floor reconstruction
with a VRAM flap was significantly more often necessary in exenterative surgery for LRRC.
In histopathologic work-up, a local RO-resection was achieved in 45 (93.8%) patients with
primary tumors and 16 (57.1%) with recurrent tumors (p < 0.001). However, the median
of involved compartments on histopathology was equal in both groups (2 (IQR 1-2) in
primary tumor, 2 (IQR 1-3) in LRRC, p = 0.480) (Table 2).

Overall, 529 compartments were assessed, with three missing statements in the pathol-
ogy report (Figure 2). Overall, accuracy was 81.7%, with a sensitivity of 88.6%, a specificity
of 79.2%, a positive predictive value of 60.5% and a negative predictive value of 95.1%.
Accuracy was somewhat higher for patients with T4 tumors compared to those with LRRC
(83.3% vs. 78.9%). Likewise, sensitivity was better for patients with T4 tumors than for
patients with LRRC (95.2% vs. 78.6%). Accuracy was highest for the anterior above peri-
toneal reflection (AAPR) compartment (90.8) and lowest for the lateral compartment (70.7).
Overstaging summed up to 15.3%, whereas understaging was as low as 3.0%. Detailed
figures for diagnostic performance are given in Table 3.
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Table 2. Operative, histopathologic, and MRI characteristics.

Pri T G Local R G
Parameter vimary Tumox Group  Local Recurrence Group Total (1 = 76) p
Resected organs
Cystectomy 15 (31.3) 14 (50.0) 29 (38.2) 0.1432
partial resection of the bladder 2(4.2) 0 2 (2.6) 0.528 @
Hysterectomy b 14 (82.4) 1(12.5) 15 (60.0) 0.002 @
Vaginal resection b 9 (52.9) 6 (75.0) 15 (60.0) 0.402 @
Vascular resection 8 (16.7) 12 (42.9) 20 (26.3) 0.0162
Sacral resection 2(4.2) 7 (25.0) 9(11.8) 0.0102
en bloc resection lateral
compartment 25 (52.1) 19 (67.9) 44 (57.9) 02312
Flap reconstruction
none 38 (79.2) 11 (39.3) 49 (64.5) 0.001 €
V-Y 5(10.4) 3(10.7) 8 (10.5) <0
VRAM 5(10.4) 14 (50.0) 19 (25.0)
(r)pT-category ¢
0 1(2.1) 2(7.1) 3(3.9)
1 1(2.1) 0 1(1.3)
2 3(6.3) 1(3.6) 4 (5.3)
3 21 (43.8) 2(7.1) 23 (30.3)
4 22 (45.8) 23 (82.1) 45 (59.2) 0.003 ¢
(r)pN-category d
0 27 (56.3) 22 (78.6) 49 (64.5) 0.044 €
1 13 (27.1) 6(21.4) 19 (25.0) ’
2 8 (16.7) 0 8 (10.5)
R-classification (local)
0 45 (93.8) 16 (57.1) 61 (80.3) <0.0012
1/2 3(6.3) 12 (42.9) 15 (19.7)
Involved compartments on MRI, g
median (IQR) 3(2-3) 3(2-3) 3(2-3) 0.717
Resected compartments, median 3 (34) 4(3-5) 3 (34) 0.017 8
(IQR)
Involved compartments on 2(1-2) 2(1-3) 2(1-2) 0.480 &

histopathology, median (IQR)

Values in parentheses are percentages if not otherwise specified. V-Y—VY advancement flap; VRAM—vertical
rectus abdominis myocutaneous flap; IQR—interquartile range. *—Fisher-exact test; >—female patients only;
C—x3-test; d—including yp and p categories; *—(r)pT4 vs. all other categories, f—two patients R2; —Mann-
Withney-U test.

Table 3. Diagnostic performance MRI vs. histopathology.

Parameter All-Comp. T4-Comp. LR-Comp. PR AAPR ABPR Central Lateral Posterior Inferior
Accuracy—
TP+TN/all 81.7 83.3 78.9 787 908 76.3 89.5 70.7 86.8 78.7
Sensitivity—
TP /TP+FN 88.6 95.2 78.6 - 71.4 100 93.5 77.8 714 87.5
Specificity—
TN/ TN+FP 792 793 79.0 819 928 56.1 71.4 67.2 88.4 77.6
PPV—TP/TP+FP 60.5 60.0 60.3 - 50.0 66.0 93.5 43.8 385 31.8
NPV—TN/TN+EN 95.1 98.0 90.1 952 97.0 100 71.4 90.7 96.8 98.1
Overstaging FP/all 15.3 15.5 14.9 173 6.6 23.7 53 24.0 10.5 20.0
Unterstaging
FN/all 3.0 1.2 6.2 4.0 2.6 0 53 53 2.6 1.3

All values are percentages. Comp.—all compartments; LR—local recurrence; PR—peritoneal reflection compart-
ment; AAPR—anterior above peritoneal reflection compartment; ABPR—anterior below peritoneal reflection
compartment; TP—true positive; TN—true negative; FP—false positive; FN—false negative; PPV—positive
predictive value; NPV—negative predictive value.

The 5-year OS rate was 45.2 [33.8; 56.6 (95% CI)]% for all patients, with a difference
between patients with T4-tumors (53.3%) and LRRC (32.1%, p = 0.085, Figure 3). In
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patients with a complete local pathohistological (R0) resection, the 5-year OS rate was 54.9%
compared to 6.7% in patients with an R1/2 resection (p < 0.001, Figure 4). There was also a
difference of 53.2% vs. 34.0% for patients with 1-3 vs. 4-6 resected compartments (p = 0.144,
Figure 5). Patients without distant metastases had a clear survival advantage (Figure 6),
whereas pretherapeutic CEA level was only non-significantly associated with prognosis
(Table 4). In multivariate analysis, RO-resections and MO category emerged as independent
prognosticators, whereas the number of resected compartments showed no independent
association with prognosis (Table 5).
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Figure 3. Five-year overall survival for primary tumors vs. locally recurrent rectal cancer. Five-year
overall survival rates: T4 primary tumors (n = 48) 53.3%, locally recurrent rectal cancer (n = 28) 32.1%
(p = 0.085). LRRC—locally recurrent rectal cancer.
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Figure 4. Five-year overall survival for locally RO- vs. R1/2-resected tumors. Five-year overall
survival rates: RO (1 = 61) 54.9%, R1/2 (n = 15) 6.7% (p < 0.001).
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Figure 5. Five-year overall survival for MO vs. M1 tumors. Five-year overall survival rates: MO (1 = 51)
62.1%, M1 (1 = 25) 12.0% (p < 0.001).
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Figure 6. Five-year overall survival for a number of resected compartments. Five-year overall
survival rates: one to three compartments (1 = 43) 53.2%, four to six compartments (1 = 33) 34.0%
(p=0.144).
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Table 4. Five-year overall survival rates.

Parameter n  5-Year Overall Survival in % [95% CI (%)] Events 4
Total 76 45.2 [33.8; 56.6] 41
Group
Primary tumor 48 53.3[39.0; 67.6] 22 0.085
Local recurrence 28 32.1[14.8;49.3] 19
R-classification
0 61 54.9 [42.2; 67.6] 27 <0.001
1/2 15 6.7 [0; 19.2] 14
Number resected
compartments
1-3 13 53.2[38.1; 68.3] 20 0-144
4-6 33 34.0[16.9; 51.1] 21
M-category
0 51 62.1 [48.6; 75.6] 19 <0.001
1 25 12.0 [0; 24.7] 22
Pretherapeutic CEA
Normal 34 54.9 [37.8; 72.0] 15 0.112
Elevated 42 37.5[22.6;52.4] 26
CI—confidence interval; CEA—carcinoembryonic antigen.
Table 5. Cox regression analysis for 5-year overall survival.
Parameter Univariate Multivariate
Hazard Ratio 95% CI p Hazard Ratio 95% CI P
Group
Primary tumor Ref. Ref.
Local recurrence 1.712 0.923;3.177  0.088 0.988 0.455;2.147  0.975
R-classification
0 Ref. Ref.
1/2 3.617 1.868;7.004  <0.001 2.509 1.168;5.391 0.018
No. resected
compartments
1-3 Ref. Ref.
4-6 1.575 0.852;2.912  0.147 1.633 0.795;3.355  0.182
Distant metastases
MO Ref. Ref.
M1 3.820 2.049;7.123  <0.001 3.479 1.810; 6.688  <0.001
Pretherapeutic
CEA
Normal Ref. Ref.
Elevated 1.667 0.882;3.151 0.116 1.378 0.692;2.745 0.362

CI—confidence interval; CEA—carcinoembryonic antigen.

4. Discussion

Our study demonstrates that MRI is able to predict the status of the pelvic compart-
ments correctly in 81.7%. The proportion of understaging, including the risk of leaving
an involved compartment behind, was only 3.0%. This translates into a favorable local RO
resection rate for patients with T4 primary rectal cancer and a good RO resection rate for pa-
tients with local recurrence. The number of resected compartments was not independently
associated with prognosis in multivariate testing. This is an indicator that the attempt at
resection of a tumor, which has extended beyond surgical TME planes, is warranted as
long as an RO resection seems possible. The high precision of MRI to identify involved
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compartments (sensitivity of 88.6%) makes this diagnostic tool the first choice in planning
extended procedures.

4.1. Diagnostic Accuracy

Overall, the possibility of detecting an LRRC by MRI correctly was given with a
sensitivity of 77-100% and a specificity of 29-86% in a recent review [19]. Data on diagnos-
tic performance with regard to different pelvic compartments are scarce. Georgiou et al.
achieved an overall accuracy of 93.1% [11]. These excellent results are attributable to their
strive to keep the interval between MRI acquisition and surgery as short as possible, includ-
ing post-neoadjuvant therapy imaging for assessment. Our study examines the initial MRI,
which in many cases was then followed by neoadjuvant radio(chemo)therapy. Neoadjuvant
therapy has the potential to downsize the tumor with the possibility of tumor withdrawal
from involved tissues. However, it may be difficult to differentiate remaining fibrosis from a
tumor on MRI; therefore, we planned surgery according to the pretherapeutic images [3]. If,
on histopathology, no tumor was detectable, the compartment in question was counted as a
false positive. This resulted in a rather high sensitivity (88.6%) but a somewhat lower speci-
ficity (79.2%). For comparison, Georgiou et al. achieved 96.0% and 90.7%, respectively [11].
The high diagnostic reliability of MRI for the absence of tumor invasion into adjacent
structures was also confirmed by a Dutch group with negative predictive values between
93% and 100% [20]. The problem of fibrosis and scarring was especially evident in LRRC.
Accordingly, Brown et al. examining exclusively LRRC achieved an accuracy of 82.8% with
a sensitivity of 77.4% and a specificity of 85.0% [21]. Another pitfall of compartment assess-
ment is the common recognition that posterior compartment involvement is described only
on histopathology if bony infiltration can be demonstrated [22]. While tumors can often
be found to have breached the posterior mesorectal fascia, an infiltration into or beyond
the periost rarely occurs. Furthermore, the assessment of the lateral compartment was
repeatedly reported to be problematic [11,20,21,23]. The multitude of anatomical structures
and possible pathways of tumor spread along lymphatic and vascular structures may be
the reason for difficulties in correct assessment [24].

4.2. RO-Rates

The strategy of beyond-TME surgery is to resect the adjacent compartment or at least
parts of it if the tumor extends the boundaries of the mesorectal fascia and infiltrates into
the compartment in question. The rationale behind it is twofold: first, to obtain a clear
margin and not to risk inadvertent exposure of the tumor surface to the operation field;
second, to address the possible potential pathways of further tumor spread of the adjacent
compartment. The latter has hitherto not yet been fully elucidated. Whereas involvement
of the lateral compartment often results from a lateral route of lymphatic spread prone to
continue to more central lymphatic stations, e.g., the common iliacal or paraaortal nodes,
the spread along the lymphatic or vascular routes of an involved urogenital organ or
the bony pelvis remains unclear. Furthermore, the anatomical boundaries of the pelvic
compartments do, in part, overlap and are not delineated as clearly as the mesorectal
compartment [12]. It is, therefore, of paramount importance to surgically interpret the
radiological MRI findings within multidisciplinary sessions in order to define an individual
MRI-guided surgical strategy on a patient basis [10,25]. However, for comparisons of results
and the determination of the case mix, a description of involved well-defined compartments
remains indispensable.

Tumor biology of primary T4 tumors and locally recurrent tumors is obviously dif-
ferent [26]. Primary T4 tumors represent a continuous tumor mass with compact cell
formations. Clearance rates are excellent, and the prognosis is very good if no distant
metastases are present. The RO resection rates are reported to range between 72% and
91% [27-29]. Our rate of 93.8% compares favorably with these figures and translates into
a 5-year OS rate of 53.3%. On the contrary, LRRC is disadvantaged by the fact that in the
majority of cases, tumor cells have already escaped the confines of the mesorectal com-

36



Cancers 2023, 15, 5328

partment and have inadvertently been left behind after TME surgery. Moreover, primary
surgery disrupts tissue planes, restricts local blood supply, and results in scarring, all of
which pave the way for diffuse and maybe discontinuous tumor spread in local recurrence.
Correspondingly, an RO resection is much more difficult to achieve with RO rates given in
the literature between 55% and 76% [26,27,30-32]. Our results (57.1%) are within the range
of these figures, although we surgically removed significantly more compartments than in
T4 tumors. Again, the lateral and the posterior compartments are repeatedly reported to
set limitations to radical resection [33-36].

4.3. Prognosis

Given meticulous staging, multimodal treatment, and dedicated surgery, the survival
rates of ¢T4 rectal cancer approach that of ¢T3 tumors. Determinants of prognosis after
RO resection are metastatic disease, pathological lymph node status, and status of the
circumferential resection margin [37]. A multicenter observational study from the PelvEx
Group reported a 3-year OS of RO-resected patients of 56.4% (n = 1030) [29]. In a large
single-center study from Wales (1 = 174), the 5-year OS was 56.4% [37]. If we restricted our
analysis to overall RO patients, the respective 3- and 5-year OS data were 64.4% and 57.1%
(data not shown). These figures, however, have to be interpreted with caution because T4
tumors include tumors from stages II to IV, and survival data depend on the proportion of
the different stages.

The prognosis for LRRC from the time point of recurrence detection is much worse.
The aforementioned PelvEx Group analyzed 656 patients after R0 resection for local recur-
rence and estimated a 3-year OS of 48.1% [30]. In a meta-analysis, Banghu et al. reported
5y OS rates to range from 28 to 92% [38]. The 3- and 5-year rates of RO-resected patients
with LRRC from our study population were 68.8% and 50.0% (data not shown). Again,
the prognosis depends on tumor load and patient selection and has to be interpreted
with caution.

The strengths of our study are the high rate of pretherapeutic MRI and an almost
complete follow-up. There are some limitations which should be discussed. First, although
based on a prospective database, the study is retrospective in nature, with all limitations
inherent in this kind of study. However, direct comparison of MRI and histopathological
data by a compartment-for-compartment base permits insights into the robustness of MRI
staging in daily clinical practice. Second, more sophisticated imaging techniques like DWI
were not systematically used. The MRI protocol followed the suggestions of the MERCURY
group, and involved radiologists were trained as participants of the Low Rectal Cancer
study [39]. Third, only resected compartments could be investigated on histopathology.
There was no systematic attempt to investigate the remaining compartments after surgery.
Thus, compartments judged by the surgeon to be free of tumor and left behind were counted
as not involved. Fourth, the proportion of false positive compartments was rather high, in
part owing to the use of pretherapeutic images for assessment. Albeit results, especially
for primary T4 tumors, are favorable, a change of strategy with careful assessment of
post-neoadjuvant treatment MRI and preservation of non-involved compartments deserves
further evaluation.

5. Conclusions

MRI is able to predict pelvic compartment involvement by T4 or LRRC tumors with
high accuracy and an especially low percentage of understaging. This translates into
excellent results of surgery for T4 tumors and good results for the more challenging LRRC.
The number of resected compartments is not independently associated with outcomes as
long as an RO resection can be achieved.

37



Cancers 2023, 15, 5328

Author Contributions: Conceptualization, S.S., TK,, M.S,, ES.,, M.G., E.P,, AS. and S.T.M.; Data
curation, S.S., TK. and E.P.; Formal analysis, S.S., T.K. and A.S,; Investigation, S.S., TK., M.S,, ES.,
M.G. and E.P,; Methodology, S.S. and T.K.; Project administration, S.S., TK. and S.T.M.; Resources,
S.S., TK., M.S,, ES., M.G. and E.P; Software, S.S.; Supervision, S.S., TK. and S.T.M.; Validation, S.S.,
TK., M.S, ES, M.G,, EP, AS. and S.T.M.; Visualization, S.S. and T.K.; Writing—original draft, S.S.
and A.S.; Writing—review and editing, S.S., TK., M.S,, ES., M.G,, E.P, A.S. and S.T.M.; Funding
acquisition, S.S. All authors have read and agreed to the published version of the manuscript.

Funding: The maintenance of the database at the Coloproctologic Unit of Dresden-Friedrichstadt
General Hospital was supported by a grant from the Tumor Center Dresden.

Institutional Review Board Statement: Ethical review and approval were waived for this study.
The responsible review board is the “Ethikkommission der Sdchsischen Landesédrztekammer”. Reg-
ulations regarding studies that need ethics approval are recorded under: https://www.slaek.de/
de/arzt/ethikkommission.php. Our study does not fulfill any criterion that is listed here (AMG
(§ 40 Abs. 1 Satz 2); Good Clinical Practice (GCP)-Rechtsverordnung (§ 7 Absatz 1); § 17 Abs. 1 Nr. 16
Sachsisches Heilberufekammergesetz (SichsHKaG) in Verbindung mit § 15 Abs. 1 der Berufsordnung
der Sichsischen Landesirztekammer (BO).

Informed Consent Statement: Not applicable.

Data Availability Statement: The data presented in this study are available upon reasonable request
from the corresponding author.

Acknowledgments: The authors are indebted to Lisa Domichowski and Anja Willing, Medical Data
Managers, for their support in data acquisition, and Tillmann Heinze, Center of Clinical Anatomy,
Kiel, for editing Figure 1.

Conflicts of Interest: The authors state that there is no conflict of interest.

References

1.

10.

11.

12.

13.

Ruppert, R.; Junginger, T.; Kube, R.; Strassburg, J.; Lewin, A.; Baral, J.; Maurer, C.A.; Sauer, J.; Lauscher, J.; Winde, G.; et al.
Risk-adapted neoadjuvant chemoradiotherapy in rectal cancer: Final report of the OCUM study. J. Clin. Oncol. 2023, 41, 4025-4034.
[CrossRef] [PubMed]

Jacob, A.; Albert, W.; Jackisch, T.; Jakob, C.; Sims, A.; Witzigmann, H.; Mees, S.T.; Stelzner, S. Association of certification, improved
quality and better oncological outcomes for rectal cancer in a specialized colorectal unit. Int. ]. Colorectal Dis. 2021, 36, 517-533.
[CrossRef] [PubMed]

PelvEx Collaborative. Contemporary management of locally advanced and recurrent rectal cancer: Views from the PelvEx
Collaborative. Cancers 2022, 14, 1161. [CrossRef] [PubMed]

Detering, R.; Saraste, D.; de Neree Tot Babberich, M.P.M.; Dekker, ] W.T.; Wouters, M.W.].M.; van Geloven, A.A.W.; Bemelman,
W.A; Tanis, PJ.; Martling, A.; Westerterp, M.; et al. International evaluation of circumferential resection margins after rectal
cancer resection: Insights from the Swedish and Dutch audits. Colorectal Dis. 2020, 22, 416-429. [CrossRef] [PubMed]

The Beyond TME Collaborative. Consensus statement on the multidisciplinary management of patients with recurrent and
primary rectal cancer beyond total mesorectal excision planes. Br. |. Surg. 2013, 100, 1009-1014. [CrossRef] [PubMed]

Peacock, O.; Waters, P.S.; Kong, ].C.; Warrier, S.K.; Wakeman, C.; Eglinton, T.; Heriot, A.G.; Frizelle, FA.; McCormick, J.J.
Complications after extended radical resections for locally advanced and recurrent pelvic malignancies: A 25-year experience.
Ann. Surg. Oncol. 2020, 27, 409-414. [CrossRef]

Harji, D.P; Griffiths, B.; Velikova, G.; Sagar, PM.; Brown, ]J. Systematic review of health-related quality of life in patients
undergoing pelvic exenteration. Eur. J. Surg. Oncol. 2016, 42, 1132-1145. [CrossRef]

Inoue, A.; Sheedy, S.P.; Wells, M.L.; Mileto, A.; Goenka, A.H.; Ehman, E.C.; Yalon, M.; Murthy, N.S.; Mathis, K.L.; Behm, K.T,; et al.
Rectal cancer pelvic recurrence: Imaging patterns and key concepts to guide treatment planning. Abdom. Radiol. 2023, 48,
1867-1879. [CrossRef]

Ng, K.S.; Lee, P].M. Pelvic exenteration: Pre-, intra-, and post-operative considerations. Surg. Oncol. 2021, 37, 101546. [CrossRef]
PelvEx Collaborative. Minimum standards of pelvic exenterative practice: PelvEx Collaborative guideline. Br. J. Surg. 2022, 109,
1251-1263. [CrossRef]

Georgiou, P.A ; Tekkis, P.P; Constantinides, V.A.; Patel, U.; Goldin, R.D.; Darzi, A.W.; Nicholls, ].R.; Brown, G. Diagnostic accuracy
and value of magnetic resonance imaging (MRI) in planning exenterative pelvic surgery for advanced colorectal cancer. Eur. J.
Cancer 2013, 49, 72-81. [CrossRef] [PubMed]

Stelzner, S.; Heinze, T.; Heimke, M.; Gockel, I; Kittner, T.; Brown, G.; Mees, S.T.; Wedel, T. Beyond total mesorectal excision—
Compartment-based anatomy of the pelvis revisited for exenterative pelvic surgery. Ann. Surg. 2023, 278, e58-e67. [CrossRef]
Mercury Study Group. Diagnostic accuracy of preoperative magnetic resonance imaging in predicting curative resection of rectal
adenocarcinoma: Prospective observational study. BMJ 2006, 333, 749-782.

38



Cancers 2023, 15, 5328

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

Brown, G.; Daniels, I.R.; Richardson, C.; Revell, P.; Peppercorn, D.; Bourne, M. Techniques and trouble-shooting in high spatial
resolution thin slice MRI for rectal cancer. Br. |. Radiol. 2005, 78, 245-251. [CrossRef]

Austin, K.K.; Solomon, M.]J. Pelvic exenteration with en bloc iliac vessel resection for lateral pelvic wall involvement. Dis. Colon.
Rectum. 2009, 52, 1223-1233. [CrossRef] [PubMed]

Jackisch, J.; Jackisch, T.; Roessler, J.; Sims, A.; Nitzsche, H.; Mann, P.; Mees, S.T.; Stelzner, S. Tailored concept for the plastic closure
of pelvic defects resulting from extralevator abdominoperineal excision (ELAPE) or pelvic exenteration. Int. J. Colorectal Dis. 2022,
37,1669-1679. [CrossRef]

Guideline Programme Oncology (German Cancer Society, German Cancer Aid, AWMF): Level3-Guideline Colorectal Carcinoma,
Long Version 2.1, 2019, AWMEF Registry No. 021/0070L. (In German). Available online: https://www.leitlinienprogramm-
onkologie.de/leitlinen /kolorektales-karzinom/ (accessed on 17 July 2023).

Fischer, J.; Hellmich, G.; Jackisch, T.; Puffer, E.; Zimmer, J.; Bleyl, D.; Kittner, T.; Witzigmann, H.; Stelzner, S. Outcome for stage
IT and III rectal and colon cancer equally good after treatment improvement over three decades. Int. ]. Colorectal Dis. 2015, 30,
797-806. [CrossRef]

Colosio, A ; Fornes, P.; Soyer, P.; Lewin, M.; Loock, M.; Hoeffel, C. Local colorectal cancer recurrence: Pelvic MRI evaluation.
Abdom. Imaging 2013, 38, 72-81. [CrossRef]

Dresen, R.C.; Kusters, M.; Daniels-Gooszen, A.W.; Cappendijk, V.C.; Nieuwenhuijzen, G.A_; Kessels, A.G.; de Bruine, A.P; Beets,
G.L.; Rutten, H.J.; Beets-Tan, R.G. Absence of tumor invasion into pelvic structures in locally recurrent rectal cancer: Prediction
with preoperative MR imaging. Radiology 2010, 256, 143-150. [CrossRef]

Brown, W.E.; Koh, C.E.; Badgery-Parker, T.; Solomon, M.]. Validation of MRI and surgical decision making to predict a complete
resection in pelvic exenteration for recurrent rectal cancer. Dis. Colon. Rectum 2017, 60, 144-151. [CrossRef]

Yamada, K.; Ishizawa, T.; Niwa, K.; Chuman, Y.; Akiba, S.; Aikou, T. Patterns of pelvic invasion are prognostic in the treatment of
locally recurrent rectal cancer. Br. J. Surg. 2001, 88, 988-993. [CrossRef]

Messiou, C.; Chalmers, A.G.; Boyle, K.; Wilson, D.; Sagar, P. Pre-operative MR assessment of recurrent rectal cancer. Br. J. Radiol.
2008, 81, 468-473. [CrossRef]

Heinze, T.; Fletcher, J.; Miskovic, D.; Stelzner, S.; Bayer, A.; Wedel, T. The middle rectal artery: Revisited anatomy and surgical
implications of a neglected blood vessel. Dis. Colon. Rectum 2023, 66, 477-485. [CrossRef]

Akash, M.; Mehta, D.B.; Jenkins, ].T. Preoperative assessment of tumor anatomy and surgical resectability. Surg. Manag. Adv.
Pelvic Cancer 2021, 17-31.

van Kessel, C.S.; Solomon, M.J. Understanding the philosophy, anatomy, and surgery of the extra-TME plane of locally advanced
and locally recurrent rectal cancer; single institution experience with international benchmarking. Cancers 2022, 14, 5058.
[CrossRef] [PubMed]

Lau, Y.C; Jongerius, K.; Wakeman, C.; Heriot, A.G.; Solomon, M.].; Sagar, PM.; Tekkis, P.P; Frizelle, FE A. Influence of the level of
sacrectomy on survival in patients with locally advanced and recurrent rectal cancer. Br. J. Surg. 2019, 106, 484-490. [CrossRef]
[PubMed]

Bhangu, A.; Ali, S.M.; Brown, G.; Nicholls, R.J.; Tekkis, P. Indications and outcome of pelvic exenteration for locally advanced
primary and recurrent rectal cancer. Ann. Surg. 2014, 259, 315-322. [CrossRef] [PubMed]

PelvEx Collaborative. Surgical and survival outcomes following pelvic exenteration for locally advanced primary rectal cancer:
Results from an international collaboration. Ann. Surg. 2019, 269, 315-321. [CrossRef]

PelvEx Collaborative. Factors affecting outcomes following pelvic exenteration for locally recurrent rectal cancer. Br. J. Surg. 2018,
105, 650-657. [CrossRef]

Bird, T.G.; Ngan, S.Y.; Chu, J.; Kroon, R.; Lynch, A.C.; Heriot, A.G. Outcomes and prognostic factors of multimodality treatment
for locally recurrent rectal cancer with curative intent. Int. J. Colorectal Dis. 2018, 33, 393-401. [CrossRef]

Nordkamp, S.; Voogt, E.L.K.; van Zoggel, D.M.G.1,; Martling, A.; Holm, T.; Jansson Palmer, G.; Suzuki, C.; Nederend, J.; Kusters,
M.; Burger, ] W.A; et al. Locally recurrent rectal cancer: Oncological outcomes with different treatment strategies in two tertiary
referral units. Br. ]. Surg. 2022, 109, 623-631. [CrossRef] [PubMed]

Belli, E; Sorrentino, L.; Gallino, G.; Gronchi, A.; Scaramuzza, D.; Valvo, E; Cattaneo, L.; Cosimelli, M. A proposal of an updated
classification for pelvic relapses of rectal cancer to guide surgical decision-making. J. Surg. Oncol. 2020, 122, 350-359. [CrossRef]
[PubMed]

Iversen, H.; Martling, A.; Johansson, H.; Nilsson, PJ.; Holm, T. Pelvic local recurrence from colorectal cancer: Surgical challenge
with changing preconditions. Colorectal Dis. 2018, 20, 399-406. [CrossRef] [PubMed]

Rahbari, N.N.; Ulrich, A.B.; Bruckner, T.; Miinter, M.; Nickles, A.; Contin, P,; Loffler, T.; Reissfelder, C.; Koch, M.; Biich-
ler, M.W.; et al. Surgery for locally recurrent rectal cancer in the era of total mesorectal excision: Is there still a chance for cure?
Ann. Surg. 2011, 253, 522-533. [CrossRef]

van Ramshorst, G.H.; O’Shannassy, S.; Brown, W.E.; Kench, J.G.; Solomon, M.]. A qualitative study of the development of a
multidisciplinary case conference review methodology to reduce involved margins in pelvic exenteration surgery for recurrent
rectal cancer. Colorectal Dis. 2018, 20, 1004-1013. [CrossRef]

Radwan, R.W.; Jones, H.G.; Rawat, N.; Davies, M.; Evans, M.D.; Harris, D.A.; Beynon, ].; Swansea Pelvic Oncology Group.
Determinants of survival following pelvic exenteration for primary rectal cancer. Br. |. Surg. 2015, 102, 1278-1284. [CrossRef]

39



Cancers 2023, 15, 5328

38. Bhangu, A.; Ali, SM.; Darzi, A.; Brown, G.; Tekkis, P. Meta-analysis of survival based on resection margin status following
surgery for recurrent rectal cancer. Colorectal Dis. 2012, 14, 1457-1466. [CrossRef]

39. Battersby, N.J.; How, P.; Moran, B.; Stelzner, S.; West, N.P.; Branagan, G.; Strassburg, J.; Quirke, P; Tekkis, P; Pedersen, B.G.; et al.
Prospective Validation of a Low Rectal Cancer Magnetic Resonance Imaging Staging System and Development of a Local
Recurrence Risk Stratification Model: The MERCURY II Study. Ann. Surg. 2016, 263, 751-760. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

40



cancers

Article

Proposal of a T3 Subclassification for Colon Carcinoma

1,2

Susanne Merkel 1?*, Maximilian Brunner '-2, Carol-Immanuel Geppert 23, Robert Griitzmann -2,
Klaus Weber ' and Abbas Agaimy %3

Citation: Merkel, S.; Brunner, M.;
Geppert, C.-I.; Griitzmann, R.; Weber,
K.; Agaimy, A. Proposal of a T3
Subclassification for Colon Carcinoma.
Cancers 2022, 14, 6186. https://
doi.org/10.3390/ cancers14246186

Academic Editor: Jennifer Black

Received: 8 November 2022
Accepted: 13 December 2022
Published: 14 December 2022

Publisher’s Note: MDPI stays neutral
with regard to jurisdictional claims in
published maps and institutional affil-

iations.

Copyright: © 2022 by the authors.
Licensee MDPI, Basel, Switzerland.
This article is an open access article
distributed under the terms and
conditions of the Creative Commons
Attribution (CC BY) license (https://
creativecommons.org/licenses /by /
4.0/).

Department of Surgery, Friedrich-Alexander-Universitit Erlangen-Ntirnberg, 91054 Erlangen, Germany
Comprehensive Cancer Center Erlangen-European Metropolitan Area of Niirnberg (CCC ER-EMN),
91054 Erlangen, Germany

Institute of Pathology, Friedrich-Alexander-Universitit Erlangen-Niirnberg, 91054 Erlangen, Germany
Correspondence: susanne.merkel@uk-erlangen.de

Simple Summary: One of the most important prognostic factors for patients with colon cancer is the
anatomical extent at the time of surgery. It is described by the TNM classification, which is the basis
for treatment planning. T refers to the extent of the primary tumor. Usually, four T categories are
distinguished. T3 describes invasion into the pericolic tissue and is the most frequent category found
in colon carcinomas. A subclassification of T3, as we present here in this retrospective study, helps to
better predict prognosis and further optimize treatment and therapeutic standards.

Abstract: The TNM classification system is one of the most important factors determining prognosis
for cancer patients. In colorectal cancer, the T category reflects the depth of tumor invasion. T3 is
defined by a tumor that invades through the muscularis propria into pericolorectal tissues. The data
of 1047 patients with complete mesocolic excision were analyzed. The depth of invasion beyond
the outer border of the muscularis propria into the subserosa or into nonperitonealized pericolic
tissue was measured and categorized in 655 pT3 patients: pT3a (<1 mm), pT3b,c (>1-15 mm) and
pT3d (>15 mm). The prognosis of these categories was compared. Five-year distant metastasis
increased significantly from pT3a (5.7%) over pT3b,c (17.7%) to pT3d (37.2%; p = 0.001). There was no
difference between pT2 (5.3%) and pT3a or between pT3d and pT4a (42.1%) or pT4b (33.7%). The
5-year disease-free survival decreased significantly from pT3a (77.4%) over pT3b,c (65.4%) to pT3d
(50.1%; p = 0.015). No significant difference was found between pT2 (80.5%) and pT3a or between
pT3d and pT4a (43.9%; p = 0.296) or pT4b (53.4%). The prognostic inhomogeneity in pT3 colon
carcinoma has been demonstrated. A three-level subdivision of T3 for colon carcinoma in the TNM
system into T3a (<1 mm), T3b (>1-15 mm), and T3c (>15 mm) is recommended.

Keywords: colon carcinoma; pT3; T3 subdivision; distant metastasis; survival; prognosis; prognostic
factor; TNM classification

1. Introduction

The TNM classification system [1,2] is one of the most important factors determining
treatment and prognosis for patients diagnosed with solid cancer. Advances in diagnostics
and treatment require regular optimization of the staging system. The T-category reflects
the primary tumor, either defined by tumor size (largest diameter) as in many organs,
by the depth of the tumor invasion as in colorectal cancer (CRC), or by combined sets of
criteria. In CRC, T3 is defined by a tumor that invades through the muscularis propria into
pericolorectal tissues. T4a and T4b tumors penetrate through the visceral peritoneum (T4a)
or invade directly or adhere to adjacent organs or structures (T4b).

Prognostic inhomogeneity of the pT3 category has already been shown for rectal carci-
noma after primary surgical treatment [3] and after preoperative neoadjuvant chemora-
diation followed by surgery [4]. A proposal for a subdivision of the pT3 category was
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presented for both rectal and colon carcinomas in the various editions of the TNM supple-
ments [5-8]. However, thus far, it has not been included in the official TNM classification.
Here, we present a subclassification of pT3 in colon carcinoma to demonstrate the wide
range of prognoses of these tumors. Furthermore, we wanted to show the overlap of
pT3 with pT2 at a low invasion depth and the overlap of pT3 with pT4 at an advanced
invasion depth.

2. Materials and Methods
2.1. Inclusion and Exclusion Criteria of the Study

Data from patients with the following inclusion criteria were analyzed: invasive colon
carcinoma, no appendix carcinoma; pT-category > pT1; more than 16 cm from the anal
verge; treatment by complete mesocolic excision (CME) at the Department of Surgery of
the University Hospital Erlangen, Germany, between 1998 and 2015; curative resection
(RO by macroscopic and microscopic examination); no neoadjuvant treatment; no distant
metastases at diagnosis; carcinoma not arising in the setting of familial adenomatous
polyposis, ulcerative colitis or Crohn’s disease. Thirty-four of 1081 patients (3.1%) had to
be excluded: 22 patients because of missing data on the depth of invasion into subserosa
or into nonperitonealized pericolic tissue and 12 patients because of missing follow-up
information. In summary, data from 1047 consecutive patients were analyzed.

2.2. Description of the pT3 Subdivision

In pT3 carcinomas, the depth of invasion beyond the outer border of the muscularis
propria into the subserosa or into nonperitonealized pericolic tissue was measured and
categorized by the pathologist into four groups: pT3a, <1 mm; pT3b, >1-5 mm; pT3c,
>5-15 mm; pT3d, >15 mm (Figure 1); then, the two intermediate subgroups pT3b and pT3c
were combined into a single subgroup for statistical analysis. Here, we distinguish between
the three categories: pT3a (invasion up to 1 mm), pT3b,c (invasion more than 1 mm up to
15 mm), and pT3d (invasion more than 15 mm).

2.3. Tumor Documentation

Epidemiological data, treatment, histopathological findings, and follow-up data were
collected prospectively at the Erlangen Registry for Colorectal Carcinomas (ERCRC). The
detailed documentation of the histopathological examinations allowed the classification of
all carcinomas in accordance with the 8th edition of the UICC TNM classification [2].

According to its embryologic origin, the right colon was defined from the cecum to the
proximal two-thirds of the transverse colon; the left colon extended from the distal third of
the transverse colon to the sigmoid colon.

2.4. Surgical Procedure, Adjuvant Treatment, and Follow-Up

Complete mesocolic excision (CME) [9] was introduced and developed in 1985 and has
consequently been implemented since 1995 [10]. With the exception of 11 patients who un-
derwent laparoscopic surgery, all patients were operated on by an open approach. The me-
dian number of regional lymph nodes that were examined in the specimens was 29 (range
8-145). In 1041 of 1047 patients (99.4%), twelve or more lymph nodes were examined.

Adjuvant treatment was administered in 244 of 373 patients (65.4%) with stage III
disease and in 13 of 472 patients (2.8%) with high-risk stage II disease, mostly using
5-fluorouracil and folinic acid with or without oxaliplatin according to the evidence-based
German guideline for colorectal cancer that was valid at the time of treatment [11].
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Figure 1. Histological presentation of the categories pT3a-d and pT4 in colorectal carcinoma. Double-
headed black arrows highlight the depth of the subserosal invasion; arrows highlight neoplastic
cells. (A): CRC completely obliterating the lamina muscularis propria (black line) and showing
early involvement of the subserosa (arrows), indicating pT3a. (B): Similar illustration as in (A), but
with 4 mm subserosal extension indicated by the double-head arrow (pT3b). (C): This case showed
subserosal invasion >5 but <15 mm, corresponding to pT3c. (D): Example of pT3d showing extensive
(>15 mm) subserosal invasion covered by edematous but tumor-free subserosa on the left. (E): This
case formally qualifies as pT3d. However, the residual subserosa was replaced by a hemorrhagic
granulating inflammatory reaction (double-headed white arrows), so sealed serosal penetration
cannot be reliably ruled out in such cases. (F): Classic pT4 status showing neoplastic tissue on top of
the serosa (arrows). However, a hemorrhagic granulating inflammatory reaction is seen (double head
arrow), resulting in partially sealed serosal penetration (such cases might later seal completely and
hence mimic the case shown in (E)).

Patients were followed up for at least 5 years with physical examination, estimation of
carcinoembryonic antigen (CEA) levels, abdominoperineal ultrasonography, chest X-ray,
and colonoscopy. Thereafter, vital status was checked annually.

2.5. Statistical Analysis

The chi-square test and Fisher’s exact test were used to compare categorical data,
and the Mann-Whitney U test was used to compare continuous data. The Kaplan-Meier
method was applied to analyze the rates of distant metastases, disease-free survival, overall
survival, and cancer-related survival. For the analysis of disease-free survival, the first
occurrence of locoregional or distant recurrence or death from any cause was defined as an
event. For estimation of overall survival, we defined death from any cause as an event. For
the analysis of cancer-related survival, an event was defined as death from colon cancer,
either because of recurrence (locoregional or distant) or because of postoperative death
following reoperation. The 95% confidence intervals (Cls) were calculated according to
the method described by Greenwood [12]. The survival curves were compared using a
log-rank test. Cox regression analysis was used for multivariate analyses and was adjusted
for age in survival analyses. For the identification of independent prognostic factors, all
variables with p < 0.05 in univariate analysis were included in the multivariate model. A
p-value < 0.05 was considered significant. All analyses were performed using the statistical
software package SPSS® version 24.0 (IBM, Armonk, New York, NY, USA).
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3. Results
3.1. Patient Characteristics

The demographic and clinicopathological characteristics of the 1047 patients are shown
in Table 1. A total of 655 patients were classified as pT3 and divided into subgroups pT3a,
n = 155 (23.7%); pT3b,c, n = 433 (66.1%); and pT3d, n = 67 (10.2%). Table 2 presents
the distribution of typical prognostic factors. We found significant differences in the
distribution of prognostic factors between pT3a, pT3b,c, and pT3d carcinomas. High-grade
carcinomas and those with lymphatic invasion were found to be significantly less frequent
in pT3a than in pT3b,c (p = 0.016 and p < 0.001). Lymph node-positive carcinomas and
those with lymphatic and/or venous invasion were found significantly more frequently in
pT3d than in pT3b,c carcinomas (p < 0.001, p = 0.001, and p = 0.006). At the same time, pT3a
carcinomas showed a similar distribution of these prognostic factors as pT2 carcinomas, and
pT3d carcinomas had a similar distribution as pT4a and pT4b carcinomas. No differences
were identified with respect to the location of the tumors within the right or left colon.

Table 1. Patient and tumor characteristics for 1047 patients.

n (%)
Age median (range) (years) 69 (21-99)
Sex Male 602 57.5
Female 445 425
ASA* ASA I-II 730 70.9
ASA TII-1IV 300 28.7
Tumor site Right colon 511 48.8
Left colon 536 51.2
Emergencies Elective surgery 931 88.9
Emergency presentation 116 11.1
Surgical procedure Colon standard resection 787 752
Colon extended resection 260 24.8
Multivisceral resection No 928 88.6
Yes 119 11.4
Adjuvant treatment No 790 75.5
Yes 257 24.5
pT category pT2 (muscularis propria) 265 25.3
pT3a (<1 mm) 155 14.8
pT3b,c (>1-15 mm) 433 414
pT3d (>15 mm) 67 6.4
pT4a (serosa) 75 7.2
pT4b (other organs) 52 5.0
pN category pNO 674 64.4
pN1 261 249
pN2 112 10.7
Grading G1,2 699 66.8
G3,4 348 332
Lymphatic invasion LO 737 70.5
L1 309 29.5
Venous invasion Vo 1012 96.7
\%! 34 3.3

ASA American Society of Anesthesiologists Classification; * ASA missing in 17 patients.
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Table 2. Distribution of prognostic factors (n = 1047).

pT3a pT3b,c pT3d

pT2 (<1 mm) P (>1-15 mm) P (>15 mm) P pT4a P pT4b Poverall
n 265 155 433 67 75 52

n (%) n (%) n (%) n (%) n (%) n (%)
Rightcolon 131 (49.4) 79 (51.0) 211 (48.7) 28 (42) 38 (51) 24 (46)
Left colon 134 (50.6) 0564  76(49.0) 0632  222(51.3) 0290 39 (58) 0290 37(49) 0617 28(54)  0.862
pNO 202 (76.2) 106 (68.4) 273 (63.0) 29 (43) 34 (45) 30 (58)
pN1 54 (20.4) 38 (24.5) 110 (25.4) 19 (28) 21 (28) 19 (37)
pN2 9(3.4) 0.175 11 (7.1) 0.257 50 (11.5) <0.001 19 (28) 0.965 20(27)  0.011 3(6) <0.001
G1,2 204 (77.0) 115 (74.2) 275 (63.5) 40 (60) 39 (52) 26 (50)
G34 61(23.0) 0592  40(258) 0016 158 (365) 0548 27 (40) 0356  36(48) 0.825 26(50)  <0.001
L0 225 (85.2) 129 (83.2) 285 (65.8) 30 (45) 35 (47) 33 (64)
L1 39 (14.8)  0.653  26(168) <0.001 148 (342)  0.001 37 (55) 0821 40(53) 0062 19(37)  <0.001
0 262 (99.2) 153 (98.7) 419 (96.8) 60 (90) 69 (92) 49 (94)
%t 2(0.8) 0.587 2(1.3) 0202 14 (3.2) 0.006 7 (10) 0.614 6(8) 0630 3(6)  <0.001

The median follow-up of all patients was 8 years (range 0-22 years). During follow-up,
locoregional recurrences were observed in 27 patients (2.6%), and distant metastases were
observed in 173 patients (16.5%). At the time of analysis, 512 patients (48.9%) had died:
39 (3.7%) postoperatively, 139 (13.3%) related to recurrent disease, 62 (5.9%) from other
malignancies, and 272 (26.0%) due to other nonmalignant diseases.

3.2. Locoregional Recurrences

The 5-year rate of locoregional recurrence for all patients was 2.9% (95% CI 1.7-4.1%;
Table S1).

3.3. Distant Metastases

The 5-year rate of distant metastases for all patients was 16.4% (95% CI 14.0-18.8%).
Distant metastases increased significantly from pT3a over pT3b,c to pT3d, i.e., from 5.7%
via 17.7% to 37.2% (p = 0.002 and 0.001; Table 3a, Figure 2a) within 5 years. At the same
time, there was no difference between pT2 and pT3a with 5.3% and 5.7% (p = 0.993) or
between pT3d and pT4a and pT4b with 37.2%, 42.1% and 33.7% (p = 0.579 and p = 0.403).
In patients without regional lymph node metastases (pNO0), a significant difference in the
frequency of distant metastasis was identified between pT3a and pT3b,c (4.1% vs. 13.0%;
p = 0.011), which could be confirmed in multivariate analysis (Table S2). In contrast, in
lymph node-positive patients (pN1,2), a significant difference was found between pT3b,c
and pT3d (26.1% vs. 56.2%; p = 0.001).

Thirty patients developed peritoneal metastases, 20 of whom had distant metastases
in other locations. This was observed extremely rarely in pT2 and pT3a patients (1/265 and
1/155) and was rare in pT3b,c and pT3d patients (12/433 and 1/67). pT4a patients were
diagnosed with peritoneal metastases much more frequently (12/75; 16%), followed by
pT4b patients (3/52; 6%).

3.4. Disease-Free Survival

A 5-year disease-free survival rate of 67.9% (65.2-70.6%) was observed for all patients.
The differences between the pT categories were similar to those for distant metastasis. The
5-year disease-free survival decreased significantly from pT3a (77.4%) over pT3b,c (65.4%)
to pT3d (50.1%; p = 0.015 and 0.033; Table 3b, Figure 2b). No significant difference was
found between pT2 (80.5%) and pT3a (77.4%; p = 0.844) or between pT3d (50.1%) and pT4a
(43.9%; p = 0.296) and pT4b (53.4%; p = 0.177). In pNO patients, a significantly better 5-year
disease-free survival was found in pT3a (80.2%) compared to pT3b,c (68.7%; p = 0.012),
while in pN1,2 patients, it was significantly better in pT3b,c (59.9%) compared to pT3d
(34.2%; p = 0.007).
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Table 3. Distant metastases and disease-free survival (n = 1047).

pT3a pT3b,c pT3d pT4a pT4b
pT2 p (<1 mm) P (>1-15 mm) P (>15 mm) P (Serosa) P (Other Organs)

(a) Distant metastases
Any pN n =265 n =155 n =433 n=67 n=75 n=>52
5-year rate 5.3% 0.993 5.7% 0.002 17.7% 0.001 37.2% 0.579 42.1% 0.403 33.7%
(95% CI) (2.6-8.0) (1.8-9.6) (14.0-21.4) (24.7-49.7) (30.3-53.9) (20.2-47.2)
pNO n =202 n =106 n=273 n=29 n=34 n =30
5-year rate 3.8% 0.936 4.1% 0.011 13.0% 0.951 12.1% 0.263 25.3% 0.212 14.7%
(95% CI) (1.1-6.5) (0.2-8.0) (8.9-17.1) (0-25.0) (10.0-40.6) (1.4-28.0)
pN1,2 n=63 49 160 n=38 n=41 n=22
5-year rate 10.1% 0.803 9.2% 0.069 26.1% 0.001 56.2% 0.855 53.2% 0.623 59.9%
(95% CI) (2.5-17.7) (0.6-17.8) (18.8-33.4) (39.1-73.3) (37.1-69.3) (38.3-81.5)
(b) Disease-free survival
Any pN n =265 n =155 n =433 n=67 n=75 n=52
5-year rate 80.5% 0.844 77 4% 0.015 65.4% 0.033 50.1% 0.296 43.9% 0.177 53.4%
(95% CI) (75.6-85.4) (70.7-84.1) (60.9-69.9) (37.9-62.3) (32.7-55.1) (39.7-67.1)
pNO n =202 n =106 n=273 n=29 n=234 n =30
5-year rate 79.9% 0.161 80.2% 0.012 68.7% 0.619 71.7% 0.226 58.8% 0.157 73.3%
(95% CI) (74.4-85.4) (72.6-87.8) (63.2-74.2) (55.0-88.4) (42.3-75.3) (57.4-89.2)
PN1,2 n=63 49 160 n=38 n=41 n=22
5-year rate 82.3% 0.054 71.4% 0.508 59.9% 0.007 34.2% 0.667 31.7% 0.805 26.0%
(95% CI) (72.9-91.7) (58.7-84.1) (52.3-67.5) (19.1-49.3) (17.4-46.0) (7.2-44.8)
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Figure 2. Comparison of the prognosis between patients with pT2 (n = 265), pT3a (n = 155) and
pT3b,c (n =433) and pT3d (n = 67), pT4a (n = 75) and pT4b (n = 52) colon carcinomas: (a) distant
metastases, (b) disease-free survival, (c) overall survival, (d) cancer-related survival.
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3.5. Overall Survival

The 5-year overall survival rate was 73.9% (71.2-76.6%) for all patients. The overall
survival rates decreased from pT3a (78.6%) over pT3b,c (72.4%) to pT3d (61.9%; Table 4a,
Figure 2c). However, the significance level was not reached. Only in pN1,2 patients
was there a significant decrease in the 5-year rate from 68.6% in pT3b,c to 48.9% in pT3d
carcinomas (p = 0.011).

Table 4. Overall survival and cancer-related survival (n = 1047).

pT2

pT3a pT3b,c pT3d pT4a pT4b
4
(<1 mm) (>1-15 mm) (>15 mm) (Serosa) (Other Organs)

(a) Overall survival

Any pN n =265 n =155 n =433 n=67 n=75 n=>52
5-year rate 83.5% 0.634 78.6% 0.119 72.4% 0.249 61.9% 0.108 51.8% 0.068 70.7%
(95% CI) (79.0-88.0) (72.1-85.1) (68.1-76.7) (50.1-73.7) (40.4-63.2) (58.2-83.2)
pNO n =202 n =106 n=273 n=29 n=234 n =230
5-year rate 82.4% 0.300 81.1% 0.058 74.6% 0.162 78.8% 0.058 70.5% 0.182 83.3%
(95% CI) (77.1-87.7) (73.7-88.5) (69.5-79.7) (63.7-93.9) (55.2-85.8) (70.0-96.6)
pN1,2 n=63 49 160 n =238 n=41 n=22
5-year rate 87.1% 0.006 73.5% 0.988 68.6% 0.011 48.9% 0.480 36.6% 0.459 53.6%
(95% CI) (79.0-95.3) (61.2-85.8) (61.3-75.9) (32.6-65.2) (21.9-51.3) (32.4-74.8)
(b) Cancer-related survival

Any pN n =265 n=155 n =433 n=67 n=75 n=52
5-year rate 96.6% 0.300 95.5% 0.025 89.2% 0.039 78.3% 0.049 63.5% 0.042 85.1%
(95% CI) (94.2-99.0) (92.0-99.0) (86.1-92.3) (67.3-89.3) (51.9-75.1) (74.9-95.3)
pNO n =202 n =106 n=273 n=29 n=234 n =30
5-year rate 97.7% 0.541 96.7% 0.071 92,9 0.087 100% 0.006 84.0% 0.071 96.2%
(95% CI) (95.5-99.9) (93.0-100) (89.6-96.2) (71.1-96.9) (88.8-100)
pN1,2 n=63 49 160 n=238 n=41 n=22
5-year rate 93.2% 0.565 92.8% 0.217 82.8 0.004 61.8% 0.287 46.5% 0.428 69.6%
(95% CI) (86.7-99.7) (85.0-100) (76.5-89.1) (44.4-79.2) (28.5-64.5) (49.2-90.0)

3.6. Cancer-Related Survival

Finally, the 5-year rate of cancer-related survival of all patients was 89.3% (87.3-91.3%).
It decreased significantly from 95.5% in pT3a patients over 89.2% in pT3b,c (p = 0.025) to
78.3% in pT3d (p = 0.039; Table 4b, Figure 2d). Again, a significant difference in pN1,2 pa-
tients was found between pT3c,d and pT3d (82.8% vs. 61.8%; p = 0.004).

In nearly all the analyses, a nonsignificant rather worse prognosis was observed in
pT4a patients than in pT4b patients, possibly due to the higher rate of metachronous
peritoneal metastases in pT4a carcinomas.

3.7. Cox Regression Analysis

In univariate and multivariate Cox regression analyses (Tables 5 and 6), pT3b,c was
defined as the reference group and set as 1.0. This enabled us to investigate whether the
prognosis of pT3a is significantly better and the prognosis of pT3d patients is significantly
worse compared to pT3b,c. In the multivariate analysis of distant metastasis, we found
that metastases were diagnosed significantly less frequently in pT3a carcinomas than in
pT3b,c, while they occurred almost significantly more frequently in pT3d carcinomas. In
multivariate analysis of disease-free survival, the prognosis of pT3a patients was found
to be significantly better, and the prognosis of pT3d patients was nonsignificantly worse
when compared to pT3b,c.
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Table 5. Distant metastases, multivariate Cox regression analysis (n = 1047).

Univariate Analysis Multivariate Analysis
n Hazard Ratio  95% CI p Hazard Ratio  95% CI p

Sex Male 602 1.0

Female 445 0.8 0.6-1.1  0.126
ASA* ASA I-1I 730 1.0

ASA M-IV 300 1.3 0.9-1.8 0.148
Tumor site Right colon 511 1.0

Left colon 536 13 1.0-1.8  0.082
Emergencies Elective surgery 931 1.0 1.0

Emergency presentation 116 2.5 1.7-3.6  <0.001 1.8 1.2-2.7  0.003
Surgical procedure  Colon standard resection 787 1.0

Colon extended resection 260 1.2 0.9-1.7  0.308
pT category pT2 (muscularis propria) 265 0.4 0.2-0.6  <0.001 0.5 0.3-0.8  0.004

pT3a (<1 mm) 155 0.4 0.2-0.7  0.002 0.4 0.2-0.8  0.007

pT3b,c (>1-15 mm) 433 1.0 1.0

pT3d (>15 mm) 67 22 14-3.6  0.001 1.6 1.0-25  0.074

pT4a (serosa) 75 2.6 1.7-39  <0.001 2.1 14-32  0.001

pT4b (other organs) 52 2.0 1.1-34  0.015 2.0 1.1-34  0.017
PN category pNO 674 1.0 1.0

pN1 261 2.3 1.6-3.3  <0.001 2.0 14-29  <0.001

pN2 112 5.2 3.6-7.6  <0.001 34 22-53  <0.001
Grading G1,2 699 1.0 1.0

G3,4 348 1.4 1.0-19  0.031 1.0 07-1.3  0.831
Lymphatic invasion =~ No 737 1.0 1.0

Yes 309 2.7 2.0-3.7  <0.001 1.3 09-1.8  0.197
Venous invasion No 1012 1.0 1.0

Yes 34 2.3 1.3-43  0.007 12 0.7-23  0.513

Table 6. Disease-free survival, multivariate Cox regression analysis (n = 1047).

Univariate Analysis Multivariate Analysis

Adjusted for Age
n Hazard Ratio 95% CI p Hazard Ratio  95% CI p
Sex Male 602 1.0
Female 445 0.9 0.7-1.0 0.072
ASA* ASA I-1 730 1.0 1.0
ASA M-IV 300 24 2.0-29  <0.001 1.7 14-2.0 <0.001
Tumor site Right colon 511 1.0
Left colon 536 0.9 0.8-1.1 0.265
Emergencies Elective surgery 931 1.0 1.0
Emergency presentation 116 2.2 1.7-2.7  <0.001 1.5 1.2-19 0.002
Surgical procedure  Colon standard resection 787 1.0
Colon extended resection 260 1.0 0.9-1.3 0.649
pT category pT2 (muscularis propria) 265 0.7 0.6-0.9  0.007 0.8 0.7-1.0 ~ 0.096
pT3a (<1 mm) 155 0.7 0.5-0.9 0.015 0.7 0.5-1.0 0.024
pT3b,c (>1-15 mm) 433 1.0 1.0
pT3d (>15 mm) 67 1.5 1.1-2.1 0.020 1.2 09-1.7  0.281
pT4a (serosa) 75 1.8 14-24  <0.001 14 1.1-2.0 0.018
pT4b (other organs) 52 14 0.9-1.9 0.095 1.2 0.8-1.7  0.365
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Table 6. Cont.

Univariate Analysis Multivariate Analysis

Adjusted for Age
n Hazard Ratio  95% CI p Hazard Ratio  95% CI p

pN category pNO 674 1.0 1.0

pN1 261 1.1 09-14 0175 1.1 09-1.4  0.255

pN2 112 2.1 1.6-2.7  <0.001 1.6 12-22  0.001
Grading G1,2 699 1.0

G34 348 1.1 0.9-1.3 0.208
Lymphatic invasion ~No 737 1.0 1.0

Yes 309 15 13-1.8  <0.001 12 1.0-1.5  0.051
Venous invasion No 1012 1.0 1.0

Yes 34 17 12-26  0.008 13 0.8-2.0  0.251

3.8. Adjuvant Chemotherapy

In Stage II, 7 of 408 patients (1.7%) received adjuvant chemotherapy (pT3a: n = 1/106,
pT3b,c: n=5/273, pT3d: n = 1/28). None of these patients with adjuvant chemotherapy
developed distant metastases. One patient died within five years from distant metastases
of an unknown primary.

In stage III, 161 of 247 patients (65.2%) received adjuvant chemotherapy (pT3a: n = 30/49,
pT3b,c: n = 108/160, pT3d: n = 23/38). The 5-year rates of distant metastases were
39.7% (95% CI 27.4-52.0) in stage III patients who did not receive chemotherapy and
22.4% (15.9-28.9) in patients who underwent adjuvant chemotherapy (p = 0.003). In the
86 patients with stage IIl who did not receive adjuvant chemotherapy, the 5-year rates of
distant metastases were as follows: pT3a (n = 19) 7.1%; pT3b,c (n = 52) 10.2%; pT3d (n = 15)
87.2%; pT3a vs. pT3b,c: p = 0.151; pT3b,c vs. pT3d: p = 0.051; pT3a vs. pT3d: p < 0.001. In
patients with stage III disease who underwent adjuvant chemotherapy, the 5-year rates of
distant metastases also increased with the depth of invasion: pT3a (n = 30) 10.2%; pT3b,c
(n=108) 21.2%; pT3d (n = 23) 44.1%; pT3a vs. pT3b,c: p = 0.171; pT3b,c vs. pT3d; p = 0.024;
pT3avs. pT3d: p = 0.003. Further details on the prognosis for pT3 subclassification in stage
III patients with and without adjuvant chemotherapy are presented in Table S3.

4. Discussion

The depth of the invasion beyond the muscularis propria is an important prognostic
factor in colon carcinoma. The TNM classification system classifies carcinomas that invade
the pericolic fat tissue as pT3. In contrast, carcinomas that already have involved the
serosa or adjacent organs or structures are classified as pT4, more precisely, pT4a and
pT4b, respectively. The TNM system does not provide a subclassification for pT3. The
prognostic inhomogeneity of pT3 and ypT3 has been discussed in previous studies for
rectal carcinomas [3,4]. Our analyses also show that there is a wide range of prognoses in
colon carcinomas depending on the depth of infiltration into the pericolic fat.

In all resected pT3 specimens, tumor invasion beyond the muscularis propria into the
pericolic fat was measured in mm and transformed to an ordinal scale. Initially, during
data collection, we used a four-level scale of pT3a, b, ¢, and d. Different from the analysis
of rectal carcinoma, where we proposed a subdivision of up to 5 mm and more than 5 mm,
we found in colon carcinomas that pT3b (invasion of >1-5 mm) and pT3c (>5-15 mm) had
a very similar prognosis. Therefore, we suggest a three-level subdivision of pT3 for colon
carcinomas into pT3a (<1 mm), pT3b,c (>1-15 mm), and pT3d (>15 mm).

The majority of patients, approximately two-thirds, belong to the intermediate risk
group (pT3b,c) with a depth of invasion of more than 1 mm but not more than 15 mm.
However, patients with a minimal invasion of up to 1 mm (pT3a) have a favorable prognosis
that is comparable to patients with pT2 carcinomas. This is the case for 26% of pT3 patients
without lymph node metastases and for almost 21% of pT3 patients with lymph node
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metastases. In contrast, patients with tumor invasion into the pericolic fat tissue of more
than 15 mm (pT3d) have a significantly worse prognosis, comparable to patients with
pT4 carcinomas. This concerns 7% of pT3 pNO patients and 12% of pT3 pN1,2 patients.

The inhomogeneity of pT3 could be confirmed for stage III patients without and
with adjuvant chemotherapy. The 5-year rate of distant metastases increased with the
depth of invasion in the group of patients without adjuvant chemotherapy and in the
patients with adjuvant treatment. Patients with pT3d pN1,2 carcinomas without adjuvant
chemotherapy had the worst prognosis, with a 5-year rate of distant metastasis of 87.2%
and a 5-year rate of disease-free survival of only 6.7%. Between 1998 and 2015, adjuvant
chemotherapy regimens evolved from 5-FU/FS to combinations with oxaliplatin, such
as FOLFOX or XELOX. The different chemotherapy regimens were not included in the
analyses. Currently, the chemotherapy regimen is selected primarily with regard to the age
and comorbidities of the patients. Whether different regimens can be recommended for the
different pT3 subcategories will be an important future question.

Recently, Panarelli et al. [13] highlighted the lack of consistent reproducibility of the
AJCC/UICC criteria for classifying deeply invasive colon cancers, in particular, the distinc-
tion between deep pT3 (comparable to pT3d) and pT4a (invasion of the serosa). In general,
moderate agreement (k= 0.52) was achieved by gastrointestinal pathologists when the tumor
had a well-delineated pushing deep border. Still, it was only slight (k= 0.16) when an inflam-
matory reaction was present at the advancing tumor edge. The problems with assigning deep
T3 versus T4a status reflect the ambiguous definition of serosal penetration as a defining
feature of pT4a. In our own experience and as highlighted in the aforementioned Panarelli
et al.’s study, this issue is complicated by several factors, including limited reliability on gross
findings that are considered suspicious for serosal penetration and the degree of sampling for
its verification. On occasion, grossly suspected serosal penetration turns out to be just a deep
T3 with an associated inflammatory reaction at the advancing deep tumor edge. Diffusely
infiltrating carcinomas are frequently associated with fibroinflammatory and fibrovascular
granulating tissues that may result in complete obliteration of the residual subserosal tissue
at the advancing tumor edge. This issue has been highlighted in the study by Panarelli et al.
as one of the major confusing factors in assigning a pT3 versus pT4a category. Another
confounding factor is the tendency of inured or preached serosal tissue to undergo a process
of healing, which ultimately results in an apparently intact fibroinflammatory layer between
the advancing tumor edge and the serosal surface. This finding might justify assigning a
T3 instead of T4a category by general surgical pathologists. Adherence of adjacent omental,
mesenteric, or other peritoneal fatty tissue may seal such foci of serosal penetration, suggesting
pT3. In their study, Panarelli et al. concluded that the histologic criteria for recognizing serosal
penetration represent a persistent source of diagnostic ambiguity for both gastrointestinal
and general surgical pathologists in assigning the pT category for colon carcinomas. This
significant overlap and confusion regarding deep pT3 versus pT4 could explain the very
similar prognosis of the two categories observed in our current study.

The most important difference in the treatment between pNO and pN+ colon cancer
patients is that adjuvant chemotherapy is generally recommended for stage III (pN+)
patients. In stage II (pNO0), adjuvant chemotherapy is limited to high-risk groups. Therefore,
identifying high-risk and low-risk groups is particularly important in stage II. pT3d cancers
mainly behave like pT4 cancers. Therefore, these patients belong to a high-risk group for
whom adjuvant therapy should also be discussed in stage II [14].

Another risk factor that plays an important role in prognosis, especially in node-
negative colon cancer, is the number of regional lymph nodes examined [15,16]. However,
in the cohort that we analyzed, only six of 1047 patients had fewer than 12 lymph nodes
examined. Swanson et al. also found the left colon to be a risk factor in stage II colon
cancer [16]. This could not be confirmed by our data. However, in a previous analysis,
including patients treated between 1981 and 1997 at our department, we identified left-
sided carcinomas of the sigmoid or descending colon, emergency presentation, a depth of
invasion of >15 mm beyond the outer border of the muscularis propria and pT4 lesions as
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the major risk factors for stage II colon carcinoma [14]. The current German S3 guideline for
colorectal carcinoma recommends considering adjuvant chemotherapy in stage II patients
with selected risk situations (pT4, tumor perforation, emergency presentation, <12 regional
lymph nodes examined). In cases of proven microsatellite instability (MSI-H), adjuvant
chemotherapy should not be applied in stage II. This is based on the better long-term
prognosis of patients with MSI-H colon carcinoma [17].

The distribution of prognostic factors in the different subcategories of pT3 colon carcino-
mas showed an increasing rate of lymph node metastases, high-grade carcinomas, lymphatic
invasion, and venous invasion with increasing depth of invasion. The attempt to present
the subcategories of pT3 as an independent prognostic factor in multivariate Cox regression
analysis has been successful only with limitations, most likely for distant metastasis. However,
multivariate Cox regression analyses may represent a certain over-adjustment in this case.
Nevertheless, we can prove for distant metastasis that if we set pT3b,c to 1.0, distant metasta-
sis in pT3a and pT2 is similarly less frequent, and distant metastasis in pT3d and pT4a,b is
similarly more frequent. The hazard ratios and their confidence intervals are similar in both
cases. For disease-free survival, this could be shown less clearly.

To our knowledge, this is the only published study that examines a subdivision of
pT3 in colon carcinoma patients. Further studies are therefore encouraged to confirm our
results. In addition to the different treatment methods for colon and rectal carcinomas, the
differences in the optimized subclassifications for colon (pT3a < 1 mm; pT3b,c > 1-15 mm;
pT3d > 15 mm) and rectal (pT3a,b <5 mm; pT3c,d > 5 mm) [3,4] carcinomas are one more
reason to separate the TNM classification for colon and rectal carcinomas.

Our study has some limitations regarding the thickness of pericolic fat tissue. Usually,
the pericolic fat is thinner in slim people than in overweight patients. Consequently, there
could be subgroups of patients for whom the subclassification may be less meaningful. To
the best of our knowledge, there is no study on the distribution patterns of pericolic fatty
tissue, e.g., depending on age, sex, or body mass index. For low rectal cancer, Wong et al. [18]
examined the thickness of mesorectal fat in 25 Chinese patients with T3 rectal carcinoma. They
found the lateral mesorectal fat on the left and right sides to be thicker than the anterior or
posterior. The mean thickness at 10 cm from the anal verge was <5 mm in 71% and <15 mm in
95% of the Chinese patients. Allen et al. [19] found a strong correlation between the volume
of the visceral compartment area and the mesorectal area in both sexes but not for body mass
index. Further limitations of this study are the long study duration with changes in adjuvant
treatment over time, the retrospective character, and the single-center analysis.

5. Conclusions

The depth of the invasion beyond the muscularis propria is an important independent
prognostic factor in pT3 colon carcinoma. A three-level subdivision of T3 in the TNM
system into T3a (<1 mm), T3b (>1-15 mm), and T3c (>15 mm) is recommended (Figure 3).
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Figure 3. Proposal for a new subclassification for T3 rectal and colon carcinoma.
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Simple Summary: In patients with colon cancer, the number of lymph nodes examined during
surgery can have a significant impact on their long-term survival. We conducted a study with
over 7000 patients and found that those who had at least 12 lymph nodes evaluated had better
survival rates. A younger age, specific cancer stages, and a right-sided tumor location were associ-
ated with a higher number of lymph nodes examined. Additionally, we discovered that the ratio
of metastatic to examined nodes (LNR) was a valuable predictor of survival and provided more
precise information than the conventional pN classification system. This research emphasizes the
importance of a thorough lymph node evaluation in colon cancer patients for accurate prognosis and

treatment decisions.

Abstract: Due to the impact of nodal metastasis on colon cancer prognosis, adequate regional lymph
node resection and accurate pathological evaluation are required. The ratio of metastatic to examined
nodes may bring an additional prognostic value to the actual staging system. This study analyzes the
identification of factors influencing a high lymph node yield and its impact on survival. The lymph
node ratio was determined in patients with fewer than 12 or at least 12 evaluated nodes. The study
included patients after radical colon cancer resection in UICC stages II and III. For the lymph node
ratio (LNR) analysis, node-positive patients were divided into four categories: i.e., LNR 1 (<0.05),
LNR 2 (>0.05; <0.2), LNR 3 (>0.2; <0.4), and LNR 4 (>0.4), and classified into two groups: i.e.,
those with <12 and >12 evaluated nodes. The study was conducted on 7012 patients who met the
set criteria and were included in the data analysis. The mean number of examined lymph nodes
was 22.08 (SD 10.64, median 20). Among the study subjects, 94.5% had 12 or more nodes evaluated.
These patients were more likely to be younger, women, with a lower ASA classification, pT3 and
PN2 categories. Also, they had no risk factors and frequently had a right-sided tumor. In the
multivariate analysis, a younger age, ASA classification of II and III, high pT and pN categories,
absence of risk factors, and right-sided location remained independent predictors for a lymph node
yield >12. The univariate survival analysis of the entire cohort demonstrated a better five-year
overall survival (OS) in patients with at least 12 lymph nodes examined (68% vs. 63%, p = 0.027).
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The LNR groups showed a significant association with OS, reaching from 75.5% for LNR 1 to 33.1%
for LNR 4 (p < 0.001) in the >12 cohort, and from 74.8% for LNR2 to 49.3% for LNR4 (p = 0.007) in
the <12 cohort. This influence remained significant and independent in multivariate analyses. The
hazard ratios ranged from 1.016 to 2.698 for patients with less than 12 nodes, and from 1.248 to 3.615
for those with at least 12 nodes. The LNR allowed for a more precise estimation of the OS compared
with the pN classification system. The metastatic lymph node ratio is an independent predictor for
survival and should be included in current staging and therapeutic decision-making processes.

Keywords: colon cancer; lymph nodes; lymph node yield; lymph node ratio; five-year overall survival

1. Introduction

Colorectal cancer (CRC) is a complex and multifactorial disease with a significant
global impact. It ranks as the third most frequently diagnosed cancer and the second
leading cause of cancer-related mortality worldwide. Based on the site of onset, rectal cancer
comprises 49.66% of cases, whereas colon cancer accounts for 49.09%. When considering
both sites together, they collectively represent 1.25% of all cases.

The exact causes of CRC remain uncertain, although they may be associated with
various factors such as genetic and dietary elements, as well as noncancerous health
conditions. The risk of CRC rises with advancing age. Incidence and mortality rates for
CRC are relatively low up to the age of 45; however, later they significantly increase. The
highest incidence is observed in the age group over 80 years. Nonetheless, a noteworthy
number of cases may still be observed among adolescents.

The epithelial cells of the mucosa in the colon and rectum can go through various
stages of development, including hyperplasia, atypical hyperplasia, and adenomas. These
adenomas have the potential to progress into carcinomas. In the early stages of CRC, the
disease is usually limited to the mucosa and submucosa of the intestinal wall, and lymphatic
metastasis is rare at this point. However, when the tumor penetrates the submucosal layer,
lymphatic metastasis can occur. CRC usually metastasizes to the liver, lungs, lymph nodes
of the abdominal cavity, and the peritoneum [1-4].

CRC is a complex, multi-step disease whose development depends on the accumu-
lation of genetic and epigenetic alterations. These include the loss of tumor suppressor
function (including APC and p53) and activation of proto-oncogenes (including KRAS and
BRAF). Such molecular derangements ultimately lead to dysregulated cell proliferation,
inhibited apoptosis, and the activation of growth-promoting signaling pathways [5-7].

Circulating tumor DNA (ctDNA) refers to fragmented DNA from tumor cells that
is released into the bloodstream. In metastatic CRC, ctDNA enables noninvasive molec-
ular profiling to identify actionable biomarkers and guide targeted therapy decisions.
Specifically, ctDNA analysis can effectively determine the mutation status, microsatellite in-
stability, and tumor mutational burden. However, tissue biopsy remains the gold standard,
with a higher sensitivity for detecting certain genomic alterations. But for CRC, ctDNA
has high detection rates nearing 100% in metastatic disease. Ongoing studies continue
to evaluate concordance between ctDNA and tissue sequencing across various genomic
biomarkers. Overall, ctDNA is becoming an invaluable tool for genotyping and tracking
tumor dynamics in CRC [8-10].

Early stages of CRC often give no symptoms. As the disease progresses, patients
typically experience symptoms such as hematochezia, intestinal obstruction, abdominal
mass, and various systemic symptoms. The five-year overall survival (OS) rate varies
depending on the disease stage, with a rate of 90% at stage I, 70-80% at stage II, and 40-65%
at stage IIL. The risk of progression also correlates with the stage of the primary tumor;
namely, it is 30% for stage II and 50% for stage III. Additionally, the risk is higher in the
first two years following radical surgery [11,12].
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This work focuses on colon cancer patients. The management of colon cancer patients
is primarily determined by the stage of the disease at diagnosis, underscoring the need
for a thorough approach to diagnosing, assessing, and treating the condition. Adequate
lymphadenectomy, recently described in the concept of a complete mesocolic excision
(CME), remains a crucial element of surgical treatment in nonmetastatic colon cancer [13].
The removal and analysis of lymph nodes play both a therapeutic and prognostic role. The
involvement of the lymph nodes determines the stage of the disease, its prognosis and
potential indication for adjuvant strategies [11,14].

The current standard of care for stage III colon cancer is immediate resection followed
by adjuvant chemotherapy. Adjuvant chemotherapy has been shown to reduce the risk of
recurrence and improve the OS in this patient population. Over the past decades, several
landmark trials have established the efficacy of various chemotherapeutic regimens in the
adjuvant setting [15-17]. Initially, studies demonstrated the efficacy of adjuvant fluorouracil
(5-FU) and folinic acid in colon cancer. IMPACT investigators demonstrated the benefits
of using 5-FU and folinic acid, increasing the OS from 78% to 83% [18]. The addition of
oxaliplatin to 5-FU/folinic acid (FOLFOX regimen) was then validated as more effective
than 5-FU regimens alone, becoming the new standard of care. The addition of oxaliplatin
was first suggested with the MOSAIC trial, showing a significantly improved six-year OS
rate of 78.5% compared to 72.9% with 5-FU alone [19]. More recently, oral fluoropyrimidines
like capecitabine combined with oxaliplatin (CAPOX) have shown similar improvements
in patient outcomes. The XELOXA trial found that combination therapy with capecitabine
and oxaliplatin was superior to 5-FU alone, with a 5-year OS rate of 73% compared to
67% [20]. Thus, an oxaliplatin-based doublet therapy with 5-FU/folinic acid or capecitabine
is now the backbone of adjuvant treatment for resected stage III colon cancer [15-17].

Accurate lymph node resection, analysis, and examination (LNE) are crucial in predict-
ing the future outcomes of patients who underwent radical surgery for colon cancer [21].
According to the guidelines issued by the American Joint Committee on Cancer (AJCC), it
is recommended to assess a minimum of 12 lymph nodes in order to meet the threshold
requirement [22]. In the case of lymph node involvement (stage III colon cancer), there is a
risk of misclassification into stages I or II, if the number of LNE:s is insufficient. Such misclas-
sification may result in patients not receiving the appropriate adjuvant therapy. Therefore,
in recent reports, it has been indicated that an increased number of LNEs correlates with
improved prognosis [23-26].

In the seventh edition of classification of malignant tumors (TNM), the AJCC in-
troduced a subdivision of the N parameter for colon cancer, which includes N1la (only
1 metastatic node), N1b (2-3 positive nodes), N2a (4-6 positive lymph nodes), and N2b
(>7 positive lymph nodes). However, the number of LNEs is still not part of the TNM
staging system [27,28]. Therefore, there have been suggestions to use the lymph node ratio
(LNR) as an improvement in the staging of CRC. The LNR is determined by calculating
the ratio of metastatic lymph nodes to the total number of resected lymph nodes. It is be-
lieved that the LNR has the potential to serve as a more accurate prognostic factor for CRC
compared to the conventional N assessment within the current TNM staging system [29,30].

The present study investigated large real-life population-based cohorts undergoing
colectomies for cancer to evaluate factors influencing the achievement of the 12 lymph
node limit as well as the prognostic impact of the LNR, in comparison with the actual
N-classification within the TNM staging system.

2. Materials and Methods
2.1. Patient Population

The study analyzed the complete data of 7012 patients treated for colon cancer in
122 hospitals that participated in an observational study entitled “Quality Assurance in
Colorectal Cancer,” managed by the An-Institute at the Otto von Guericke University
Magdeburg, Germany in the years 2008-2012. Patients with UICC (Union Internationale
Contre le Cancer, Geneva, Switzerland) stage II and III colon adenocarcinoma who under-
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went radical tumor resection were included. The colon was defined as the segment of the
bowel between >16 cm from the anocutaneous line and ileocolic valve. Curative resection
was defined as the complete resection of a macroscopic tumor with negative pathological
margins, lymphadenectomy, and no evidence of metastases. Patients with rectal cancers,
multiple colon cancers, and second primary tumors were excluded from the study.

Since it was an observational study, no ethical approval was required, as confirmed
by the local ethics committee of the Otto von Guericke University Magdeburg. Written
informed consent was obtained from each patient.

2.2. Data Collection

The hospitals were required to deliver data on every patient treated for colon cancer.
The total number of reported patients was cross-checked with the hospital’s financial report
for insurance companies to avoid a selection bias. The enrolment questionnaire consisted
of 68 questions related to personal data, risk factors, reasons for hospitalization, diagnosis
prior to surgery, surgical procedure, surgery-related complications, results of pathology
tests, and discharge (total: 334 items). Risk factors were defined based on the assessment
prior to the surgical treatment and categorized as follows: none, cardiac, respiratory, renal,
hepatogenic, nicotine abuse, alcohol abuse, diabetes mellitus, varicosis, and others. Each pa-
tient’s body mass index (BMI) and American Society of Anesthesiologists (ASA) score were
also recorded. The surgical procedures were classified by a surgeon and divided into cate-
gories including right hemicolectomy, extended right hemicolectomy, left hemicolectomy,
extended left hemicolectomy, and sigmoid resection. The intraoperative course was de-
scribed by the duration of the surgery, presence and technique of anastomosis, and intraop-
erative complications (bladder injury, bleeding necessitating > 2 red blood cell concentrates,
ureter lesion, iatrogenic tumor perforation, spleen injury, intestinal injury, internal geni-
tal injury, problem regarding the capnoperitoneum, and anastomosis complication). The
postoperative complications included general and special ones. The general postoperative
complications were lung embolism, pulmonary problems (pleural effusion and atelectasis),
pneumonia, urinary tract infection, fever (>38 °C, >2 days), cardiac problems, multiple
organ failure, thrombosis, and renal problems. The postoperative special complications
were bleeding (necessitating surgery), wound abscess, sepsis, anastomosis insufficiency,
aseptic wound healing dysfunction, wound infection, intra-abdominaltetrorectal abscess,
mechanical ileus (necessitating surgery), fecal fistula, peritonitis, atony lasting longer than
three days, peristalsis dysfunction (not necessitating surgery), wound dehiscence, and
colostomy complication. The number of resected regional lymph nodes and UICC classi-
fication were recorded based on the pathological report. Survival data were collected by
review of medical records and comparison with available registers.

2.3. Statistical Analysis

In this analysis, constant variables were used with appropriate measurements and
given as the mean with standard deviation, minimum and maximum or as the median,
minimum and maximum. Categorical variables were displayed as absolute or relative
frequencies. The chi-square test was used to proof the independency of categorical variables.
For small sample numbers (<5), cross-tabulation or Fisher’s exact test were used. For
estimations of systematic differences between the groups, a test of normal distribution was
performed (the Shapiro-Wilk test). In the first step, factors influencing lymph node yield
(LNY) were analyzed univariately. The independence of the significant factors was verified
in a multivariate regression and displayed as an odds ratio (OR) with a 95% confidence
interval. For survival analysis, the patient population was divided in two groups: i.e., those
with <12 and >12 examined lymph nodes, in order to exclude potential bias of a low LNY.
In univariate survival analysis, the previously identified significant factors influencing
LNY were tested according to the Kaplan-Meier method, using the log-rank test. The
nodal positive subgroup was divided into four categories: LNR 1 (<0.05), LNR 2 (>0.05;
<0.2), LNR 3 (>0.2; <0.4), and LNR 4 (>0.4), as initially proposed by Berger et al. [21]. For
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multivariate survival analysis, the method of Cox regression was used. The specified hazard
ratios (HR) were also given with 95% confidence intervals. All statistical comparisons were
performed at the significance level of 5%. Statistical analysis was performed using IBM®
SPSS® Statistics, Version 21.0.0, SPSS Inc. (New York, NY, USA).

3. Results

The main data analysis included 7012 patients with UICC stage II and III colon cancer
who met the set criteria. The mean number of examined lymph nodes was 22.08 (SD 10.64,
median 20). In the study group, 94.5% had 12 or more nodes evaluated. In patients with an
LNE < 12, an average of 8.99 (95% CI: 8.78-9.21) nodes were analyzed by the pathologist and
1.14 (95% CI: 0.96-1.32) identified as positive, while in those with an LNE > 12, an average
of 22.84 (95% CI: 22.58-23.09) lymph nodes were analyzed and 1.93 (95% CI: 1.83-2.03)
were found to be metastatic. Patients with 12 or more nodes were more likely to be younger,
women, with a lower ASA classification, pT3 and pN2 categories, and had no risk factors.
Additionally, an association with right-sided tumor location was observed as well (Table 1).

Table 1. Univariate analysis of lymph node harvest <12 and >12.

<12 >12

N (%) N (%) p-Value
Age
<50 3(0.8) 278 (4.2)
50-60 44 (11.5) 842 (12.7)
61-70 101 (26.1) 1643 (24.8) 0.018
71-80 140 (36.3) 2425 (36.6) )
81-90 91 (23.5) 1332 (20.1)
>90 7 (1.8) 106 (1.6)
Sex
Male 225 (58.4) 3472 (52.4) 0.027
Female 161 (41.6) 3154 (47.6) )
ASA Classification
I 21 (5.4) 417 (6.3)
11 157 (40.6) 3114 (47.0)
I 181 (47.0) 2889 (43.6) <0.001
v 27 (7.0) 206 (3.1)
pT Category
pT1 20 (5.1) 80 (1.2)
pT2 29 (7.5) 278 (4.2)
pT3 264 (68.5) 5036 (76.0) <0.001
pT4 73 (18.9) 1232 (18.6)
pN Category
pNO 203 (52.5) 3545 (53.5)
pN1 147 (38.1) 1955 (29.5) <0.001
pN2 36 (9.4) 1126 (17.0)
Risk Factors
At least one 322 (83.4) 5115 (77.2) 0.004
None 64 (16.6) 1511 (22.8)
Tumor Location
Caecum 51 (13.1) 1199 (18.1) 0.011
Colon ascendens 36 (9.4) 1411 (21.3) <0.001
Colon descendens 36 (9.4) 378 (5.7) 0.005
Colon sigmoideum 187 (48.3) 2319 (35.0) <0.001
Flexura dextra 16 (4.2) 484 (7.3) 0.019
Flexura sinistra 21 (5.5) 305 (4.6) 0.449
Colon transversum 39 (10.1) 530 (8.0) 0.075
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Table 1. Cont.

<12 >12

N (%) N (%) p-Value
UICC
I 203 (52.5) 3545 (53.5) 0682
11 183 (47.5) 3081 (46.5) ’
Grading
Gl 8(2.1) 146 (2.2)
G2 288 (74.7) 4777 (72.1) 0.490
G3 88 (22.7) 1690 (25.5) ’
G4 2(0.5) 13 (0.2)
Access
Laparotomy 331 (85.6) 5599 (84.5)
Laparoscopy 25 (6.5) 411 (6.2) 0276
Laparoscopic-assisted 19 (5.0) 477 (7.2) '
conversion 11 (2.9) 139 (2.1)
Intraoperative Complications
At least one 11 (2.9) 166 (2.5) 0.661
None 375 (97.1) 6460 (97.5) ’

In the multivariate analysis (Table 2), an age < 50, ASA classification of Il and III, pT2,
pT3, pT4, and pN2 categories, and absence of risk factors remained independent predictors
for a LNY > 12, as well as the right-sided location.

Table 2. Multivariate analysis of lymph node harvest >12.

Odds Ratio 95% CI p-Value
Age
>50 Referent
<50 4.687 1.474-14.900 0.009
ASA Classification
I 1.982 0.971-4.045 0.060
I 2.335 1.457-3.744 <0.001
1T 1.994 1.261-3.152 0.003
v Referent
pT Category
pT1 Referent
pT2 2.177 1.134-4.178 0.019
pT3 4.682 2.684-8.166 <0.001
pT4 3.490 1.934-6.297 <0.001
pN Category
pPNO Referent
pN1 0.960 0.743-1.241 0.757
pPN2 1.788 1.228-2.604 0.002
Risk Factor
At least one Referent
None 1.466 1.030-2.087 0.034
Tumor Location
Left side Referent
Right side 2.309 1.805-2.955 <0.001
Caecum transversum 1.042 0.721-1.508 0.825

A univariate survival analysis of the entire cohort (Table 3) demonstrated a better
five-year OS in patients with at least 12 lymph nodes examined (68% vs. 63%, p = 0.027,
Figure 1). The LNR groups (N = 183 for <12 LNY cohort: N = 85 for LNR 2, N = 56 for LNR
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3, and N = 42 for LNR 4; N = 3081 for >12 LNY cohort: N = 462 for LNR1, N = 1599 for
LNR 2, N = 622 for LNR 3, and N = 398 for LNR 4) showed a significant association with
the OS reaching from 75.5% for LNR 1 to 33.1% for LNR 4 (p < 0.001) in the >12 cohort,
and from 74.8% for LNR 2 to 49.3% for LNR 4 (p = 0.007) in the <12 cohort (Figures 2 and 3).
This influence remained significant and independent from multivariate analyses.

Table 3. Univariate survival analysis for lymph node yield <12 and >12. Numbers in percentages.

<12 >12
5-Years-OSin %  p-Value  5-Years-OSin %  p-Value
LNR
LNR 1 - 75.5
LNR 2 74.8 69.5
LNR 3 58.3 0.007 545 <0.001
LNR 4 49.3 33.1
Sex
Male 60.9 67.2
Female 67.1 0.762 68.9 0.591
ASA Classification
1 64.8 81.6
B w0 am
v 42.8 45.7
pT Category
pT1 75.8 0.004
pT2 78.4 92.6 <0.001
pT3 67.0 80.7
pT4 39.9 71.4
pN Category
pN1 68.2 0.005 70.7 <0.001
pPN2 46.7 49.0
Risk Factors
At least one 60.6 63.4
None 75 0.046 83.8 <0.001
Tumor Location
Right side 50.3 64.1
Left side 66.0 0.111 71.5 <0.001
Caecum transversum 73.8 70.8
Intraoperative Complications
At least one 53.6 64.4
None 63.3 0.492 68.1 0.329
Morbidity
No 67.6 71.4
Yes 55.3 0.049 613 <0.001

The hazard ratios ranged from 1.016 to 2.698 for patients with less than 12 lymph
nodes and from 1.248 to 3.615 for those with at least 12 lymph nodes. The LNR allowed a
more precise estimation of the OS compared with the pN classification system for LNR 4
in the group with <12 lymph nodes and LNR 3 and LNR 4 in the group with >12 lymph
nodes (Table 4).
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Table 4. Cox multivariate models for 5-year OS.
<12 Nodes >12 Nodes
Hazard Ratio (95% CI) p-Value Hazard Ratio (95% CI) p-Value
LNR
LNR 1 Referent
LNR 2 Referent 1.248 (0.922-1.828) 0.152
LNR 3 1.016 (0.363-2.840) 0.976 1.976 (1.428-2.734) <0.001
LNR 4 2.698 (1.083-6.718) 0.033 3.615 (2.589-5.047) <0.001
Age ns 1.046 (1.036-1.057) <0.001
ASA Classification
1 Referent 0.102 Referent
i 0.273 (0.47-1.571) 0.146 1.120 (0.687-1.828) 0.649
I 0.672 (0.107-4.236) 0.672 1.720 (1.048-2.824) 0.032
v 0.731 (0.091-5.872) 0.768 2.527 (1.338-4.773) 0.004
pT Category
pT1 Referent Referent
pT2 0.969 (0.164-5.722) 0.972 2.113 (0.639-6.989) 0.220
pT3 0.813 (0.182-3.634) 0.787 3.316 (1.060-10.373) 0.039
pT4 3.578 (0.743-17.223) 0.112 5.997 (1.907-18.861) 0.002
pN Category
pN1 Referent Referent
pN2 2.957 (1.362-6.421) 0.006 1.832 (1.540-2.179) <0.001
Tumor Location
Left ns Referent
Right 1.384 (1.151-1.664) 0.001
Caecum transversum 1.177 (0.830-1.670) 0.361
Morbidity ns 1.324 (1.106-1.585) 0.002

ns = not significant (p > 0.05).

62



Cancers 2024, 16, 218

4. Discussion

The LNR and pN classification system were independent prognostic factors in both
cohorts (<12 and >12 nodes). Comparing the HR and OS, the LNR in patients with
>12 lymph nodes appears to give a more accurate prognosis than the pN categories: HR
(LNR 4) = 3.615 vs. HR (pN2) = 1.832, while OS (LNR 4) = 33.1% vs. OS (pN2) = 49.0%.
LNR 4 better predicts the OS than the pN2 category when at least 12 nodes are evaluated.
These findings are complementary to previous references showing the LNR providing
additional staging information to the current staging system. Berger et al., whose cutoffs
were adopted in this study, showed the LNR to be a significant prognostic variable in
stage II and IIT if at least 10 nodes were evaluated [31]. However, this initial cohort was
significantly smaller (n = 3411) than in the present analysis, and the included patients
were part of a randomized controlled trial, not a cohort from a real-life treatment. When
analyzing 922 single-center colon cancer patients in stage III, Parnaby et al. demonstrated
the superiority of LNR cutoffs of 18%, 42%, and 70% compared to the pN classification
system using the Akaike information criterion [32]. In a Danish nationwide study including
8901 patients operated on for nonmetastatic colon cancer (incl. 1263 stage I cases), Lykke
et al. showed an association of a high LNY with improved survival, as well as a prognostic
advantage of the LNR compared to the pN classification system [33]. Chen et al. analyzed
36,712 colon cancer patients from the administrative National Cancer Institute Surveillance,
Epidemiology, and End Results (SEER) database for the years 1992-2004. Similar to our
findings, the authors noticed the best prognostic value of LNRs after an LNE > 12, whereas
the multivariate analysis suggested the ratio to be a better prognostic factor than the pN
classification system [34]. Silva et al. demonstrated that the LNR is a strong predictor
for tumor recurrence in stage III colon cancer [35]. Moreover, according to Jang et al.,
the LNR holds the potential to serve as an autonomous prognostic element for patients
with stage IV colon cancer who undergo resection [36]. Additional evidence comes from
Mirzaei et al. [37], who demonstrated that LNRs had significant prognostic value for
both overall and disease-free survival in stage III colon cancer. Amri et al. [38] reported
significant associations of LNRs with cancer-related mortality and recurrence in a cohort of
over 1000 patients. Occhionorelli et al. [39] found LNRs to predict the 5-year overall and
disease-free survival in emergency colon cancer surgery. In the study by Elbaiomy et al. [40],
a high LNR was significantly associated with poorer progression-free and overall survival.
Other authors, such as Jakob et al., Schiffman et al., or Mohan et al., could not find any
additional prognostic value of LNRs [30,41,42]. However, due to a low number of cases
(144402 patients) and the subdivision of LNRs with only one cutoff, these results have a
limited impact.

In our patient cohort with UICC II-III colon cancer, on average, 22.08 (SD 10.645,
median 20) lymph nodes were examined. The correlation between LNE and a better OS
has already been shown by multiple studies [43]. Foo et al. suggest that the LNY shows
a substantial correlation with survival outcomes. A lymph node yield of 20 or more was
linked to improved survival. Conversely, a lymph node yield of less than 12 did not
demonstrate inferior survival outcomes when compared to those with node yields between
12 and 19 [44]. Lykke et al. propose that in UICC stage I-III colon cancer, a LNY exceeding
the recommended 12 lymph nodes was linked to enhanced survival [45]. Our results show
a significantly increased survival in patients with >12 nodes. Yet, the exact reason for
this phenomenon is still uncertain. The evaluation of at least 12 nodes, recommended
by numerous guidelines, is supposed to ensure accurate staging and prevent possible
understaging and undertreatment. Lykke et al. observed stage migration in UICC III
patients with more than 12 nodes evaluated [33]. Our results support this finding: node
positive patients were more likely to be ranked into the pN2 category when at least 12 nodes
were examined, while the pN1 category was more represented in patients with <12 nodes
(p <0.001). Also, the OS in both pN categories was higher in >12 nodes. Other authors
reject this theory [46-50]. Budde et al. observed no improvement in staging despite the
increasing number of examined nodes from 2004 to 2010 [51]. Another theory is that an
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increased number of nodes is found in patients with a better immunologic response to the
tumor, which leads to increased survival [46,48,51-53]. Another additional explanation is
that the LNE serves as proxy for quality of surgery and pathology [6,54].

According to our analysis, a younger age was accompanied by OR 4.7 for a LNY > 12.
Other studies confirmed this finding [55-60]. Chou et al. demonstrated a 9% reduction in
LNY for each ten-year interval [59]. Lykke et al. and Nathan et al. observed a decreased
OR in older patients (OR 1 to 0.452 and OR 1 to 0.720) [57,58]. This phenomenon results
from an insufficient immune response in older patients [57,61]. Another explanation might
be the risk reduction of the surgery at the cost of the LNY, prioritizing the minimization of
anesthesia thanks to the shorter duration of the surgical procedure in older patients who
are often dealing with comorbidities [59]. ASA classifications of II and III were associated
with an adequate LNY, while Moro-Valdezate and Nash et al. did not find any statistical
correlation [62,63]. In our multivariate analyses, female patients had no statistical benefit for
a high LNY. Some authors showed a correlation with the female sex [57,58,61,64], whereas
others did not obtain such results [46,63,65-67]. In the present study, no difference was
found in the laparotomic and laparoscopic approaches, which confirmed the results of
Beccera and Lykke et al. [56,57]

According to our study, a right-sided tumor location was beneficial fora LNY > 12 (OR
2.3), which was congruent with other studies [56,57,63,68-72]. The left-sided tumor location
was described by Becerra et al. as a risk factor for a yield < 12 (OR 1.158), and with an OR of
5.7-6.7 and even a high-risk factor by Choi et al. [56,64]. Some authors believe it is related
to a variable lymphatic anatomy: lymph nodes are more likely to be found along the right-
sided ileocolic artery than along the left-sided vessels [57,59,63]. Genetic-immunological
causes are considered as well. Microsatellite instability was mainly associated with right-
sided tumors. These types of tumors are more amenable to the immune system, resulting
in higher yields [73,74].

In multivariate regression, a high pT category was associated with an LNE > 12:
especially pT3 tumors were found to have an OR of 4.6. Other studies report similar
conclusions. Lykke et al. as well as Nathan et al. showed an increasing OR with increasing
pT categories for an adequate yield [57,58]. In a Korean study, a low pT category was a risk
factor for inadequate yield [64]. A proposed explanation is that tumor necrosis, which is
more frequently found in a high pT category, leads to a higher antigen presentation for the
immune system, resulting in an increased lymph node yield [57].

This study has several limitations. A multicentric study is based on voluntary participa-
tion of hospitals and family physicians, without the discipline and resources of randomized
controlled trials. Also, due to the high rate of adequate LNEs, the cases < 12 nodes are low,
which must be taken into account when interpreting this part of the results. Our data do
not include information about oncological treatments administered after surgery—adjuvant
chemotherapy, further resections, or palliative chemotherapy for metastatic disease.

5. Conclusions

The LNR allows for a better estimation of the overall survival compared to the pN
status and shows remarkable differences in prognosis within nodal-positive patients. It is
unclear why the LNR still remains outside of the UICC stage classification for colon cancer
and is not included in the decision-making process concerning adjuvant therapies.
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Simple Summary: This review summarizes the history and current clinical applications of antiangio-
genic treatment. It specifically discusses current challenges of the treatment and opportunities for
optimization, including normalization of the tumor vasculature, modulation of milieu-dependent
heterogeneity of the vasculature, and targeting of angiocrine protein functions.

Abstract: The vasculature is a key player and regulatory component in the multicellular microen-
vironment of solid tumors and, consequently, a therapeutic target. In colorectal carcinoma (CRC),
antiangiogenic treatment was approved almost 20 years ago, but there are still no valid predictors
of response. In addition, treatment resistance has become a problem. Vascular heterogeneity and
plasticity due to species-, organ-, and milieu-dependent phenotypic and functional differences of
blood vascular cells reduced the hope of being able to apply a standard approach of antiangiogenic
therapy to all patients. In addition, the pathological vasculature in CRC is characterized by het-
erogeneous perfusion, impaired barrier function, immunosuppressive endothelial cell anergy, and
metabolic competition-induced microenvironmental stress. Only recently, angiocrine proteins have
been identified that are specifically released from vascular cells and can regulate tumor initiation
and progression in an autocrine and paracrine manner. In this review, we summarize the history
and current strategies for applying antiangiogenic treatment and discuss the associated challenges
and opportunities, including normalizing the tumor vasculature, modulating milieu-dependent
vascular heterogeneity, and targeting functions of angiocrine proteins. These new strategies could
open perspectives for future vascular-targeted and patient-tailored therapy selection in CRC.

Keywords: antiangiogenic treatment; cancer; colorectal cancer; endothelial cells; tumor
microenvironment; bevacizumab; ramucirumab; aflibercept; regorafenib; fruquintinib; angiocrine;

vasculature; vascular heterogeneity

1. History and Development of Antiangiogenic Treatment for Cancer

Colorectal cancer (CRC) is the third most common cancer and accounts for approx-
imately 10% of cancer cases worldwide [1]. CRC incidence rates remain high in highly
developed countries such as Canada and Northern Europe and are rising rapidly in many
less developed countries, particularly in Eastern Europe, Asia and South America [2]. The
established risk factors for CRC include high intake of processed meats and low intake
of fruits and vegetables, a sedentary lifestyle, obesity, smoking, and excessive alcohol
consumption [1]. The introduction of population-based screening in a growing number
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of countries likely contributed to decreasing mortality rates in some regions [2]. Since the
1990s, despite an overall downward trend, particularly in high-income countries, there has
been an increase in digestive tract cancers in adults under the age of 50 [3]. Despite these
recent observations, CRC remains significantly more common in older people. Considering
the steadily increasing global life expectancy at birth, a doubling of the incidence of CRC in
old world regions by 2035 has been predicted [2].

Although the prognosis for CRC has improved in recent decades, this disease is still
responsible for 880,000 deaths globally [2]. Approximately 15-30% of patients present
with metastases at the time of diagnosis, and more than 20% of patients with initially
localized disease will develop metastases over time [4]. These high numbers require
continued intense and relentless efforts to combat the disease. The most urgent targets
for improvement are the expansion of prescreening programs, education about a tumor-
preventing lifestyle, the availability of healthy food to the global population and improved
forms of therapy in association with specific approaches to predetermine therapy responses.

In accordance with the clinical need for improvement in treatment regimens, we will focus
here on the status of CRC therapy, specifically by analyzing the role of the vascular system as
a therapeutic target. With the appreciation of the important role of the microenvironment in
carcinogenesis approximately 15 years ago, it became clear that not only tumor cells alone
but also the interplay of tumor cells with the different cell types in the surrounding stroma
mediated by many different cytokines and growth factors is a paramount denominator of
tumor progression and therapeutic responses [5]. In this framework, it is highly remarkable
that more than 50 years ago, Judah Folkman had already recognized the importance of
the vasculature as a stromal-derived component for tumor therapy. His hypothesis was
that vessels are needed for the delivery of nutrients to tumor cells and that blocking vessel
growth into tumors may consequently reduce tumor progression [6]. In comparison to tumor
cell-directed cancer therapy, this approach is thought to have several advantages, including
(i) reduced resistance achieved by targeting genetically stable tumor vessel endothelial cells
(TECs) instead of tumor cells, where genetic instability is an important driver of resistance.
(ii) Furthermore, the endothelium is considered to be easily accessible to drugs applied
through the blood circulation. (iii) Finally, it was shown that approximately one endothelial
cell delivers nutrients to up to 100 tumor cells, and accordingly, amplification effects are
expected in endothelial cell-directed therapy [7].

These findings initiated a series of fascinating experimental approaches in animal models,
which convincingly supported the important role of the vascular system in tumor therapy. All
of these findings have been comprehensively reviewed in the literature [8,9]. Consequently,
only some of the most important results are highlighted in the following section.

One of the first requirements for antiangiogenic therapy was the availability of the
respective inhibitors. In the first step, these substances directly inhibit endothelial cell
proliferation or migration. Among these substances was fumagillin, which was first
isolated from Aspergillus fumigatus in 1949 as an antiphage agent [10,11]. Fumagillin
was shown to be an antiangiogenic agent when Folkman’s coworker revealed that it
inhibited capillary endothelial cell proliferation in Aspergillus fumigatus-contaminated cell
cultures [12]. To reduce its nonspecific toxicity, derivatives of fumagillin were synthesized,
and these substances significantly inhibited tumor growth in preclinical experimental
tumor models [12]. A further key development was based on two important points:
first, the observation that the growth of metastases dramatically increased after surgical
removal of the primary tumor in certain rodent carcinoma models; second, the hypothesis
that inhibitors of angiogenesis may be enriched in the primary tumors but trumped by
stimulators; and that this balance may be shifted distantly in the circulation when inhibitors
are more stable and stimulators are rapidly cleared [9]. These conditions specifically inhibit
angiogenesis, which is needed for distant metastasis formation in the presence of the
primary tumor. Based on these considerations, two angiogenesis inhibitors that are released
in proteolytically active primary tumors as cleavage products of other proteins were
identified. These inhibitors were named angiostatin, a cleavage product of the blood protein
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plasminogen involved in fibrolyis, and endostatin, a cleavage product of the extracellular
matrix protein collagen XVIII [13,14]. Both proteins specifically inhibited endothelial cell
proliferation but had no effect on resting endothelial cells or other cell types [9,13,14].
Moreover, endostatin and angiostatin strongly inhibited the growth of many different
tumors, including breast, colorectal and lung cancer, in different mouse models [15]. Most
importantly, for endostatin, this drug did not lead to acquired drug resistance after several
cycles of treatment or tumor regrowth during phases where treatment ceased [16]. These
results led to great euphoria and high hopes in researchers, medical doctors and patient
populations with respect to antiangiogenic cancer therapy in humans. This culminated
when The New York Times headlined these findings in 1998 and cited the codiscoverer of the
DNA structure and Nobel laureate James D. Watson with the sentence “Judah Folkman
is going to cure cancer in two years” [17]. This expression is often used to demonstrate
excitement in the field but was quickly contradicted by Watson himself, who stated that
he was misquoted and instead referred to the urgent need for clinical trials, which would
show within the year whether the substances are effective [18]. Folkman’s statements were
more focused on the actual facts when he was cited: “If you have cancer and you are a
mouse, we can take good care of you” [17]. In fact, in the effort to translate the preclinical
results to clinical therapy, severe pitfalls arose, and altogether, there was less excitement
when these substances were examined in clinical studies. It took several years until 2004
when antiangiogenic therapy was successfully applied to a human cancer, namely, CRC,
for the first time [19]. In the following paragraphs, we will specifically discuss the present
standing of antiangiogenic therapy in CRC and summarize putative reasons for therapy
failure in humans as well as putative perspectives.

2. Clinical Application of Antiangiogenic Treatment in Colorectal Cancer

The vasculature plays an essential role in CRC therapy. First, angiogenesis is the target
of antiangiogenic therapy, as explained above. Second, the vasculature also determines
the extent of surgical resection of CRC (Figure 1). Two groups of antiangiogenic drugs
are currently used to treat metastatic CRC (mCRC): monoclonal antibodies and small
molecules, specifically tyrosine kinase inhibitors (TKIs) [20] (Table 1).

Figure 1. The tumor-related vascular structure and hierarchy determine the surgical resection strategy
used for colorectal cancer. Surgical preparation after right hemicolectomy with complete mesocolic
excision because of cecal carcinoma (circle). Central ligation of the ileocolic vessels (artery and vein)
and the right colic artery (dashed lines) ensures resection of the regional lymph nodes, which is well
known to improve survival.
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Table 1. Pivotal phase III clinical trials of antiangiogenic agents in treatment of mCRC.

mOS, Months  mPFS, Months HR (0S)

Clinical Trial Treatment Indication 95%CT) ©95% CI) ORR, % ©95%CI) Ref.
Beva + IFL . 20.3 (n.r.) 10.6 (n.r.) 448 0.66 (n.r.),
AVE2107g Beva + placebo Istline 15.6 (n.r.) 6.2 (n.r.) 34.8 p <0.001 (191
Beva + 208 (159-232) 9.6 (8.2-10.3) 50.6 1.13 (0.89-1.43)
ITACa FOLFOX/FOLFIRI Ist line 713(199.241)  84(73.90) = S oss ) 21
FOLFOX/FOLFIRI 2 (2 e p=9
Beva+FOLFOX /FOLFIRI . 112(104-122)  57(52-62) 5 0.81 (0.69-0.94),
ML18147 FOLFOX/FOLFIRI 2nd line 9.8 (8.9-10.7) 4.1 (3.7-4.4) 4 p =0.0062) (221
135 0817
Aflibercept + FOLFIRI ) (12.52-14.95) 6.9 (6.51-7.2) 19.8 i
VELOUR FOLFIRI 2nd line 12,6 4.67 (4.21-5.36) 11.1 (0'7_1%40)(‘%32?’ po (23
(11.07-13.11) =Y
) 13.3 (12.4-14.5) 0.844
RAISE Ramuc“gg‘]'j‘;’l[*{fomm 2nd line 117 31 ((i’g’:gi; e 0.73-0976),p  [24]
(10.8-12-7) 2 (Lm0 . =0.0219
Regorafenib 6.4 (CIn.r.) 19 (CIn.r) 1 0.77 (0.64-0.94),
CORRECT Placebo refractory 5.0 (CIn.r) 1.7 (CIn.r) 04 p =0.0052 1251
Fruquintinib ) 7.4 (6.7-8.2) 3.7 (35-3.8) 5 0.66 (0.55-0.80),
FRESCOII Placebo Srd/laterline g 40 54) 1.8 (1.8-1.9) 0 p <0.0001 [26]

mOS: median overall survival. mPFS: median progression-free survival. ORR: objective response rate. HR (OS):
hazard ratio of overall survival. CI: confidence interval. Beva: bevacizumab. FOLFOX: 5-fluorouracil, leucovorin,
oxaliplatin. FOLFIRI: 5-fluorouracil, leucovorin, irinotecan. IFL: irinotecan, bolus fluorouracil, leucovorin. n.r.:
not reported.

2.1. Monoclonal Antibodies

Currently, clinically used monoclonal antibodies block the VEGF-VEGFR2 axis and,
accordingly, the activation of VEGF signaling pathways. Bevacizumab, the first approved
antiangiogenic drug, binds to VEGF-A and prevents its binding to the corresponding
receptors [27]. Aflibercept is a soluble VEGF receptor that also captures VEGF before it
can bind to the respective cellular receptors. Ramucirumab binds directly to VEGFR2,
thereby inhibiting its activation [20]. All three antibodies are used globally in combination
with chemotherapy in standard second-line therapy for unresectable CRC. However, only
bevacizumab is recommended in first-line setting [4,28,29]. Toxicity and adverse effects,
including hypertension, proteinuria, hemorrhage, GI perforation, wound complications,
and thromboembolic events, are mostly modest and manageable [30-33].

2.1.1. Bevacizumab

Bevacizumab was the first antiangiogenic drug approved for clinical application,
and it is still the most widely used [27]. In mCRC, bevacizumab was established in
first and later lines of therapy in combination with chemotherapy, as monotherapy has
no relevant impact in mCRC [20]. In the first clinical trials, bevacizumab seemed to
improve the response rate (RR), progression-free survival (PFS), and overall survival
(OS) in combination with chemotherapy. Kabbinavar et al. [34] reported a dose-dependent
positive effect of bevacizumab in combination with 5-FU/leucovorin on the RR, PFS and OS
in a phase II trial in patients with mCRC. Hurwitz et al. [19] also reported better outcomes
for all three parameters for patients treated with bevacizumab in combination with bolus
5-FU/leucovorin/irinotecan than for patients treated with the same chemotherapeutic
regimen plus placebo in first-line therapy for untreated mCRC. These outcomes resulted in
the approval of bevacizumab for the first-line treatment of metastatic colorectal disease.

In the following years, different combinations of bevacizumab and chemotherapeutic
regimens were tested in many clinical trials. Although some of the studies reported
improved PFS, the OS did not improve by adding bevacizumab [21,35-38].

Bevacizumab in first-line therapy seems to improve both OS and PFS when combined
with fluoropyrimidine monotherapy, for example for patients with reduced general health,

71



Cancers 2024, 16, 890

but only PFS when combined with commonly recommended combined chemotherapies
based on infusional 5-FU (FOLFOX, FOLFIRI) [39].

Several clinical trials have compared bevacizumab to anti-EGFR agents, such as cetux-
imab or panitumumab, in first-line therapies. Heinemann et al. compared FOLFIRI/ cetuximab
versus FOLFIRI/bevacizumab as first-line treatment for patients with KRAS wild-type (wt)
mCRC in a randomized phase III trial (FIRE-3) and reported a significantly prolonged OS
in the cetuximab group (28.7 vs. 25.0 months in the bevacizumab group), although RR and
PFS did not significantly differ [40]. Venook et al. conducted a similar trial (CALGB/SWOG
80405) to test either FOLFIRI or FOLFOX plus cetuximab or bevacizumab and found no
differences in OS, PFS and RR between bevacizumab and cetuximab [41]. In the phase II
PEAK study, when comparing FOLFOX plus panitumumab or bevacizumab as first-line
therapy in patients with unresectable KRAS-wt mCRC, a prolonged OS and a similar PFS
were found for the panitumumab group with KRAS-wt exon 2 [42]. Today, it is well known
that right-sided and left-sided CRC differ clinically and molecularly, so sidedness is essen-
tial for clinical trials and therapeutic decisions. Holch et al. analyzed the primary tumor
location in relation to the response to anti-EGFR therapy versus anti-VEGFR therapy in a
meta-analysis of the three abovementioned studies (FIRE-3, CALGB/SWOG 80405, PEAK).
The authors concluded that patients with left-sided RAS-wt mCRC benefit from treatment
with an anti-EGFR antibody, whereas bevacizumab should be preferred for right-sided
mCRC [43]. Sidedness was also addressed in a retrospective subgroup analysis of the two
pivotal first-line bevacizumab trials of Hurwitz et al. (2004) [19] and Saltz et al. (2008) [37]
mentioned above. This retrospective analysis revealed that bevacizumab had an effect
independent of tumor sidedness in mCRC [44].

Currently, bevacizumab is regularly used in combination with different first-line
chemotherapies for the treatment of mCRC. Its combination with FOLFOX, FOLFIRI or
the triplet FOLFOXIRI is recommended for right-sided RAS- and BRAF-wt mCRC but
also for RAS-mut and BRAF-mut mCRC, independent of the sidedness [4,28], although its
efficacy, in particular in combination with potent chemotherapies as FOLFOX, FOLFIRI or
FOLFOXIRLI is still unclear.

The efficacy of bevacizumab was also analyzed for maintenance and second-line treat-
ment. The CAIRO3 trial demonstrated capecitabine plus bevacizumab, and the AIO 0207
trial demonstrated fluoropyrimidine plus bevacizumab as preferable options for maintenance
therapy in mCRC [45]. In second-line treatment, the combination of chemotherapy and beva-
cizumab compared to chemotherapy alone improved OS and PFS in different phase III trials,
although the absolute benefit was only 1-2 months in terms of the median OS [46].

Today, bevacizumab is regularly used in combination with first- and second-line
chemotherapy as well as maintenance therapy in the treatment of mCRC. Moreover, starting
in 2023, bevacizumab has been used in last-line therapy in combination with trifluridine-
tipiracil, as the SUNLIGHT trial showed a relevant improvement in OS (10.8 versus
7.5 months) and PFS (5.6 versus 2.4 months) for patients treated with trifluridine-tipiracil
plus bevacizumab compared to those treated with trifluridine-tipiracil alone [47].

2.1.2. Ramucirumab

Ramucirumab is a human immunoglobulin G1 (IgG 1) monoclonal antibody that
blocks VEGF receptor 2 (VEGFR-2), thereby preventing its activation [24]. In the RAISE
study, a phase III clinical trial, ramucirumab was tested in a second-line setting with
FOLFIRI in patients with mCRC who had disease progression during or within six months
after first-line therapy with bevacizumab, oxaliplatin and a fluoropyrimidine. Patients
treated with ramucirumab/FOLFIRI had a significantly longer OS (13.3 months) than
patients treated with placebo/FOLFIRI (11.7 months) and a significantly longer PFS [24].
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2.1.3. Aflibercept

Aflibercept is a fusion protein of the VEGF-binding domain of VEGFR1 and VEGFR2
with an Fc fragment of a human IgG1 antibody. This protein is a high-affinity ligand trap
for VEGFA, VEGFB, and placental growth factor (PIGF), thereby preventing the binding of
these proteins to VEGFR [23]. In a phase III clinical trial, patients treated with aflibercept
in combination with FOLFIRI had significantly better OS (13.5 vs. 12.6 months) and PFS
(6.9 vs. 4.7 months) than did patients treated with FOLFIRI/placebo in second-line therapy
after previous treatment with oxaliplatin [23].

It is unclear which of the three antibodies should be preferred in the second-line
treatment of mCRC [48]. To address this question, Hashimoto et al. initiated the ongoing
prospective randomized phase II clinical trial (JCOG2004) to compare bevacizumab with
ramucirumab and aflibercept, each in combination with FOLFIRI, in second-line treatment
for unresectable CRC after first-line therapy with fluoropyrimidine and oxaliplatin [49].

2.2. Tyrosine Kinase Inhibitors

Antiangiogenic tyrosine kinase inhibitors (TKIs) are small molecules that traditionally
affect a wide range of tyrosine and serine-threonine kinases in addition to the intended
VEGER signaling pathway [50]. Due to this low selectivity, TKIs often cause serious
toxicity, making their clinical use challenging, particularly in combination with chemother-
apy [51]. Moreover, the combination of TKIs with chemotherapy in mCRC patients has
been disappointing [20]. In monotherapy, the typical adverse effects of the TKIs regorafenib
and fruquintinib, used in mCRC therapy, include hypertension, hand-foot skin reaction,
diarrhea, fatigue and dysphonia [25,52].

2.2.1. Regorafenib

Until recently, the only TKI used in the clinical treatment of mCRC was regorafenib,
an oral multikinase inhibitor with activity against VEGFR-2, VEGFR-3, TIE-2, platelet-
derived growth factor receptor (PDGFR), fibroblast growth factor receptor (FGFR), rear-
ranged during transfection (RET) and c¢-Kit, as well as a signal transduction inhibitor of
the RAF/MEK/ERK pathway [33]. Regorafenib had a statistically significant, but only
moderate, effect on OS (6.4 vs. 5.0 months) as monotherapy for chemorefractory patients
with mCRC compared to placebo in the phase III multicenter CORRECT trial [25].

2.2.1.1. Fruquintinib

Fruquintinib is a new antiangiogenic TKI that targets VEGFR. It is a small molecule
that is orally applied and, in contrast to regorafenib, exhibits high selectivity for VEGFR-1,
-2 and -3 [52]. Its effectiveness in mCRC was evaluated in the pivotal FRESCO trial, a
randomized, double-blinded, multicenter phase III clinical trial in China that compared
fruquintinib monotherapy versus placebo in patients with mCRC and progression after
two lines of chemotherapy without VEGFR inhibitors. Median overall survival (9.3 vs.
6.6 months) and PFS (3.7 vs. 1.8 months) were significantly better in the fruquintinib
group than in the placebo group [53]. These results led to the approval of fruquintinib
for third- or later-line therapy for mCRC in China [54]. The authors state that the results
may not be applicable to the Western population, as the standard treatment for mCRC in
China does not include anti-VEGF therapy in prior therapy lines [53]. This phenomenon
has been addressed in the global FRESCO-2 trial (NCT04322539), which included almost
700 patients from the United States, Europe, Japan and Australia [26]. The results showed a
promising effect of fruquintinib in the treatment of patients with advanced, chemotherapy-
refractory mCRC, with an OS of 7.4 months in the fruquintinib group versus 4.8 months in
the placebo group [26]. These outcomes resulted in the recent FDA approval of fruquintinib
for previously treated mCRC in November 2023.

Several additional monoclonal antibodies, a peptibody and many TKIs that target
tumor angiogenesis through multiple pathways have been tested in mCRC patients in
recent decades. Unfortunately, most of these agents showed no relevant efficacy in therapy
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of mCRC or had unfavorable toxicity. An overview of some of these regimens that have
reached randomized phase II/III clinical trials but did not obtain approval for clinical
application in mCRC is given in Table 2. Notably, some of those regimens are still under
evaluation in combination with other therapies.

Table 2. Selection of antiangiogenic drugs in phase II/III trials in the last decade not receiving clinical

approval.
Drug Target Regimen Phase Indication Results in CRC Ref.
TKI
. . . No improvement of OS,
Brivanib PY GEFCI;{IT?-?Z/ _i,; %ﬁﬁ%ﬁ/c?uxﬁ:s I Refractory significant improvement of [55]
i cetd ORR and PFS, increased toxicity
Cediranib/FOLFOX . .
Beva/FOLFOX I 2nd line No improvement of PFS or OS [56]
Cediranib/FOLFOX or CAPOX . Modest PFS prolongation, no
VEGEFR-1, -2, -3, .
Cediranib i, 0. P Placebo/FOLFOX or CAPOX i Istline impact on O3 1571
A PFS and OS comparable to
Cediranib/FOLFOX 1I/111 1st line those of beva, less favorable [58]
Beva/FOLFOX .
profile of adverse events
R PFS and OS comparable to
Linifanib VE%glé_;i{_é/ 3 Ll;‘:j:}zg&]g)? X I 2nd line those of beva, more adverse [59]
events
. . VEGFR-1, -2, -3, Tivozanib/FOLFOX . Efficacy comparable to that of
Tivozanib KIT, PDGFR Beva/FOLFOX u 1st line beva [60]
EGFR, .
Vandetanib VEGER-2, RET, V"})';det;"‘/bp/ 58%)? X 1 2nd line No efficacy 161]
BRK, TIE-2 acebo
Vatalanib /FOLFOX . . .
Vatalanib VEGFR-1,-2, -3 Placebo/FOLFOX juig 1st line No efficacy in OS, PFS, ORR [62]
Vatalanib /FOLFOX . Improvement of PFS, but not
Placebo/FOLFOX m 2nd line 0s [63]
VEGFR-2, -3, P .
Famitinib KIT, PDGFR, Famitinib it 3rd or later line Prolongation of PES, no [64]
RET Placebo improvement of OS
Nintedanib/FOLFOX . -
Beva/FOLFOX 1711 st line Similar PFS [65]
VEGFR-1, -2, -3, Nintedanib/FOLFOX I 2nd lin Nonsignificant trend for [66]
Nintedanib FGFR-1, -2, -3, Placebo/FOLFOX N improved PFS, OS, DCR
PDGFRe/ 3 . P i
Nintedanib it Refract No improvement of OS, modest 1671
Placebo elractory increase of PFS
Monoclonal antibodies
Axitinib/FOLFOX No improvement of ORR, PFS
Beva/FOLFO I st line or OS by addition of axitinib or [68]
Axitinib/Beva/FOLFOX combination with beva
e . Significantly longer PFS with
Axitinib VEGFR-1, -2, -3 Axitinib vs. placebo I Maintenance axitinib [69]
Axitinib/FOLFOX No improvement of PFS and
Beva/FOLEOX i 2nd i OR, but d ¢ [70]
Axitinib/FOLFIRI ndiine e events
Beva/FOLFIRI with axitint
Parsatuzumab /FOLFOX/beva . No improvement of ORR, PFS,
Parsatuzumab EGFL7 Placebo/ FOLFOX/beva I st line 05 [71]
. VEGF-A, Vanucizumab /FOLFOX . No improvement of PFS,
Vanucizumab Ang-2 Placebo/FOLFOX 1 Istline increased toxicity 72l
Peptibody
Trebananib Ang-1,-2 Tr;iizi‘:})l:(galgll;{llr{ I 1I 2nd line No improvement of OS or PFS [73]

CRC: colorectal cancer. VEGFR: vascular endothelial growth factor receptor. FGFR: fibroblast growth factor receptor.
FOLFOX: 5-fluorouracil, leucovorin, oxaliplatin. FOLFIRT: 5-fluorouracil, leucovorin, irinotecan. OS: overall survival.
ORR: objective response rate. PDGFRp: platelet-derived growth factor 3. Beva: bevacizumab. CAPOX: capecitabine,
oxaliplatin. PFS: progression-free survival. KIT: tyrosine protein kinase KIT. EGFR: epidermal growth factor receptor.
RET: rearranged during transfection. BRK: breast tumor kinase. TIE-2: EGFL7: Ang: angiopoietin.
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3. Challenges in Antiangiogenic Treatment of CRC

To discuss the current challenges of antiangiogenic treatment in CRC, we need to
rethink the original aims of the treatment. Initially, antiangiogenic treatment was thought
to completely cut off the tumor from its blood supply to induce starvation of the tumor
cells, thereby stopping tumor growth and inducing tumor cell death and tumor regression.
However, it soon became evident that a superior therapeutic effect is observed by “normal-
ization” of the tumor vasculature [51]. In the context of tumor vessel normalization, also
defined as vessel pruning and regression, oxygenation and perfusion of the tumor improve
in association with a reduction in tumor vessel size and tortuosity [74]. This results in
the restoration of vascular maturation, increased capacity to sustain tissue pressure and
normalization of the basement membrane [75]. This approach ultimately allows improved
delivery and efficacy of chemotherapeutic drugs given in combination with antiangiogenic
treatment [74]. This concept is supported by the observation that cytotoxic therapy results
in a better outcome within the window of tumor vessel normalization than did cytotoxic
therapy before or after [76]. Unfortunately, as detailed in the previous section, antiangio-
genic treatment combined with chemotherapy causes only mild increases in survival, low
response rates and moderate efficacy [19]. Notably, even partial progression of disease
under treatment or treatment resistance occurs together with a lack of bio-markers for
stratifying patients [51,77-79]. Based on these issues, we discuss below the predominant
challenges in the antiangiogenic treatment of colorectal cancer.

3.1. Dosing and Timing of Antiangiogenic Treatment

The dosing and timing of the current treatment schedule are parameters that impact the
outcome of antiangiogenic treatment. This issue was addressed by comparing conventional
schedules of chemotherapy with the maximum tolerated dose (MTD) combined with antiangio-
genic treatment to alternative metronomic dosing schedules. Metronomic treatment regimens
are characterized by the administration of lower doses than the MTD but at a greater frequency.
The application of such metronomic schedules showed an increased clinical benefit, particularly
in the metastatic disease setting, together with the advantage of lower overall toxicity [80]. This
finding has the potential to update the current application schemes accordingly in the future.
However, it should be noted that the high frequency of drug administration is challenging for
patients, and reports of a lacking advantage of this metronomic therapy schedule also exist [81].
Moreover, overdosing is known to hamper the efficacy of antiangiogenic treatment, as it has
been reported that low-dose anti-VEGF treatment sensitizes patients more efficiently to PD-1
blockade than does the conventional dose [82].

3.2. Combination of Antiangiogenic Treatment with Alternative Drugs

Many studies currently in progress aim to overcome the limitations of antiangiogenic
treatment by combining antiangiogenic agents with alternative regimens, such as novel
immunomodulatory drugs. The most common treatment regimens are anti-VEGF ther-
apy in combination with PD-1 blockade, for example, the addition of atezolizumab (an
anti-PD-L1 antibody) to capecitabine and bevacizumab [83]. Additionally, the combination
of angiopoietin-2 (ANG2) blockade and VEGF plus immunotherapy is currently being
investigated and has shown promising results [82,84-86]. Interestingly, in this context,
triple blockade of PD-1, ANG2 and VEGF resulted in increased CTL levels and global tumor
vessel normalization, which was greatest in the triple therapy scheme [86]. Accordingly,
the combination of antiangiogenic treatment with immunomodulatory drugs has great
additional potential by overcoming milieu-dependent immunosuppressive functions and
further increasing therapeutic efficacy by fostering vessel normalization [86,87]. Notably,
efforts are also underway to optimize the combination schedules of different drugs by devel-
oping algorithms that predict optimal low-dose drug combinations to improve the outcome
of antiangiogenic treatment, and these algorithms have shown beneficial effects [85,88].
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3.3. Heterogeneity of ECs According to Vessel Type, Organ, Disease, Patient, EC Hierarchy and
Activation State

Initially, compared with tumor cells, tumor endothelial cells were believed to be a superior
therapeutic target because they are a more uniform, genetically stable and homogenous cell pop-
ulation. However, there is reasonable heterogeneity of endothelial cells in human tumor patients.
First, tumor vessels differ from normal vessels, and within a single tumor, different types of vessels
can be detected, such as blood and lymphatic vessels, arteries, veins and capillaries, together with
vessels that regulate their function and protein expression in a milieu-dependent manner (Figure 2).
Moreover, vessels may harbor different states of maturation and angiogenic activation and are
composed of different types of ECs within a single vessel. For example, the hierarchical organization
of angiogenically active vessels in tip and stalk cells with different phenotypes and functions is
well accepted [89]. Therefore, it is obvious that specific targeting of the TEC population may be
difficult. As an example of the therapeutic consequences of EC heterogeneity, it can be noted that
the normal vasculature regresses along with the tumor vasculature upon treatment, indicating
that not even TECs as a whole can be specifically targeted, not considering that different TEC
populations exist [90]. Another example is vessel-associated pericytes/mural cells that contribute
to vascular maturation and may protect vessels from antiangiogenic treatment, thereby fostering
therapeutic resistance [77]. Moreover, compensatory functions of the lymphatic vessel system
must be considered [91]. Notably, in preclinical studies, differentiating therapeutic responses with
respect to different types of vessels or EC activation states has mostly not been considered. Disease-
and patient-dependent heterogeneity of tumor endothelial cells has clearly been demonstrated by
multiregion sequencing of renal carcinoma [92], and this approach may similarly apply to CRC. The
abovementioned examples of EC heterogeneity, organ-dependent heterogeneity and the function
of TECs are considered causes of differential responses to antiangiogenic treatment [93,94]. Finally,
tumor vessel invasion may arise through different mechanisms, such as vessel co-option or vascular
mimicry, which are not necessarily dependent on active angiogenesis and, accordingly, may result in
resistance to antiangiogenic treatment approaches [95]. In conclusion, both TEC heterogeneity and
the different mechanisms through which tumor cells arrange their supply of oxygen and nutrients
cause the tumor vasculature to be a more complex target, as initially appreciated [77,78,96].

Figure 2. Different types of vessels are present in human colorectal cancer tissues. In human CRC, blood
vessels can be labeled using the markers CD31 or vWE. Lymphatic vessels may be stained with LYVE-1
or podoplanin. Arteries and veins can be differentiated by labeling using the artery marker ephrinB2.
This may be complemented by morphological differentiation of arteries (A) and veins (V) together with
analysis of milieu-dependent expression of vessel markers such as SPARCL1. CD31, vWEF, LYVE-1 and
podoplanin panels: 25x objective; ephrinB2 and SPARCL1 panels: scale bars corresponding to 50 um. The
vWEF panel is modified from Schellerer et al., Lab Invest 2007 [97].
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3.4. Tumor Microenvironment (TME)-Dependent Plasticity of ECs Involving Angiocrine Mediators

Moreover, in recent years, it has become clear that ECs in tumors are not just passive
conduits of blood that deliver oxygen, nutrients and circulating cells or remove waste
products from tissues. Endothelial cells are part of the tumor microenvironment (TME),
which is defined by direct or indirect interactions through paracrine mediators of tumor
cells with their surrounding stromal cells. These interactions can alter the phenotypes and
functions of the involved cell populations, including TECs. It was shown that TECs in CRC
are epigenetically imprinted in a TME-dependent manner, resulting in stably maintained
differential phenotypes with an impact on patient prognosis [98].

Notably, the vasculature can release so-called “angiocrine” molecules that act on
neighboring cells, including tumor cells, which may promote or counteract tumor growth.
Tumor-supporting angiocrine activities were described for vascular-derived IL-6 in glioblas-
toma (GBM), which induces TME-dependent alternative macrophage polarization by ac-
tivating HIF-2« and arginase-1, resulting in GBM progression [99], or for TEC-derived
jagged-1, which induces B-cell lymphoma invasiveness and chemoresistance [79]. Speci-
fically, the antitumorigenic functions of angiocrine tumor vessel activities may have an
unappreciated clinical impact on the outcome of antiangiogenic therapy [100]. Thrombo-
spondin-1 is an angiocrine molecule with antitumorigenic functions that has been shown
to induce tumor dormancy in the perivascular niche in breast cancer [101]. Similarly,
in CRC, the TEC-derived matricellular protein SPARCLI is associated with a positive
prognosis in patients and is suspected to mediate the antitumorigenic functions of tumor
vessels [99,102]. Notably, two other angiocrine mediators, ANG2 and BMP2, have recently
gained attention as novel targets because of the consideration of ANG2 inhibitors and
Tie2 activators in the ANG/Tie pathway as drug candidates [103] or BMP2 as a target in
the calcineurin/NFAT-axis [104]. These initial observations indicate that under certain
conditions, not only inhibiting but also supporting tumor vessels may be advantageous for
patients. Whether angiocrine antitumorigenic functions of tumor vessels also contribute to
the positive effects of vessel normalization strategies warrants further investigation [105].

3.5. Induction of EC Anergy

In recent years, modulation of the immune response by induction of endothelial cell
anergy has attracted increased amounts of attention. This lack of responsiveness to inflam-
matory signals termed “endothelial cell anergy” is associated with immune cell exclusion
and the downregulation of adhesion molecules such as ICAM-1/VCAM-1, which enable
tissue extravasation of immune cells [106]. The presence of EC anergy renders tumors less
responsive to immunotherapy given in combination with antiangiogenic treatment. An im-
munosuppressive function of the endothelial barrier has been reported for galectin-1-driven
T-cell exclusion in the tumor endothelium, promoting immunotherapy resistance [107].
Another molecule involved in this context is the death mediator Fas L, which is specifically
detected in the tumor vasculature and cooperatively induced by VEGF and PGE;, resulting
in a tumor endothelial death barrier that promotes immune tolerance associated with low
CD8+ T-cell levels. Immune tolerance can be pharmacologically attenuated by VEGF and
PGE; inhibition [108]. In conclusion, the presence of EC anergy under certain conditions
in human patients results in immune tolerance, and immune cell exclusion is an issue
hampering the response to antiangiogenic therapy.

3.6. Genomic Instability of TECs

Several reports have challenged the initial assumption that TECs are genetically stable.
For example, in B-cell lymphoma patients, tumor cell-specific genetic alterations have
been detected in microvascular endothelial cells [109]. Furthermore, vascular mimicry
is presently defined as the autonomous formation of tumor vessels through tumor cells
without the presence of a tumor endothelium. Vascular mimicry may coexist with mosaic
vessels where the tumor endothelium is still partially integrated into the vessel wall [110].
Both types of tumor vasculature formation have implications for therapy by fostering
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resistance, as observed for vessels assembled by melanoma and endothelial cells [111].
Moreover, tumor cell differentiation into “endothelial-like” cells may occur and are consid-
ered an additional mode of therapeutic resistance. This was highlighted for GBM patients,
in which endothelial cell-like cells were found to transdifferentiate from GBM stem-like
cells [112-114]. Furthermore, increased aneuploidy was detected in TECs in human renal
carcinoma [115] and in mouse melanoma models with high and low metastatic poten-
tial [116]. The potential genomic instability of TECs themselves or vessel walls made of
tumor cells could be an issue as an escape and resistance mechanism limiting antiangio-
genic treatment. However, this potential mode of resistance may be less relevant for CRC
specifically. This assumption is based on the findings of a recent study in which poten-
tial genetic alterations in TECs were analyzed via systematic omics analyses in human
CRC patients. Compared with their normal colon endothelial counterparts, corresponding
PBMCs or tumor cells were found to be genetically stable from TECs isolated from these
patients [98]. Furthermore, genetic drift of tumor-specific alterations to endothelial cells
could not be detected, but the high load of mutations in MSI-positive patients warrants
further investigation [97].

3.7. Imbalance of Intracellular Signaling Molecules (ROS, Calcium)

For a summary on the role of intracellular signaling and regulation in endothelial cells via
the classical VEGFR/VEGF, FGFR/FGE, Tie2/Ang2, Notch/DLL4/Jagged1 and EphB/Ephrin
B axes, we refer to a comprehensive review published recently [51]. In addition to these
mainstream factors, altered concentrations of calcium and reactive oxygen species (ROS)
may contribute to therapy resistance and side effects. ROS and calcium are two closely
interconnected signaling molecules in eukaryotic cells, and calcium is known to modulate
ROS homeostasis [117]. In CRC liver metastasis of bevacizumab-resistant patients, increased
matrix stiffness was detected, which resulted in lipid metabolic cross-talk between the tumor
and stromal cells characterized by increased levels of ROS and free fatty acids and a higher fatty
acid oxidation rate, all of which contributed to bevacizumab resistance [118]. A ROS imbalance
in HUVECs after anti-VEGF treatment was also reported by others [119]. Anti-VEGF treatment
may increase calcium and ROS levels in parallel with decreased ATP production and increased
cell damage, as has been observed in renal cells [120]. The addition of the calcium channel
blocker benidipine to antiangiogenic treatment reduced renal toxicity, a known side effect
of bevacizumab treatment [120]. Accordingly, modulating intracellular ROS and calcium
imbalances during antiangiogenic treatment may help to overcome therapeutic resistance or
side effects in the future.

3.8. Inadequate Preclinical Models and/or Limited Analysis

Until recently, for colorectal cancer, no or only very limited in vivo animal models
existed that exhibit spontaneous distant metastasis similar to that of human patients. Con-
sidering that metastasis is the major cause of death in CRC patients and that the vasculature
plays a key role in regulating tumor cell dissemination, optimizing antiangiogenic therapy
regimens in appropriate model systems with distant metastasis is key. Meanwhile, novel
organoid-based in vivo animal models that recapitulate spontaneous distant metastasis
similar to that observed in human patients have been established; therefore, these models
have great potential for improving preclinical screening [121,122]. In the future, novel tar-
gets are expected to be identified using such advanced models, and novel drug candidates
can be evaluated in the preclinical setting, including distant metastasis. Furthermore, in the
preclinical animal models used to date, the different types or activation states of ECs present
in tumors have mostly not been analyzed with respect to differential treatment responses.
This is a substantial issue that hampers the understanding of a potential milieu-dependent
EC response to treatment and should be addressed in the future.
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4. Conclusions and Future Opportunities for Antiangiogenic Tumor Therapy in CRC

After the first euphoria and the subsequent challenges in translating experimental
results into clinical application, angiogenic inhibitors are currently an inherent part of
therapy not only for mCRC but also for multiple other benign and malignant diseases.
Nonetheless, almost 20 years after the first approval of bevacizumab for mCRC treatment,
the results of antiangiogenic therapy for mCRC have been inconsistent, the effects have
been less than initially expected and only five drugs have been approved. These are, within
the class of monoclonal antibodies, bevacizumab, ramucirumab and aflibercept and, within
the class of tyrosine kinase inhibitors, regorafenib and the new, promising TKI fruquintinib.

The prevailing challenges, which are complex and not adequately addressed yet, include
the design of the therapy schedule, heterogeneity and TME-dependent plasticity of endothe-
lial cells, the induction of immunosuppressive EC anergy, a low number of drug targets,
deregulated intracellular signal mediators, a lack of stratification and response biomarkers,
and the continued use of limited preclinical animal models lacking sporadic distant metastasis,
the latter representing the major issue during disease progression and management.

Opportunities to overcome these challenges in the future include the integration of
novel combinations of antiangiogenic drugs with immunotherapy, such as combined PD-
1/VEGF blockade; novel application modes, such as metronomic dosing; or optimized
low-dose combinations. Moreover, novel targets originating mostly from the pool of
angiocrine proteins, such as those targeting the Tie2/Ang2 or Notchl/DLL4 axes, are
promising for improving the efficacy of antiangiogenic treatment; these drugs are either
in development or are already in clinical trials. Moreover, other angiocrine modulators,
such as thrombospondin or SPARCL1, could be used as future therapeutic targets or
biomarkers and may warrant further investigation in preclinical studies. Drugs targeting
intracellular signal mediators deregulated during antiangiogenic treatment, such as calcium
in combination with VEGF blockade, may also help to overcome therapeutic resistance or
reduce side effects. Notably, improved tailored pretherapeutic drug testing with advanced
tools, such as organoid-based animal models able to spontaneously metastasize in the
periphery or the use of patient-derived organoids to individualized therapy, may help to
overcome current issues. Most importantly, it will be necessary to consider, analyze and
differentiate the impact of EC heterogeneity and the milieu-dependent plasticity of TECs in
response to antiangiogenic therapy in more detail. This has to be considered in improved
preclinical models with spontaneous distant metastasis to ultimately translate this aspect
successfully into later clinical application.
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Simple Summary: N7-methylguanosine (m7G) plays an important role in the tumorigenesis and
progression of colon cancer (CC). According to the capability of m7G-related genes, they are classified
into three types: methyltransferases, binding proteins and demethylases. Hence, m7G-related genes
could promote cancers by regulating RNAs. To further explore the functions of m7G, 29 m7G-related
genes were selected and then 15 of them were utilized to construct a novel signature, termed the
m7G score. Altogether, we found that the prognosis of CC patients with distinct m7G scores were
significantly different. Furthermore, we applied various experiments and bioinformatics analyses to
validate our results. We expect that the m7G score could indicate the correct clinical situation, which
might optimize our treatments for CC patients.

Abstract: Colon cancer (CC), one of the most common malignancies worldwide, lacks an effective
prognostic prediction biomarker. N7-methylguanosine (m7G) methylation is a common RNA mod-
ification type and has been proven to influence tumorigenesis. However, the correlation between
m7G-related genes and CC remains unclear. The gene expression levels and clinical information of
CC patients were downloaded from public databases. Twenty-nine m7G-related genes were obtained
from the published literature. Via unsupervised clustering based on the expression levels of m7G-
related genes, CC patients were divided into three m7G clusters. Based on differentially expressed
genes (DEGs) from the above three groups, CC patients were further divided into three gene clusters.
The m7G score, a prognostic model, was established using principal component analysis (PCA) based
on 15 prognosis-associated m7G genes. KM curve analysis demonstrated that the overall survival rate
was remarkably higher in the high-m7G score group, which was much more significant in advanced
CC patients as confirmed by subgroup analysis. Correlation analysis indicated that the m7G score
was associated with tumor mutational burden (TMB), PD-L1 expression, immune infiltration, and
drug sensitivity. The expression level of prognosis-related m7G genes was further confirmed in
human CC cell lines and samples. This study established an m7G gene-based prognostic model
(m7G score), which demonstrated the important roles of m7G-related genes during CC initiation and
progression. The m7G score could be a practical biomarker to predict immunotherapy response and
prognosis in CC patients.

Keywords: N7-methylguanosine (m7G) methylation; m7G-related genes; colon cancer; prognostic
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1. Introduction

CC is one of the most common cancer types with relatively high mortality. Recently,
with the rapid development of colonoscopy and CC therapy, the morbidity and mortality
of CC patients have gradually decreased in some developed countries [1,2]. However,
effective prognostic biomarkers are still lacking, which could improve the clinical manage-
ment of CC patients. Hence, the exploration of new biomarkers with prognostic value is
especially important.

N7-methylguanosine (m7G), an important post-transcriptional modification, occurs at
the N7 atom of RNA guanine by addition of a methyl group [3]. The m7G modification has
been reported to promote cancer progression by modifying tRNA, miRNA and IncRNA,
including the progression of intrahepatic cholangiocarcinoma, breast cancer, and lung
adenocarcinoma [4-6]. Based on their functions in biological processes, m7G-related genes
are classified into three types: writers (methyltransferases), readers (binding proteins), and
erasers (demethylases) [3,7,8]. In human beings, methyltransferase-like 1 (METTL1) and
the WD repeat domain 4 (WDR4) are the most well-studied regulators of m7G, and have
been reported to participate in tumor progression by regulating tumor immunity, metabolic
reprogramming, and drug resistance [9-13].

As demonstrated in the published literature, several genes are involved in the regula-
tion of the m7G process. AGO2 has been reported to inhibit stable translation by binding
to the cap located on target mRNA [14]. Additionally, translation efficiency and mRNA
nuclear export are regulated by elF4E, which could bind to the m7G cap directly [15]. Wang
et al. demonstrated that DCP2 plays a vital role in decapping m7G caps on mRNA [16].
Although the above research has demonstrated the biological characteristics of m7G in
detail, the prognostic value of m7G in CC patients remains elusive.

Our study constructed a m7G gene-based prognostic model (the m7G score) for CC
patients based on the data from the TCGA and GEO public databases. The predictive
capability of the m7G score was evaluated by KM survival curve analysis. Moreover, we
have validated the expression of 15 prognosis-related m7G genes in cell lines and CC
tissues from our institution. Altogether, our study identified the m7G score as a useful tool
for prognosis prediction and clinical treatment guidance for CC patients.

2. Materials and Methods
2.1. Data Collection

The gene expression data, clinical characteristics, and mutational information of CC sam-
ples were obtained from The Cancer Genome Atlas (TCGA) and Gene Expression Omnibus
(GEO). TCGA-COAD (n = 514) was downloaded from https:/ /portal.gdc.cancer.gov up to
5 July 2022 and converted from FTPM into TPM. GSE39582 (1 = 585) was downloaded from
https:/ /www.ncbinlm.nih.gov/geo/ up to 5 July 2022. Copy number variations (CNVs)
of CC patients were downloaded from http://xena.ucsc.edu, accessed on 5 July 2022.
The data from TCGA-COAD and GSE39582 were merged to form a new dataset via an
R package for subsequent analysis. As illustrated in Supplementary Table S1, a total of
29 m7G-related genes were extracted from the published literature [5].

2.2. Unsupervised Clustering of 29 m7G-Related Genes

Among 29 m7G-related genes, there were 3 writers (METTL1, WDR4, and NSUN?2),
8 erasers (DCP2, DCPS, NUDT10, NUDT11, NUDT16, NUDT3, NUDT4, and NUDT4B),
and 18 readers (AGO2, CYFIP1, EIF4E, EIF4E1B, EIF4E2, EIF4E3, GEMIN5, LARP1, NCBP1,
NCBP2, NCBP3, EIF3D, EIF4A1, EIF4G3, IFIT5, LSM1, NCBP2L, and SNUPN). The STRING
database (http:/ /www.db.org/ (accessed on 7 November 2022)) was utilized to analyze
the interactive network of these m7G-related genes. Unsupervised clustering analysis was
conducted via the Consensus Cluster Plus package (version 1.58.0) based on the k-means
algorithm to evaluate the distinct expression of m7G-related genes or prognostic genes [17].
Then, CC patients were divided into three m7G clusters based on the expression level of
m7G-related genes.
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2.3. Gene Set Variation Analysis (GSVA)

Gene set variation analysis (GSVA) was performed to identify the distinct biological
processes between expression signatures of m7G-related genes from different clusters via
the GSVA R package (version 1.42.1). The c2.cp.kegg.V7.2.symbols gene set, downloaded
from the Molecular Signatures Database, was used for GSVA. A p value less than 0.05 was
considered statistically significant in the GSVA analysis [18].

2.4. Differentially Expressed Genes (DEGs)

Based on the expression level of m7G-related genes, CC patients were divided into
3 different m7G clusters. Then, DEGs among these three m7G clusters were evaluated via
the R package “limma” (version 3.50.3) [19].

2.5. Gene Ontology (GO)

GO was used for enrichment analyses via the R package “cluster Profiler” (ver-
sion 4.2.2). Differentially expressed genes with a p value < 0.05 were selected for GO
enrichment pathway analysis [20].

2.6. Construction of Gene Clusters and m7G Score

A random forest was selected to delete redundant DEGs obtained from the previous
step. Then, the prognostic significance of remaining genes was assessed via univariate cox
regression analysis. CC patients were divided into 3 different gene clusters for subsequent
analysis based on DEGs with prognostic significance using unsupervised clustering analy-
sis. Then, principal component analysis (PCA) was conducted to quantify the expression
signature of 15 DEGs with prognostic significance, termed the m7G score. The m7G score
was established and formulated as follows:

m7G score = ) _PCli+ ) PC2i

PC1 and PC2 are principal component 1 and principal component 2 respectively, while i
means the expression level of DEGs with prognostic significance among three gene clusters.
The optimal cutoff was selected to divide CC patients into high- and low-m7G score groups.

2.7. Single Sample Gene Set Enrichment Analysis (ssGSEA)

ssGSEA was used to evaluate the infiltration of immunocytes in CC patients among
different m7G clusters, which demonstrated the correlation between m7G-related gene
expression and immunotherapy response.

2.8. RNA Extraction and Quantitative Polymerase Chain Reaction (JPCR)

To further validate the prognostic value of the m7G score, we assessed the expression
level of 15 m7G-related genes in human CC cell lines and tissue samples. CC tissues and
adjacent normal tissues were obtained from the tissue bank of Sixth Affiliated Hospital,
Sun Yat-sen University. An RNA extraction process was performed using TRIzol to collect
the total RNA from cell lines and tissue specimens. The reverse transcription reaction was
performed using a ReverTra Ace qPCR RT Kit (Toyobo, Japan). The real-time PCR was
conducted based on cDNA obtained from the above reverse transcription reaction using
ABI QuantStudio™ 7 Flex Real Time PCR Systems. The expression level of m7G-related
genes was normalized to B-actin using the 222t method. The primer sequences of the
indicated genes were listed in Supplementary Table S5.

3. Results
3.1. The Alterations and Biological Characteristics of 29 m7G-Related Genes in CC Patients

A total of 29 m7G-related genes were ultimately selected based on previous studies
and the expression matrices of 29 m7G-related genes were obtained from the TCGA and
GEO databases (Supplementary Table S1). The regulation network diagram of these m7G-
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related genes is exhibited in Figure 1A. As visualized by the loop graph, the m7G-related
genes were scattered across most chromosomes except for chromosomes 7, 13, 14, 18, 19,
and 20 (Figure 1B). The mutation information of m7G-related genes in CC samples are
displayed in Figure 1C. Overall, 102 out of 454 (22.47%) samples harbored different types
of mutations, with EIF4G3 as the most common mutated m7G-related gene. Meanwhile, no
mutation was identified in NUDT16, NUDT4, and NUDT4B, and missense mutations were
found in EIF4E, EIF4A1, and SNUPN. Among all mutation types, missense mutation was
the most frequent mutation type found in CC patients. Copy number amplification was
demonstrated in 13 m7G-related genes (AGO2, LSM1, NCBP2, NSUN2, NUDT3, EIF4E1B,
EIF3D, METTLI1, EIF4E3, NUDT16, LARP1, GEMINS5, and NCBP3), while copy number
deletion was found in 11 m7G-related genes (EIF4E2, SNUPN, IFIT5, DCPS, NCBP1, EIF4G3,
EIF4E, NUDT4, DCP2, CYFIP1, and EIF4A1) (Figure 1D). As illustrated in Figure 1E, the
expression levels of the indicated m7G-related genes were significantly different between
CC and normal samples except for NUDT4B, CYFIP1, NCBP3, and IFIT5. Moreover, the
differential expression levels of m7G-related genes in CC patients with wild EIF4G3 and
mutated EIF4G3 are demonstrated in Figure SIA-E. Taken together, these data indicate
that copy number variation might be one of the regulatory mechanisms for m7G-related
genes’ expression.

3.2. The m7G-Related Colon Cancer Subtype and Clinical Prognosis

Data from TCGA-COAD and GSE39582 were merged to form a new dataset via
an R package for subsequent analysis. Based on the expression level of 29 m7G-related
genes, k-means clustering was performed with different k values (k = 2-5). The best
clustering effect was obtained with a k value of three (Figures 2A,B and S1F-K). CC patients
were divided into three groups based on the expression level of 29 m7G-related genes,
named m7G cluster A, B, and C. Moreover, based on the expression level of DEGs among
the above three m7G clusters, 1535 intersecting genes were obtained and displayed in
a Venn diagram (Figure 2C, Supplementary Table S2). PCA results demonstrated that
the clustering result was significantly different and effective (Figure 2D). Kaplan-Meier
(KM) curves demonstrated that the overall survival (OS) of CC patients in m7G clusters
A and B was much better than that in m7G cluster C (Figure 2E). The heatmap illustrated
m7G-related gene expression levels in CC patients with different clinical characteristics
and m7G clusters (Figure 2F).

3.3. Biological Differences among CC Patients from Three m7G Clusters

To further identify the biological difference among CC patients in different m7G
clusters, GO, GSVA, and ssGSEA analyses were performed. GO analysis results revealed
that DEGs among m7G clusters were mainly enriched in the following pathways: organelle
fission and nuclear division (Biological Process); chromosomal region and centromeric
region (Cellular Component); and GTPase regulator activity and nucleoside-triphosphatase
regulator activity (Molecular Function, Figure 3A,B). These results suggested that the DEGs
among the three m7G clusters might be involved in metabolic reprogramming of CC cells.
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Figure 1. Genetic alterations and expression of the 29 m7G-related genes in CC patients. (A) Ex-
pression modification of m7G-related genes and their effect on regulation. (B) Gene location on
chromosome with mutation information. Blue dots indicate deletion and red dots mean amplification.
(C) Copy number variation (CNV) of m7G-related genes in CC samples; the mutation frequency is
listed on the right. (D) Copy number of each m7G-related gene in detail. GAIN refers to copy number
amplification and LOSS means copy number deletion. (E) The boxplot for the differentially expressed
m7G-related genes between normal and CC samples. * p < 0.05, ** p < 0.01, *** p < 0.001.

90



Cancers 2022, 14, 5527

B consensus matrix k=3
Delta area

04 05

0.2

0.1

W
20 25 30 35 40 45 50
k value

O relative change in area under CDF curve >
0.3

o
®e Qo
m7Gcluster 2 m7Galuster
- A
0 -+ B
25 +C
< 3
§ ‘‘‘‘‘‘‘
o B8] sssserssrmssssmseremesddmeereniecas
g 53
H
o. a 9
=] p=0.045
o o
o
< 01 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16
' Time(years)
5, Number at risk
‘gA 299 266 205147108 85 68 50 30 23 20 13 6 4 2 1 1
SB
25 0 25 5 75 71 328207225169137 106 82 54 32 23 17 13 6 4 2 2 1
PC1 IEC 359 307 235 175 127 98 74 48 33 23 17 12 7 3 3 1 0
— T T T T T T T —
01 2 3 4 5 6_7 11 12 13 14 15 16

F ) Time ?yea?s)

I[‘IIU‘ H\““‘]“‘II'W | 1"|||u‘w‘ H ‘}‘ \“W “1“\3“!\‘ ““‘\I‘ ‘:l H|H ‘:\I\‘\”m Wl WH\‘\T\‘ HH,HI j ::%d

..'( ‘M«n” i .“M"w «L;.«..ux'\ .\.‘m“’n i ." Y
ﬂ" W Ilﬂ‘lllllllhllﬁ"’"‘"“l ‘IMJ’\N‘W }[ |’ |||{!| |'|‘|Illf ]||||] |||'H | ~ooz Aeoz 02 TGE,EE('QLE
L mrl '”H”Au,"lh'l'l'wl'[ l |m || m unu i

‘\ il ‘ " 1
fi' '||{M r}w IW W i

| Il\

i

il\ I\ { ‘
| HHW “ H\" I"\III |||F

i ‘ il |\~ ’M“‘H 'v( \”}l| le wl: lum”\\\"\‘\ \' 'ER'A.ES Project

I IIH GSE39582
IH: /\‘N | \’

-6 TCGA
LY N m7Gcluster
A

L \" \”‘ )0 |H |‘|‘H‘ H[Hll\HMM‘l‘\‘}l‘ il
il i ”‘r('“‘..‘f iy .

\
IH H\ AL H“IH 1IN |I|‘H\ \ \IH\
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expression in CC patients with different clinical characteristics, data sources and m7G clusters.
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Figure 3. Biological characteristics and immunocyte infiltration information of three m7G Clusters.
(A,B) GO analysis for the differentially expressed genes from different m7G clusters. (C-E) Heatmaps
of the remarkably different pathways among different m7G groups by GSVA analysis. (F) The
boxplot for immune infiltration among CC patients from different m7G groups. * p < 0.05, ** p < 0.01,
*5% < 0.001.
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As shown in Figure 3C-E, the significantly dysregulated pathways between CC pa-
tients from different m7G clusters are listed. Among them, cell proliferation and metastasis-
associated pathways like DNA replication, cell adhesion, and VEGF signaling were signifi-
cantly enriched in m7G Cluster C. In addition, some metabolic reprogramming pathways,
such as arachidonic acid metabolism, glycosphingolipid biosynthesis, and pyrimidine
metabolism were remarkably upregulated in m7G Cluster C. The immune cell infiltration
level was estimated by ssGSEA to further explore the difference in tumor microenvironment
(TME) among CC patients from three m7G clusters. As shown in Figure 3F, infiltration
of 23 immunocyte subtypes was remarkably different among CC patients from different
m7G clusters.

3.4. Identification of Prognostic DEGs and Construction of Gene Clusters

Based on the DEGs among the three m7G clusters obtained above (Figure 2C), univari-
ate cox analysis was performed and identified 211 DEGs with prognostic significance in CC
patients (Supplementary Table S3). Based on the expression level of 211 prognostic DEGs, k-
means clustering was conducted with k value ranging from two to nine. The best grouping
effect was obtained with a k value of three (Figures 4A,B and S2). Therefore, the CC patients
were divided into three groups, termed gene clusters A, B and C. As with the survival
analysis results based on the m7G clusters, KM curves indicated that the OS of CC patients
in gene cluster C was much worse than those in the other two groups (Figure 4C). Moreover,
the expression level of m7G-related genes was significantly different among the three gene
clusters (Figure 4D). The heatmap illustrated expression levels of prognostic DEGs in CC
patients with different m7G clusters and gene clusters (Figure 4E). These results validly
demonstrated the remarkable effectiveness of the prognostic DEGs-based clustering.

3.5. Construction and Validation of the m7G Score Prognostic Risk Model
3.5.1. Construction and Bioinformatic Verification of the m7G Score Prognostic Model

To further investigate the prognostic value of m7G genes, we constructed the m7G
score based on the above m7G Clusters. The Sankey diagram was constructed to illustrate
the modeling process (Figure 5A). Multivariate Cox regression analysis was utilized for
211 prognostic DEGs identified by univariate cox analysis in Supplementary Table S3.
Furthermore, AGO2, CYFIP1, EIF4E, EIF4E2, EIF4E3, GEMINS, METTL1, NCBP1, NSUN2,
NUDT10, NUDT11, NUDT3, NUDT4, SNUPN, and WDR4 (Figure S3, Supplementary
Table S4) were chosen for m7G prognostic model construction by the formula: m7G
score = ) PCli + Y PC2i.

As demonstrated in Figure 5B,C, the m7G score was remarkably different in CC
patients among different m7G clusters and gene clusters, which indicated the significant
effectiveness of m7G score construction. Then, CC patients were divided into high- and
low-m7G score groups by an optimal cutoff. The OS of CC patients in the high-m7G score
group was much better than that of the low group (Figure 5D). Furthermore, subgroup
analysis results revealed that the survival rate difference was much more significant in CC
patients with T3-T4 cancer, which illustrated that the prognostic prediction power of the
m7G score was stronger in advanced CC patients (Figure 5E,F).

More importantly, the performance of the m7G score was further validated in another
external GEO cohort (GSE31595). CC patients were divided into high-m7G score and
low-m7G score groups utilizing the same grouping method. As shown in Figure 5G, the
survival rate of CC patients with a high m7G score was much higher than that of low-m7G
score patients. Taken together, the m7G score is a robust prognostic model with excellent
predictive power for CC patients.
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Figure 4. Gene clustering based on prognostic m7G-related DEGs in CC patients. (A) Cumulative

distribution function curve demonstrates the most effective way of gene clustering. (B) The consensus

matrix of the clustering analysis based on prognostic m7G-related gene expression profiles via k-

means clustering (k = 3). (C) KM curves of OS among CC patients from different gene clusters.

(D) The boxplot for m7G-related genes’ expression levels among CC patients from different gene

clusters. (E) Heatmap depicting expression levels of prognostic m7G-related genes in CC patients

with different clinical characteristics, data sources, m7G clusters, and gene clusters. * p < 0.05,
**p <0.01, *** p <0.001.
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Figure 5. Construction and verification of the m7G score prognostic model. (A) Sankey diagram for
the modeling process. (B) The m7G score level in CC patients from different m7G clusters. (C) The
m7G score level in CC patients from different gene clusters. (D) KM curves for the OS of CC patients
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at different T stages. (G) KM survival curves based on m7G scores in CC patients from the GSE31595
validated cohort.
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3.5.2. Validation in Human CC Cell Lines by qPCR Assay

We further evaluated the expression level of 15 m7G prognostic genes used for m7G
score construction in human CC cell lines and tissues using a qPCR assay. As demonstrated
in Figure 6A-O, the mRNA levels of AGO2, CYFIP1, EIF4E, METTL1, NSUN2, NUDTS3,
SNUPN, NUDT4, GEMINS5, EIF4E2, NCBP1, and WDR4 were remarkably higher in CC
cell lines (HCT15, DLD1, RKO, HCT8, HCT116, SW48, and WiDr) than those in the normal
cell line HIEC6. By contrast, the expression levels of EIF4E3, NUDT10 and NUDT11 were
significantly lower in CC cell lines.

3.5.3. Validation in Human CC Tissues by qPCR Assay

More importantly, the mRNA levels of 15 m7G prognostic genes were assessed in
15 matched CC and normal tissues from our tissue bank. Similar expression patterns
for these m7G prognostic genes were obtained in human CC tissues by qPCR results
(Figure 7A-0). These results further validated the robust efficiency of the m7G score.

3.6. Drug Sensitivity in High- and Low-m7G Score Groups

To further explore differences in drug resistance in CC patients with high and low
m7G scores, we assessed the estimated IC50 levels of chemotherapy drugs or inhibitors
in the above two groups. As demonstrated in Figure 8, CC patients with a high m7G
score were found to be more sensitive to Vinblastine, BIBW2992, Cytarabine, Docetaxel,
Erlotinib, Paclitaxel and Rapamycin, while patients with a low m7G score responded
better to AP.24534, Bleomycin, Cisplatin, Doxorubicin, Embelin, Gefitinib, Meformin and
Pazopanib. Altogether, these data revealed that the m7G score could also be a potential
indicator for drug sensitivity in CC patients.

3.7. Tumor Microenvironment in High- and Low-m7G Score Groups

Since the m7G score was associated with the prognosis of CC patients, the correla-
tion between m7G score and tumor microenvironment was further assessed. The tumor
mutation burden (TMB) was found to be negatively correlated with m7G score in CC
patients (R = —0.13, p = 0.0085; Figure 9A). More importantly, the PD-L1 expression level
of CC patients in the low-m7G score group was significantly higher than that in the high
group, which demonstrated that the m7G score could serve as an indicator for predicting
anti-PD1/PD-L1 immunotherapy response (Figure 9B).

The CIBERSORT algorithm was applied to further identify the correlation between
immune infiltration and m7G score. Negative correlations between m7G score and im-
mune infiltration were identified in several immunocytes, including B cells, naive B cells,
Macrophages, M1 Macrophages, M2 Macrophages, Myeloid dendritic cells, Neutrophils,
CD4+ T cells and CD4+ memory resting T cells. Meanwhile, positive correlations between
m7G score and immune infiltration were observed in plasma B cells, CD8+ T cells and
regulatory T cells (Figure 9C-N). Therefore, the m7G score was significantly associated
with immune cell infiltration in CC patients.
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Figure 6. Validation for the expression level of 15 prognostic m7G-related genes in human CC
cell lines. (A-O) Expression level of 15 prognosis-associated m7G genes in 7 human CC cell lines
(RKO, HCTS8, HCT116, SW48, WiDr, HCT15, and DLD1) and normal human intestinal epithelial cells
(HIECS6). * p < 0.05, ** p < 0.01, *** p < 0.001.
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Figure 8. Drug sensitivity in CC patients from different m7G score groups. (A-O) Boxplots depicting
the IC50 value of Vinblastine (A), AP.24534 (B), BIBW2992 (C), Bleomycin (D), Cisplatin (E), Cy-
tarabine (F), Docetaxel (G), Doxorubicin (H), Embelin (I), Erlotinib (J), Gefitinib (K), Meformin (L),
Paclitaxel (M), Pazopanib (N), and Rapamycin (O) in CC patients with different m7G scores.
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Figure 9. Correlation analysis between m7G score and TMB, as well as tumor immune microenvi-
ronment. (A) Relevance of TMB and m7G score in CC patients. (B) Expression level of immune
checkpoint PD-L1 in CC patients from high- and low-m7G score groups. (C-N) Correlation analysis
between infiltration levels of B cells (C), naive B cells (D), B cells plasma (E), Macrophages (F), M1
Macrophages (G), M2 Macrophages (H), Myeloid dendritic cells (I), Neutrophils (J), CD4+ T cells (K),
CD4+ memory resting T cells (L), CD8+ T cells (M), regulatory T cells (N) and m7G score.
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4. Discussion

Colon cancer (CC), one of the common malignant tumors worldwide, is a serious
challenge to the safeguarding of human health. The current prognostic index is still
insufficient to evaluate the prognosis of CC patients in clinical work. Although some
research has demonstrated the potential role of m7G genes in the tumorigenesis of several
tumors, including acute myeloid leukemia, bladder cancer, and esophageal squamous cell
carcinoma, the prognostic value of m7G-related genes is still unclear in CC patients [1,2,21].
Therefore, constructing an effective prognostic model based on m7G genes is of great
clinical importance. In this study, the m7G score prognostic model was established via
unsupervised clustering and PCA analysis based on data from TCGA-COAD and GSE39582.
The GSVA, ssGSEA, GO, KEGG, and KM curve analyses were utilized to identify the
biological characteristics of CC patients with different m7G scores. Moreover, the expression
levels of 15 prognosis-related m7G genes was further confirmed in human CC cell lines
and tissues by qPCR.

Several previous studies have demonstrated the predictive value of m7G-related long
noncoding RNAs (IncRNAs) and microRNAs (miRNAs) in different types of cancer. Hong
and Du et al. showed that m7G-related miRNA was related to cancer cell migration, tumor
immunity, and prognosis [22,23]. Additionally, the predictive value of m7G-related IncRNA
has been reported by Ming and Wang, which could be used to assess oncogenesis and
treatment response in renal clear cell carcinoma and bladder cancer [24-26]. These studies
have inspired us to explore whether m7G-related genes have a similar prognostic prediction
effect. The present study constructed the m7G score on the basis of 15 prognostic m7G genes
(AGO2, CYFIP1, EIF4E, EIF4E2, EIF4E3, GEMINS5, METTL1, NCBP1, NSUN2, NUDT10,
NUDT11, NUDT3, NUDT4, SNUPN, and WDR4) [14,27-30]. In detail, CC patients with
higher m7G scores obtained lower PD-L1 expression levels as well as better prognoses.

Tumor mutational burden (TMB) has been reported as an indicator for immunotherapy
efficacy in cancer patients, including CC, melanomas, renal cell carcinomas, bladder cancers
as well as head and neck squamous cell cancers [27-33]. Usually, cancer patients with high
TMB respond better to immunotherapy than those with low TMB [27-32]. Nevertheless, the
role of TMB in CC patients remains controversial. Liu et al. illustrated that CC patients with
high TMB exhibited a higher OS rate than those with low TMB [27]. In contrast, Zhou et al.
demonstrated that CC patients with low TMB had better prognoses than their counterparts
in the high TMB group [33]. In accordance with Zhou's findings, our data indicated that
CC patients with higher m7G scores obtained lower TMB and higher OS rates. Hence, the
correlation between TMB and m7G is worthy of further investigations.

PD-1, located on membrane of T cells, is a well-known immune checkpoint and
participates in the immune escape of cancer cells by binding to PD-L1 on the tumor
cell surface. Hence, antitumor immunotherapy was developed based on PD-1/PD-L1
blockages or inhibitors, which has achieved tremendous success in cancer patients [34].
Generally, patients with rich but exhausted immunocyte infiltration respond better to
PD-1/PD-L1 inhibitors than their counterparts [35-37]. In this study, CC patients in the
high-m7G score group exhibited lower expression levels of PD-L1, indicating that m7G-
related genes might regulate PD-1/PD-L1 expression and thereby affect the response to
anti-PD-1/PD-L1 therapy.

There are some limitations to the present study. To begin with, most data involved in
our study were downloaded from public databases, which may inevitably lead to uncertain
selection bias. Although we have primarily proven the prognostic value of the m7G
score in an external validation cohort and demonstrated differential expression levels of
15 prognostic m7G genes in CC patient samples from our institution, further validation
work based on CC cohorts from multiple centers is needed.
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5. Conclusions

In summary, our study constructed an m7G score prognostic model for CC patients.
The m7G score could play an important role in prognosis prediction and immunotherapy
evaluation, which could offer significant benefits in the clinical management of CC patients.
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www.mdpi.com/article/10.3390/ cancers14225527 /s1, Figure S1: Correlation analysis and construc-
tion of m7G clusters; Figure S2: Gene clustering based on prognostic m7G-related DEGs in CC
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this study.
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Simple Summary: The aim of this study was to evaluate the implementation and outcomes of a
tailored ERAS LARRC protocol developed for patients with locally advanced and recurrent rectal
cancer who require complex surgical procedures. This study shows that the protocol is feasible with
a compliance rate of 73.6% and results in a reduction in postoperative complications. Multimodal
anaesthesia could potentially impact the length of stay in a beneficial way, as well as improve the
recovery profile.

Abstract: Introduction: The implementation of an Enhanced Recovery After Surgery (ERAS) protocol
in patients with locally advanced rectal cancer (LARC) and locally recurrent rectal cancer (LRRC) has
been deemed unfeasible until now because of the heterogeneity of this disease and low caseloads.
Since evidence and experience with ERAS principles in colorectal cancer care are increasing, a
modified ERAS protocol for this specific group has been developed. The aim of this study is to
evaluate the implementation of a tailored ERAS protocol for patients with LARC or LRRC, requiring
beyond total mesorectal excision (P TME) surgery. Methods: Patients who underwent a bTME for
LARC or LRRC between October 2021 and December 2022 were prospectively studied. All patients
were treated in accordance with the ERAS LARRC protocol, which consisted of 39 ERAS care elements
specifically developed for patients with LARC and LRRC. One of the most important adaptations of
this protocol was the anaesthesia procedure, which involved the use of total intravenous anaesthesia
with intravenous (iv) lidocaine, iv methadone, and iv ketamine instead of epidural anaesthesia.
The outcomes showed compliance with ERAS care elements, complications, length of stay, and
functional recovery. A follow-up was performed at 30 and 90 days post-surgery. Results: Seventy-two
patients were selected, all of whom underwent bTME for either LARC (54.2%) or LRRC (45.8%).
Total compliance with the adjusted ERAS protocol was 73.6%. Major complications were present
in 12 patients (16.7%), and the median length of hospital stay was 9 days (IQR 6.0-14.0). Patients
who received multimodal anaesthesia (75.0%) stayed in the hospital for a median of 7.0 days (IQR
6.8-15.5). These patients received fewer opioids on the first three postoperative days than patients
who received epidural analgesia (p < 0.001). Conclusions: The implementation of the ERAS LARRC
protocol seemed successful according to its compliance rate of >70%. Its complication rate was
substantially reduced in comparison with the literature. Multimodal anaesthesia is feasible in beyond
TME surgery with promising effects on recovery after surgery.

Keywords: Enhanced Recovery After Surgery; rectal cancer; locally advanced rectal cancer; locally
recurrent rectal cancer; surgery
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1. Introduction

The colorectal Enhanced Recovery After Surgery (ERAS) protocol is currently used as
the standard mode of care in patients requiring surgical treatment for colorectal cancer [1].
To improve surgical outcomes, a compliance rate of >70% to ERAS care elements has been
associated with improved outcomes in minimally invasive colorectal cancer surgery [2].
In patients with locally advanced rectal cancer (LARC) and locally recurrent rectal cancer
(LRRC), the implementation of the ERAS protocol has been deemed challenging due to the
complexity and heterogeneity of this disease and treatment [3].

Patients with LARC or LRRC require neoadjuvant chemotherapy and radiotherapy,
followed by a beyond total mesorectal excision (0 TME). This procedure consists of a TME
procedure, with an extended resection of the sacral and/or lateral pelvic wall and often
multivisceral organ resections [4,5]. As a result, prolonged lengths of hospital stays and
higher rates of morbidity and mortality (Clavien-Dindo > III of 20-40%) are described
in these patients [6-9]. In an earlier study, it was observed that patients with LARC and
LRRC are a substantially different group regarding ERAS compliance and postoperative
outcomes compared to patients with non-advanced colorectal cancer [10].

Due to the increasing level of experience with ERAS principles in colorectal surgery, it
seemed the appropriate time to apply the ERAS principles to advanced rectal cancer surgery.
In several high-expertise fields, such as upper gastro-intestinal surgery and cytoreduc-
tive surgery with hyperthermal intraperitoneal chemotherapy, ERAS implementation has
seemed promising, with good postoperative results [7,11-13]. Therefore, a tailored ERAS
protocol for locally advanced and recurrent rectal cancer (LARRC) has been developed by a
multidisciplinary team with expertise in advanced rectal cancer [10]. The LARRC protocol
was based on the colorectal and pelvic ERAS protocol of Gustafsson [1] and Nygren [12], as
well as the pelvic exenteration protocol of Harji et al. [7]. Specific adaptations were made
in the anaesthesia protocol, oral intake, postoperative mobilisation, and urological care
pathways, as well as strict guidelines for the use of drains and catheters to suit the needs of
these patients.

The aim of this study was to evaluate the implementation and outcomes of the tailored
ERAS LARRC protocol developed for patients with locally advanced and recurrent rectal
cancer who require bTME.

2. Materials and Methods

All consecutive patients with LARC or LRRC who underwent a bTME with curative
intent in the Catharina Hospital Eindhoven, a tertiary referral hospital for rectal cancer,
were included in this study from October 2021 to December 2022. After the development
of the ERAS LARRC protocol in July 2021, a period of 3 months was used for the initiation
phase; all involved caretakers (surgeons, anaesthesiologists, intensivists, intensive care
nurses, ward nurses, nurse practitioners, stoma care nurses, dieticians, physiotherapists,
and surgical residents) were educated to standardise the (digital) system for the care of
these patients in the new protocol.

2.1. Patients and Treatment

LARCs were standardly treated with neoadjuvant (chemo)radiotherapy, whereas
LRRC patients underwent neoadjuvant chemoradiotherapy or chemo re-irradiation in the
case of previous pelvic irradiation [14]. Some patients received induction chemotherapy
before chemoradiotherapy [15,16]. After neoadjuvant treatment, a bTME was performed.
In this study, a bTME was defined as a total mesorectal excision, with the resection of
the sacral and/or lateral pelvic wall and/or multivisceral resections, including partial or
total pelvic exenterations. Surgery was often combined with intraoperative radiotherapy
(10-12.5 Gy) for the margins considered at risk. Other surgical specialists were consulted if
urological, plastic, or vascular reconstructions were required.
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2.2. Enhanced Recovery after Surgery Protocol

All patients were treated in accordance with the ERAS LARRC protocol, as shown
in Supplementary Material File S1 The ERAS LARRC protocol. It consisted of 39 newly
developed ERAS care elements that were analysed for their calculation of compliance and
based on colorectal care elements in the EIASO system [10]. One of the most important
adaptations of this protocol was the implementation of a different anaesthesia procedure,
which involved the use of total intravenous anaesthesia with intravenous (iv) lidocaine,
iv methadone, and iv ketamine, instead of epidural anaesthesia [17-19]. During surgery,
continuous wound infusion catheters were applied, which stayed in place for the first two
to three postoperative days [20]. As patients commonly suffer from urinary retention after
extensive rectal surgery, the use of suprapubic catheters was encouraged. As many of these
patients receive urological reconstructions, and postoperative paralytic ileus seems to be
associated with radical cystectomies, these patients received postoperative gastric tubes,
while all others did not [21-23]. A strict removal procedure followed, and all details about
production and removal were registered for analysis. Every patient had a bedside map
attached to their bed, along with the information on the protocol (Figure 1).

Mobilising according to
schedule*:

Day 0: 5 to 15min out of bed and

respiratory exercises

Day 1: Sitting in a chair (3 times),
walking short distances, and walk

100m with physiotherapist

Day 2: Sitting in a chair (4 times), walk

2to 3 times 100m

Day 3: Walking 3 to 4 times 100m

Food according to the PREPARE
protocol (without gastric tube):

With gastric tube:

Day 0: 500 mL of clear liquid Day 0: No oral feeding

Day 1: 750 mL liquid, pureed or ground feed gay;: Start with PREPARE
ay

Day 2: 1000 mL liquid, pureed or ground feed
Day 2: PREPARE day 1 & in

case of a gastric
production <200ml
without symptoms of a
gastroparesis? Remove
tube.

Day 3: 1500 mL liquid, pureed or ground feed

Meals in a chair & track Day >4: Solid food

nutrition list

Signs of gastroparesis? Gastric tube!

€

Promote from day 0:
- Chewing gum
- Brushing teeth

If not: repeat day 2 or go

back to day 1
ERAS Protocol LARRC [ ]
(Locally Advanced and Recurrent Rectal Cancer)
D
S

Daily weighing
Avoid opiates

Multimodal pain management
(continuous wound catheters,

Self-reliance in stoma care:
(strive for independence on day 4)

Compression stockings
until discharge

methamizol and paracetamo)/~é

*For skin or genital reconstructions, another mobilisation schedule is available (details in ERAS LARRC protocol)

Figure 1. Bed side map of the ERAS LARRC protocol.

2.3. Data Collection and Follow-Up

Patient and tumour characteristics, data on ERAS care elements, complications, and
functional recovery (e.g., time until first passage of stool, mobilisation, and length of hospital
stay) were prospectively collected from the medical records. Preadmission ERAS elements
(e.g., patient education, optimisation of patient’s health status), preoperative ERAS elements
(e.g., antibiotic and perioperative nausea and vomiting prophylaxis), intraoperative ERAS
elements (e.g., anaesthesia, blood loss, duration of procedure and fluid management), and
postoperative ERAS elements (e.g., nasogastric tube management, drain management, pain
management, and oral intake) were collected. Complications occurring during the first
30 and 90 postoperative days were scored using the Clavien—-Dindo classification [24].
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2.4. Statistical Analyses

Statistical analyses were performed using SPSS Statistics 29.0 software (IBM, Endicott,
NY, USA). The primary endpoints were the percentage of ERAS compliance in comparison
to the ERAS LARRC protocol, time to functional recovery, and postoperative complications.
Complications were classified using the Clavien-Dindo classification and divided into
minor complications (Clavien-Dindo I-Illa) and major complications (Clavien-Dindo
IIb-IV). Compliance with the protocol was calculated based on the 39 developed ERAS
care elements. Secondary endpoints included ERAS-related outcomes per perioperative
phase. Demographics were presented for all patients. Sub-analyses were included for
the performed anaesthesia and the use of a nasogastric tube because of the diversity of
hypotheses in the literature regarding these elements in ERAS care. Continuous data were
reported as means with standard deviations or as medians with ranges, depending on
parameter distribution. Categorical data were reported as the count with percentages.
Group comparisons were performed using the Chi-square test, Fisher’s exact test, or the
Mann-Whitney U test, as appropriate.

3. Results

A total of 72 patients with rectal cancer underwent bTME surgery between October
2021 and December 2022, of whom 39 (54.2%) were LARC patients and 33 (45.8%) were
LRRC patients. Induction chemotherapy was administered in 36 patients (50.0%), while all
patients received neoadjuvant radiotherapy. In total, 48 patients (66.7%) received full-course
chemoradiotherapy with 50-50.4 Gy, 20 patients (27.8%) received chemoreirradiation with
30-30.6 Gy, and 4 patients (5.5%) received short-course radiotherapy with 25 Gy. Of the
bTME surgical procedures, 23 patients (31.9%) underwent pelvic exenteration, 27 patients
(37.5%) underwent abdomino-perineal resection (APR), and 18 patients (25.0%) underwent
resection with primary (re-)anastomosis. In total, 14 patients (19.4%) underwent additional
sacral resection, and 36 patients (50.0%) underwent additional pelvic sidewall resection.
The median time of surgery was 306.0 min with a median of 1550.0 mL blood loss. All
patient and treatment characteristics are shown in Table 1.

Table 1. Baseline characteristics.

Baseline Characteristics n =72 (%)

Age, mean in years (SD) 63.9 (10.7)
Gender

Male 48 (66.7)

Female 24 (33.3)
ASA class

I-1I 59 (82.0)

-1v 13 (18.1)
Induction chemotherapy 36 (50.0)
Neoadjuvant radiotherapy 72 (100)
Pathological Tumour stage

TO0-T2 6(8.3)

T3-T4 37 (51.4)

N.A.* 29 (40.3)
Pathological Nodal stage

NO 26 (36.1)

N1/2 17 (13.4)

N.A.* 29 (40.3)
Main procedure

LAR/Re-resection with anastomosis 18 (25.0)

APR 27 (37.5)

Total exenteration 23 (31.9)

Tumour resection n.o.s. ** 23 (31.9)
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Table 1. Cont.

Baseline Characteristics n =72 (%)

Intraoperative radiotherapy 58 (80.6)
Bladder resection 24 (33.3)
Urologic reconstruction 34 (47.2)
Partial sacral resection 14 (19.4)
Prostate and/or vesicles resection (male only) 35(72.9)
Uterus and/or ovaria resection (female only) 13 (54.2)
Vagina resection (female only) 7(29.2)
Pelvic sidewall resection 36 (50.0)
Lateral lymph node resection 9 (12.5)
Length of operation, median in mL (IQR) 306.0 (219.3-368.8)
Intraoperative blood loss, median in mL (IQR) 1550.0 (762.5-2875.0)
Omentoplasty 51 (70.8)

* N.A. = not applicable in patients with LRRC. ** n.o.s. = not other specified.

3.1. Compliance to the ERAS LARRC Protocol

Total compliance with the ERAS LARRC protocol was 73.6%, in which all 39 items
were scored per ERAS care element, as shown in Table 2. The preadmission compliance
was 81.9%, the preoperative compliance was 89.4%, the intraoperative compliance was
70.2%, and the postoperative compliance was 62.8% for the total group.

Table 2. Compliance to ERAS LARRC protocol.

Preadmission Compliance Care Elements Compliance %

1 Preoperative nutritional status assessed 98.6

2 Preoperative nutritional treatment in case of (risk for) malnutrition 14.3

3 Alcohol (quitted before surgery) 93.1

4 Preadmission patient education 94.4

5 Ostomy introduction 100

6 Patient screened for anaemia preoperatively 94.4
7 Anaemia treatment given when applicable 60

8 Smoker (quitted before surgery) 81.9

9 Prehabilitation (in case of vulnerability) 100

Preoperative compliance care elements

10 No oral bowel preparation used unless patients received an LAR 94.4

11 Preoperative oral carbohydrate treatment 91.7

12 No preoperative sedative medication < 65 years 95.8

13 Thrombosis prophylaxis administered until outpatient at 28 days + 778
compression socks ’

14 Antibiotic prophylaxis before incision 100

15 PONYV prophylaxis administered 100

16 Date of admission = date of surgery (unless they received ureter 31.9
stents) ’

17 SDD administered 73.6

Intraoperative compliance care elements

18 No epidural or spinal anaesthesia but use of multimodal anaesthesia 75
19 Nerve blocks or local anaesthesia and continuous wound infusion 75

20 Forced-air heating cover used 100

2 No nasogastric tube placed intraoperatively and used postoperatively 442
unless ileus appeared; it was then removed according to protocol ’

2 No resection-site drainage placed according to protocol (pelvic 56.9

exenteration)
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Table 2. Cont.

Postoperative compliance care elements

Termination of urinary drainage at end of operation; SPC was used in

23 case of potential retention bladder, Otherwise it was handled 84.7
according to protocol

Stimulation of gut motility: laxatives and non-medicamental

1 treatment used according to protocol 100
25 Weighted on POD 0 43.1
26 Weighted on POD 1 29.2
27 Weighted on POD 2 65.3
28 Weighted on POD 3 722
29 Pain management with CWI, metamizole and paracetamol 722
30 PONYV prevention 100
31 Energy intake on POD 0 > 500 ml 20.8
32 Energy intake on POD 1 > 750 ml 43.1
33 Energy intake on POD 2 > 1000 mL 37.5
34 Energy intake on POD 3 > 1500 mL 417
35 Mobilisation on day of surgery 58.3
36 Mobilisation on POD1 according to protocol 52.8
37 Mobilisation on POD2 according to protocol 69.4
38 Mobilisation on POD3 according to protocol 77.8
39 Follow-up control performed around 30 days postoperatively 100

POD = Postoperative day.

3.2. Comparison of ERAS-Related Outcomes: Anaesthesia and Pain Management

Fifty-four patients (75.0%) received multimodal anaesthesia and postoperative contin-
uous wound infusion (CWI) catheters, while, in 18 patients (25.0%), epidural anaesthesia
was used. The use of opioids during the first three postoperative days was significantly
lower in the multimodal anaesthesia group (p < 0.001) when converted to morphine equiv-
alents. Patients had comparable scores on the numeric pain rating scale (NRS) during the
first three postoperative days.

Of the patients with epidural anaesthesia, 17 patients (94.4%) stayed in the ICU
compared to 28 patients (51.9%) with multimodal anaesthesia (p = 0.001). Of the patients re-
ceiving epidural anaesthesia, 14 patients (82.4%) needed hemodynamic support compared
to 10 patients (35.7%) in the multimodal anaesthesia group (p = 0.002).

Patients with an epidural stayed in the hospital for a median of 10 days (IQR 6.8-15.5)
compared to 7.0 days (5.5-14.0) for patients treated with multimodality analgesia (p = 0.440)
(Table 3).

Table 3. Anaesthesia protocol and postoperative pain management.

Anaesthesia Multimodal Epidural
Management

n =54 (75.0%) n =18 (25.0%)  p-Value

Postoperative analgesics

Continuous wound infusion 53 (98.1) 1(5.6) <0.001
Patient-controlled analgesia (PCA) 16 (29.6) 8 (44.4) 0.456
Median duration of PCA in days (IQR) 4.0 (3.0-5.0) 3.0 (1.04.0) 0.269
Epidural NA 3.0 (2.0-3.0)
Postoperative NSAID (Metamizole iv) 49 (90.7) 13 (72.2) 0.063
Median duration of metamizole in days (IQR) 5.0 (3.0-6.0) 5.0 (3.0-6.5) 0.641
Postoperative opioids * POD 0 53 (98.1) 18 (100) 0.750
Postoperative opioids * POD 1 23 (42.6) 18 (100) <0.001
Postoperative opioids * POD 2 15 (27.8) 18 (100) <0.001
Postoperative opioids * POD 3 14 (25.9) 17 (94.4) <0.001
Postoperative opioids * POD 4 13 (24.1) 11 (64.7) 0.002
Postoperative opioids * POD 5 12 (22.2) 7 (41.2) 0.112
Nausea POD 0 10 (18.6) 1(5.6) 0.380
Nausea POD 1 15 (27.8) 3(16.7) 0.314
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Table 3. Cont.

Multimodal

Anaesthesia Management Epidural

n =54 (75.0%) n =18 (25.0%)  p-Value
Nausea POD 2 16 (45.6) 5 (27.8) 0.987
Nausea POD 3 12 (22.2) 6(33.3) 0.049
Mobilisation POD 0 33 (61.1) 9 (50.0) 0.554
Mobilisation POD 1 31(57.4) 7 (38.9) 0.173
Mobilisation POD 2 40 (74.1) 10 (55.6) 0.153
Mobilisation POD 3 45 (83.3) 11 (61.1) 0.050
Complication < 30 days 38 (70.4) 12 (66.7) 0.768
Complication > 30 and <90 days 24 (45.3) 5(27.8) 0.192
Median time to passage of stool in days (IQR) 3.0 (2.0-4.0) 2.0 (1.0-4.0) 0411
Median time to tolerating solid food in days (IQR) 4.5 (2.0-6.3) 5.0 (2.8-7.3) 0.987
Median time to recover ADL in days (IQR) 6.0 (4.0-8.0) 6.5 (4.8-9.0) 0.976
Median time to termination of urinary drainage in days (IQR) 5.0 (2.0-10.5) 8.5 (3.8-13.0) 0.798
Median time to functional recovery in days (IQR) 7.0 (5.0-14.0) 10 (7.0-14.3) 0.328
Median length of postoperative ICU stay in days (IQR) 1.0 (0.0-1.0) 2.0 (1.0-2.3) 0.004
Median length of hospital stay in days (IQR) 7.0 (5.5-14.0) 10.0 (6.8-15.5) 0.440

* epidural included, iv or oral opioids.

3.3. Comparison of ERAS-Related Outcomes: Nasogastric Tube Management

A nasogastric tube was placed in 39 patients (54.2%). Among patients requiring
a nasogastric tube for a postoperative period longer than 2 days, 13 patients (50.0%)
underwent a total pelvic exenteration and a urologic reconstruction, and 23 patients (88.5%)
underwent omentoplasty. The median production from the nasogastric tube during the
first three postoperative days was 15.0 mL (IQR 0.0-80.0), 50.0 mL (0.0-260.0), 290.0 mL
(50.0-800.0), and 300.0 mL (85.0-2025.0), respectively. A nasogastric tube was placed for a
median of 3.0 days (IQR 2.0-6.5).

3.4. Comparison of ERAS-Related Outcomes: Urological Management

In 38 patients (52.8%), urethral catheters were placed intraoperatively and used after
surgery. These urethral catheters were in place for a median of 6.0 days (IQR 3.0-12.0). In
five patients (6.9%), the catheter was replaced due to bladder retention. A total of 10 patients
(13.9%) had a urethral catheter at discharge, mostly following psoas hitch reconstruction
(p =0.040). A total of 8 patients (11.1%) received a suprapubic catheter, and 4 of these
patients were discharged with the catheter. Twenty-three patients (31.9%) had an urostomy
because of a total pelvic exenteration.

3.5. Outcomes, Functional Recovery, and Complications

The median hospital stay was 9 days (IQR 6.0-14.0). On the day of surgery, 42 patients
(58.3%) were mobilised according to the protocol (out of bed for 5-15 min). On the third
postoperative day, 56 patients (77.8%) were mobilised according to the protocol (they were out
of bed twice a day for a minimum of one hour and walked around the ward (4-5 times 100 m)).

In total, 51 patients (70.8%) suffered from postoperative complications. Within 30 days
after surgery, major complications (Clavien—Dindo > IIla) were observed in 12 patients
(16.7%) and between 31 and 90 days after surgery in 7 patients (9.7%). Most complica-
tions were of gastrointestinal origin. Of the total group of patients with complications,
14 patients (19.4%) needed surgical intervention, and 19 patients (26.4%) were readmitted
to hospital (Table 4).

Table 4. Functional recovery and complications.

Functional Outcomes and Complications n=72(%)
Median time to oral pain control in days (IQR) 4.0 (3.0-4.0)
Median time to passage of stool in days (IQR) 3.0 (2.0-4.0)
Median time to tolerating solid food in days (IQR) 5.0 (2.0-7.0)
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Table 4. Cont.

Functional Outcomes and Complications n =72 (%)

Median time to recover ADL in days (IQR) 6.0 (4.0-8.0)
Median time to termination of urinary drainage in days (IQR) 6.0 (3.0-12.0)
Median time to termination of resection-site drain in days (IQR) 3.0 (2.0-4.0)
Median time to termination of nasogastric tube in days (IQR) 3.0 (2.0-6.5)
Mobilisation according to protocol 47 (65.3)
Median length of hospital stay in days (IQR) 9.0 (6.0-14.0)
Complications 51 (70.8)
Complications < 30 days 44 (61.1)
Most severe complication < 30 days (Clavien—-Dindo)

None 21(29.2)

I-1Ila 39 (54.2)

Ib-IV 12 (16.7)
Complications > 30 days <90 days 29 (40.3)
Gastro-intestinal complications

Gastroparesis/ paralytic ileus 18 (25.0)

Intra-abdominal abscess 8 (11.1)

Leakage anastomosis 6 (8.3)

Wound infection/dehiscence 12 (16.7)

Mechanical ileus 4 (5.6)
Urological complications

Bladder retention 5(6.9)

Urinary tract infection 9 (12.5)

Other 6 (8.3)
Neurological complications 9 (12.5)
Cardio-pulmonary complications 10 (13.9)
Vascular complications 3(4.2)
Reoperations 14 (19.4)
Readmissions 19 (26.4)

4. Discussion

This study demonstrates the feasibility of implementing an ERAS protocol specifically
designed for patients undergoing bTME for LARC or LRRC with a compliance rate of
73.6%. Patients treated within the ERAS LARRC protocol had lower rates of postoperative
complications in comparison to the literature [6-9]. The use of multimodal analgesia,
instead of epidural analgesia, was effective in postoperative pain management, with
potentially beneficial effects on functional recovery and length of stay.

In the literature, evidence for the beneficial effects of an ERAS protocol for patients
with LARC or LRRC undergoing bTME is lacking, as this heterogeneous and complex
patient group is commonly excluded from ERAS-related studies [25]. The potential ben-
efit of an ERAS protocol in these patients could be extensive as they suffer from poor
postoperative outcomes due to a long period of functional recovery and a high compli-
cation rate. However, to expect an improvement in postoperative outcomes and time to
functional recovery via ERAS implementation, compliance rates of at least 70% appear
necessary [26,27].

The development and implementation of a new ERAS protocol is challenging. The
implementation of the ERAS LARRC protocol in this centre was facilitated due to the prior
implementation of an ERAS protocol for non-advanced colorectal surgical care. Certain
elements could be implemented directly, such as proactive education and nursing pathways,
careful fluid management, and attention to nausea and vomiting, as these elements have a
significant effect on functional recovery after any gastrointestinal surgical procedure [5].
Other elements could not be implemented directly or had to be altered, taking into account
the extensive surgical procedure and the increased likelihood of postoperative morbidity
in LARRC patients. In the minimally invasive colorectal ERAS protocol, epidural analgesia
is obsolete, but in beyond TME surgery for LARC or LRCC, it is considered necessary
for adequate postoperative pain management [7]. In our multidisciplinary team, a novel
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multimodal approach with the use of methadone, lidocaine, and ketamine was proposed
instead of using epidural analgesia. The use of multimodal analgesia was implemented
gradually during the study period with promising results.

Epidural analgesia is not easily changed to a multimodal approach, as it remains the
golden standard in treating postoperative pain. At the beginning of the studied period, all
patients with sacral resections received epidural analgesia, while during implementation,
more patients received multimodal analgesia with increasingly promising results. This
resulted in more affinity with the multimodal approach and a reduction in used epidural
analgesia. However, selection bias was not prevented and should be investigated in
future research.

Even so, the implementation of the adjusted ERAS protocol seems feasible, and the
postoperative results are also encouraging. Comparing the outcomes of this study to
other examples in the literature in terms of ERAS care elements is challenging, and, to our
knowledge, ERAS has not yet been implemented in patients with LARC or LRRC. One
ERAS implementation study conducted by Harji et al. investigated the implementation of
an ERAS protocol adjusted specifically for patients with pelvic malignancies undergoing
pelvic exenteration [7]. A few other studies have presented postoperative outcomes after
bTME in rectal cancer, investigating outcomes after pelvic exenteration for pelvic malig-
nancies of any kind without the implementation of a specific ERAS protocol [6,28-32]. In
these studies, patient characteristics and procedures were comparable to this study, such as
operating time and blood loss. The length of stay in these studies varied between 9 and
19 days, while in this study, the median hospital stay was 9 days. Stays in the intensive care
unit were reduced, as patients remained there for 1 to 2 days, compared to 3 to 4 days in
other studies. In the literature, the major complication rate (Clavien-Dindo > IIla) showed
a median of 22.6% to 61.3%, compared to a median major complication rate of 16.7% in this
cohort. In conclusion, the results of this study seem rather promising.

Based on the results of this study, the presented ERAS LARRC protocol is imple-
mentable and valuable and can be applied in clinical practise. However, the current
protocol still should be tailored to some care elements. The heterogeneity of this disease
and type of surgical procedure complicates implementation, and some exceptions or devia-
tions from protocol are inevitable. The quality of the protocol lies within the combination
of all individual ERAS care elements, and successful implementation requires continuous
effort, feedback, and further development. As with all new protocol implementations,
compliance increases over time by gaining more affinity and experience with the protocol.
In our centre, caretakers were already familiar with ERAS, which facilitated the implemen-
tation. Even so, as compliance was already >70%, it should increase even further over time
due to the increased affinity of caretakers with it, as well as the continuous evolution of
the protocol.

It is essential to identify factors that are associated with compliance and functional
recovery in patients with LARC and LRRC. Postoperative care elements have the greatest
impact on overall recovery, yet they are also the most difficult to comply with [7]. This was
reflected in this study. Even though the overall compliance rate was >70%, postoperative
compliance was only 62.8%. This was mainly due to an inability to attain a sufficient amount
of oral intake and the inability to weigh patients postoperatively in order to manage the
fluid balance. As 54.2% of patients had a nasogastric tube postoperatively, the appropriate
intake could not be accomplished in these patients. As most patients seemed to develop
gastroparesis and/or paralytic ileus on the second postoperative day, it appears possible to
abstain from using a nasogastric tube for the first two postoperative days in most patients.
A potential additional benefit of omitting a nasogastric tube may be that patients are less
constrained in postoperative mobilisation. As oral intake is increased gradually within the
ERAS LARRC protocol, a nasogastric tube could still be inserted in case of gastroparesis
and/or paralytic ileus. Another future adjustment is the promotion of suprapubic catheters
as an alternative to urethral catheters in case of expected bladder retention after surgery.
However, a patient cohort that might benefit from a suprapubic catheter cannot be defined
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based on the current study. In upcoming years, implementation in other centres is needed
to investigate all specific care elements and guarantee an effective ERAS LARRC protocol
as the new standard of care.

5. Conclusions

This study shows that an ERAS protocol developed for patients undergoing bTME for
LARC or LRRC is feasible. In comparison to prior studies in the literature, the current ERAS
LARRC protocol results in a reduction in complications. Multimodal anaesthesia could
potentially impact the length of stay in a beneficial way, as well as improve the recovery
profile. Despite the fact that the presented cohort study is a work in progress, it shows that
even in this heterogenic group, standardisation in perioperative care is achievable and may
yield promising results.
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Simple Summary: Certification in oncology aims to establish structural and procedural standards
according to evidence-based guidelines. The WiZen study is the largest study so far to analyze the
effect of the certification of designated cancer centers on survival in Germany. Based on clinical
cancer registry data of 47.440 colorectal cancer patients treated between 2009 and 2017, the present
study shows that treatment at colorectal cancer centers has been associated with significantly better
outcomes. Patients treated at certified facilities had an eleven percent (colon)/nine percent (rectum)
lower risk of dying within the first five years after diagnosis. These findings support the shift towards
a more structured cancer care system.

Abstract: (1) Background: The WiZen study is the largest study so far to analyze the effect of
the certification of designated cancer centers on survival in Germany. This certification program is
provided by the German Cancer Society (GCS) and represents one of the largest oncologic certification
programs worldwide. Currently, about 50% of colorectal cancer patients in Germany are treated in
certified centers. (2) Methods: All analyses are based on population-based clinical cancer registry
data of 47.440 colorectal cancer (ICD-10-GM C18/C20) patients treated between 2009 and 2017.
The primary outcome was 5-year overall survival (OAS) after treatment at certified cancer centers
compared to treatment at other hospitals; the secondary endpoint was recurrence-free survival.
Statistical methods included Kaplan—Meier analysis and multivariable Cox regression. (3) Results:
Treatment at certified hospitals was associated with significant advantages concerning 5-year overall
survival (HR 0.92, 95% CI 0.89, 0.96, adjusted for a broad range of confounders) for colon cancer
patients. Concentrating on UICC stage I-1II patients, for whom curative treatment is possible,
the survival benefit was even larger (colon cancer: HR 0.89, 95% CI 0.84, 0.94; rectum cancer:
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HR 0.91, 95% CI 0.84, 0.97). (4) Conclusions: These results encourage future efforts for further
implementation of the certification program. Patients with colorectal cancer should preferably be
directed to certified centers.

Keywords: certified cancer center; colon cancer; rectal cancer; cohort study; registries; survival;
quality of cancer care; evidence-based medicine; WiZen; German Cancer Society

1. Introduction

Colorectal cancer is one of the most common malignancies worldwide [1,2]. In Ger-
many, 5.3% of women and 6.7% of men will be diagnosed with colorectal cancer in the
course of their life; this corresponds to a national incidence of approximately 60,000 diag-
noses per year [3]. With these figures, colorectal cancer belongs to the three most frequent
tumor diseases in Germany. The observed survival rate after five years for all stages has
been constantly improving over the past decades and amounts to 54% among female and
52% among male patients [3]. Depending on the tumor location, Union for International
Cancer Control (UICC) stage, and therapy intention, the treatment of colorectal cancer
relies on surgical resection in locally advanced and metastatic cases combined with pre- or
postoperative chemo-, radio-, or targeted therapy [4].

Health care systems worldwide aim to improve cancer care quality by means of the
accreditation or certification of specialized hospitals [5-8]. To promote optimal, guideline-
based therapy pathways, a certification program for treating facilities has been established
in Germany. Since 2003, the German Cancer Society (GCS; German: Deutsche Krebsge-
sellschaft, DKG) has offered organ-specific certification programs [9-11]. As of today, there
exist 18 different GCS certification programs and 1402 GCS-certified centers [12]. Of those,
314 are specialized in colorectal cancer [13]. To obtain GCS certification, a hospital has
to fulfill a broad variety of requirements. They include structural measures concerning,
e.g., regular interdisciplinary communication and consensus decision making in structured
tumor boards, or the maintenance of multi-professional outreach networks. Moreover, they
have to report about 30 performance indicators reflecting process and outcome quality in
compliance with official treatment guidelines (e.g., minimal annual caseloads of 30 colon
and 20 rectum cancer resections per certified center and year, share of therapy pathways
deviating from tumor board decisions) [14]. Certified colorectal cancer centers must un-
dergo regular external audits and their performance indicators are included in publicly
available annual quality reports published by the GCS [15].

In 2018, a registry-based health service analysis showed that treatment at GCS-certified
colorectal cancer facilities might be associated with significant survival benefits [16].
However, this study and a few other analyses for different tumor entities from other
countries [17-21] were subject to some limitations (e.g., concerning the coverage area,
transferability from other health care systems to Germany), leaving room for discussion.
The WiZen study (German Innovation Fund, grant number 01VSF17020) currently repre-
sents the largest study on the topic. The present publication aims to provide an in-depth
overview of the study’s specific results regarding colorectal cancer with a special focus on
clinical cancer registry-based analyses (the statutory health insurance-based analyses will
be published elsewhere).

2. Materials and Methods
2.1. Aim

The WiZen study has been jointly conducted by four different institutions with exper-
tise in clinical epidemiology and evidence-based medicine: Zentrum fiir Evidenzbasierte
Gesundheitsversorgung (ZEGV)/Hochschulmedizin Dresden, Germany, Tumorzentrum
Regensburg (TZR), Germany, Arbeitsgemeinschaft Deutscher Tumorzentren e. V. (ADT),
Berlin, Germany and Wissenschaftliches Institut der AOK (WIdO), Berlin, Germany. Coop-
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eration partners who provided relevant data from cancer registries and the certification
program were GCS, Berlin, Germany. Klinisches Krebsregister Dresden (KKRD), Ger-
many, Klinisches Krebsregister Erfurt (KKRE), Germany, and Klinisches Krebsregister fiir
Brandenburg und Berlin (KKRBB), Germany.

The WiZen study has been designed as a set of retrospective cohort studies aiming
to evaluate whether treatment in a GCS-certified cancer center is associated with better
overall survival. Besides colorectal cancer, it focuses on seven other tumor entities (breast
cancer, gynecological cancer, head and neck cancer, lung cancer, neurooncological tumors,
pancreatic cancer, and prostate cancer; a general report of the project results is available
online [22]).

2.2. Data Source

The findings reported in this publication are based on a comprehensive dataset pro-
vided by four large clinical cancer registries (TZR, KKRD, KKRE, KKRBB). These cancer
registries fulfill an official mandate and collect data on all cancer patients registered in
their catchment area. The dataset contained demographic characteristics (age, sex, date
of death), detailed tumor characteristics (date of diagnosis, histological subtype, tumor
stage according to the International Union against Cancer, UICC, tumor grade, lymphatic
and venous invasion), as well as information about treatment procedures. It covered an
observation period from 2006 to 2017.

2.3. Inclusion and Exclusion Criteria

The following criteria were used to define the population for the analyses shown in
this paper:

(a) Diagnosis of colorectal cancer according to the ICD-10-GM codes C18 (malignant
neoplasm of the colon) or C20 (malignant neoplasm of the rectum).

(b) Age of at least 18 years at the time of diagnosis.

(c)  No previous diagnoses of colorectal cancer (a patient was only considered as incident
between 2009 and 2017 if there were no earlier diagnoses of colorectal cancer recorded;
to avoid issues with missing information concerning earlier tumor diagnoses, patients
with a cancer diagnosis between 2006 and 2008 were excluded a priori following the
guideline “good practice of secondary data analysis” [23] since it would not have been
possible to assess a case’s compliance to this inclusion criterion). Previous diagnoses
of other, non-colorectal cancer were no exclusion criterion.

(d) Sufficient information concerning the certification status of the treating hospital (in
this context, treatment at a non-certified institution that belongs to an association
containing a GCS-certified colorectal cancer center was also considered a certified
center treatment).

(e) Consistent histological subtype (only adenocarcinoma, exclusion of, e.g., lymphoma
or sarcoma).

2.4. Statistical Analysis

The primary outcome was overall survival up to five years after diagnosis, and
the secondary outcome was 5-year recurrence-free survival. Each included patient was
considered to be at risk of death or tumor recurrence from the date of diagnosis onwards.
The follow-up period ended at the date of death or tumor recurrence, or on 31 December
2017, in the absence of an event. To compare the unadjusted survival rates between GCS-
certified colorectal cancer centers and non-certified hospitals, the Kaplan-Meier method
was employed. To adjust for a variety of important confounders (age, sex, year of diagnosis,
UICC stage, grade, lymphatic and venous invasion), multivariable Cox regression models
were developed. All significance tests were two-sided with a significance level of 0.05.
All reported results are presented together with the corresponding p-value and/or the
upper and the lower border of the 95% confidence interval. The analyses were performed
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with IBM SPSS 25 (IBM SPSS Statistics for Windows, Version 25.0. Armonk, NY, USA:
IBM Corp.).

2.5. Data Protection and Ethics

The data were pseudonymized at the participating cancer registries. The pseudonymized
data were analyzed at TZR. The WiZen study was approved by the ethics committee of
the TU Dresden (approval number: EK95022019). The study was registered at ClinicalTri-
als.gov (identifier: NCT04334239). The data processing and analyses were conducted in
line with the Declaration of Helsinki and the General Data Protection Regulation of the
European Union.

3. Results
3.1. Inclusion Process

Between 2009 and 2017, the dataset contained 30,742 patients with colon (ICD-10-
GM C18) and 17,040 with rectum cancer (ICD-10-GM C20). After the application of all
inclusion criteria, 30,497 (99.2%), and 16,943 (99.4%) patients, respectively, were used for
the projected analyses.

3.2. Share of Patients Treated in GCS-Certified Colorectal Cancer Centers

The share of patients treated in GCS-certified colorectal cancer centers was 27.9%
(colon; rectum: 31.7%) at the beginning of the observation period in 2009 and increased to
51.9% (colon; rectum: 49.4%) in 2016; thereafter, it slightly dropped (Figure 1).
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Figure 1. Share of patients treated in GCS-certified colorectal cancer centers according to diagnosis.

3.3. Description of Collectives

The colon cancer patients treated in GCS-certified centers showed a similar sex distri-
bution to the patients from non-certified hospitals. Among the rectum cancer patients, the
share of male patients was only slightly higher in non-certified hospitals (66.5% vs. 62.9%).
Concerning the age distribution, no relevant differences between centers and other hospitals
were seen, either. The colon and rectum cancer patients treated at certified centers suffered
from advanced UICC stages (III and IV) more often; moreover, an unknown tumor stage
was seen less frequently in center patients (colon: 6.7% vs. 17.5%; rectum: 6.9% vs. 16.2%).
More details can be found in Tables 1 and 2.
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Table 1. Patient characteristics according to diagnosis and treatment status.

C18 Colon C20 Rectum
Treatment in GCS-Certified Centers Yes No Yes No
n % n % n % n %
Sex
Female 6043 439 7515 449 2650 335 3353 37.1
Male 7717 56.1 9222 55.1 5254 66.5 5686 62.9
Age
18-49 915 6.6 765 4.6 574 7.3 481 53
50-59 1801 13.1 1918 11.5 1553 19.6 1611 17.8
60-69 3086 24 3569 213 2136 27.0 2333 25.8
70-79 4860 35.3 6353 38.0 2480 314 3047 33.7
80+ 3098 22.5 4132 247 1161 14.7 1567 17.3
Year of diagnosis
2009-2011 3725 27.1 6504 38.9 2246 28.4 3409 37.7
20122014 4883 35.5 5136 30.7 2878 36.4 2793 30.9
2015-2017 5152 37.4 5097 30.5 2780 35.2 2837 31.4
Total 13,760 100.0 16,737 100.0 7904 100.0 9039 100.0

Table 2. Tumor characteristics according to diagnosis and treatment status.

C18 Colon C20 Rectum
Treatment in GCS-Certified Centers Yes No Yes No
n % n % n % n %
UICC stage
I 2622 19.1 2915 17.4 1348 17.1 1511 16.7
I 3694 26.8 4190 25.0 1348 171 1577 174
I 2892 21.0 3352 20.0 2913 36.9 2770 30.6
v 3634 26.4 3344 20.0 1747 221 1718 19.0
X 918 6.7 2936 17.5 548 6.9 1463 16.2
Grade
Gl 742 54 1232 74 400 5.1 683 7.6
G2 8913 64.8 10,286 61.5 5431 68.7 5704 63.1
G3/4 3059 222 3932 23.5 1127 14.3 1650 18.3
GX 1046 7.6 1287 7.7 946 12.0 1002 11.1
Lymphatic invasion
L0 6783 49.3 7726 46.2 4297 54.4 3999 442
L1 4711 342 5905 35.3 1705 21.6 2304 25.5
LX 2266 16.5 3106 18.6 1902 24.1 2736 30.3
Vein invasion
Vo 9405 68.4 11,075 66.2 5157 65.2 5251 58.1
V1/2 1905 13.8 2401 14.3 779 9.9 1000 11.1
VX 2450 17.8 3261 19.5 1968 249 2788 30.8
Total 13,760 100.0 16,737 100.0 7904 100.0 9039 100.0

3.4. Survival Analyses

The mean follow-up—estimated by means of the reverse Kaplan-Meier method—was
3.39 years in the complete cohort (95% CI 3.36-3.42) and the median follow-up was 3.20
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(95% CI 3.14-3.25). In patients treated at certified centers, the mean follow-up was 3.57 years
(95% CI 3.53-3.61; median 3.51, 95% CI 3.44-3.58) and in patients treated at non-certified
hospitals was 3.23 years (95% CI 3.18-3.28; median 2.84, 95% CI 2.75-2.93), respectively.

3.4.1. Overall Survival

For colon cancer patients of GCS-certified centers, the 5-year Kaplan-Meier survival
rate over all stages was 45% compared to 39% for patients from other non-certified hos-
pitals (Figure 2a). The difference between the two survival curves was highly significant
(p < 0.001). Moreover, 48% of the rectum cancer patients treated in GCS-certified centers
were still alive after five years; among patients of other hospitals, this estimated rate was
41%. Again, the difference between the two Kaplan-Meier survival curves was highly
significant (p < 0.001, Figure 2b).
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Figure 2. (a) C18 Colon, (b) C20 Rectum. Kaplan-Meier curves for overall survival according to
diagnosis and treatment status.
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For colon cancer patients, the unadjusted hazard ratio over all patients for all-cause
mortality was 0.868 (95% CI 0.837, 0.900) for treatment in a GCS-certified cancer center
compared to other hospitals. Adjusting for age, sex, year of diagnosis, UICC stage, grade,
and lymphatic and venous invasion, it changed to 0.921 (95% CI 0.887, 0.956, Figure 3). The
results for all covariates contained in the adjusted Cox regression model can be found in
Supplementary Table S1. For rectal cancer patients, the corresponding hazard ratios were
0.820 (unadjusted, 95% CI0.780, 0.862) and 0.978 (adjusted, 95% CI0.929, 1.029), respectively.
For colon cancer, this indicates a moderate, yet significant superiority concerning overall
survival for treatment in a GCS-certified colorectal cancer center (p < 0.001), while no
significant difference was seen for rectum cancer patients of all stages combined.
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Figure 3. Unadjusted and adjusted (adjusted for age, sex, year of diagnosis, UICC stage—if not
stratified for, grade, and lymphatic and venous invasion) hazard ratios with 95% CI for all-cause
mortality following treatment in GCS-certified colorectal cancer centers compared to treatment in
non-certified hospitals, stratified for location and UICC stage.

Excluding patients with unknown UICC stage, the adjusted hazard ratio for all-cause
mortality changed to 0.908 (colon cancer, 95% CI 0.873, 0.945) and 0.961 (rectum cancer, 95%
CI0.909, 1.014) in favor of treatment in GCS-certified cancer centers (Supplementary Table S2).
Analyzing UICC stage I to III patients only, the effect of treatment in a GCS-certified center
increased (colon cancer: HR 0.889; 95% CI 0.840, 0.940) and became significant for rectum
cancer, too (HR 0.905, 95% CI 0.841, 0.973, Figure 3).
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For both tumor locations, the effect of center treatment was stronger at lower (colon
cancer: UICC I: HR 0.876, UICC II: HR 0.867; rectum cancer: UICC I: HR 0.716, UICC II:
HR 0.933, Figure 3) than in higher stages (colon cancer: UICC III: HR 0.907, UICC IV: HR
0.936; rectum cancer: UICC III: HR 0.956, UICC IV: HR 1.049, Figure 3).

3.4.2. Recurrence-Free Survival

For RO-resected UICC stage I-1II patients, it was also possible to analyze recurrence-
free survival. For colon cancer patients treated at GCS-certified centers, the 5-year recurrence-
free survival rate was 61% compared to 55% for patients from non-certified hospitals
(p < 0.001, Figure 4a). For rectal cancer patients, the 5-year recurrence-free survival rates
were 62% and 54%, respectively (p < 0.001, Figure 4b).
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Figure 4. (a) C18 Colon, (b) C20 Rectum. Kaplan-Meier curves for recurrence-free survival in

RO-resected patients with UICC stage I-III according to diagnosis and treatment status.

The adjusted hazard ratio for death or tumor recurrence was 0.878 (colon cancer, 95%
CI 0.832, 0.927) and 0.856 (rectum cancer, 95% CI 0.796, 0.921, Table 3), indicating the
significant superiority of center treatment.
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Table 3. Adjusted hazard ratios with 95% CI for recurrence-free survival (CCR data, UICC stage
I-1II, RO only) following treatment in GCS-certified colorectal cancer centers, ref.: treatment in
non-certified hospitals.

HR Lower 95% CI Upper 95% CI
C18 Colon all stages univariable 0.845 0.802 0.891
C18 Colon all stages multivariable * 0.878 0.832 0.927
C20 Rectum all stages univariable 0.786 0.732 0.844
C20 Rectum all stages multivariable * 0.856 0.796 0.921

* adjusted for age, sex, year of diagnosis, UICC stage, grade, and lymphatic and venous invasion.

4. Discussion
4.1. Summary

Since 2003, the German Cancer Society has certified hospitals specializing in the treat-
ment of cancer and fulfilling certain quality standards. Currently, there exist 314 designated
colorectal cancer centers in Germany [13], but evidence as to whether treatment at certi-
fied facilities is associated with better survival is scarce. With 47,440 included patients,
the analyses presented in this publication represent the largest registry-based study on
the topic.

After adjustment for important covariates like age, tumor stage, and the year of index
treatment, the hazard of death was significantly lower by 7.9 percent in colon cancer patients
treated in certified centers (HR 0.921), whereas only a small and non-significant hazard
reduction was seen in rectum cancer patients (HR 0.978). If only patients in non-metastatic
stages (UICC I-III) were analyzed, the hazard ratio for center treatment decreased to 0.889
in colon and 0.905 in rectum cancer patients, indicating a substantial and significant survival
benefit for both tumor entities.

4.2. Effect of Certification

In oncology, great efforts are taken to achieve rather modest improvements of prog-
nosis. In comparison to this, a broader implementation of certification programs and
concentration of cancer treatment in certified institutions is associated with larger survival
benefits and lower costs for the health care system. Slightly longer traveling distances to
the next certified colorectal cancer center (in over 50% of the cases, 20 min or less [24]) seem
a rather modest price for an overall survival benefit of up to 28 percent, depending on the
UICC stage. Moreover, previous studies show that treatment at GCS-certified colorectal
cancer centers is associated with significantly lower treatment costs, even if additional
expenses induced by certification requirements are taken into account [25].

The findings presented in this paper are in concordance with other analyses of the
WiZen study based on statutory health insurance data [22]. For colon cancer, the adjusted
hazard ratio for treatment in certified centers was identical, underlining the high external
validity of the presented results. Moreover, the results of the present study support
the findings of earlier studies on the topic, which were limited by smaller sample sizes
and locally restricted study cohorts. Using clinical cancer registry data from a southern
German region with 1.1 million inhabitants from 2004 to 2013, V6lkel et al. [16] observed
a significant overall survival benefit (HR 0.81) for center treatment. Trautmann et al.
analyzed statutory health insurance data from 2005 to 2015 from Saxony, Germany, and
also reported a significant survival benefit for patients treated in certified hospitals (OAS:
HR 0.90, [26]). Similar results can be found in the international literature, although a
comparison to differently structured health care systems and specific interventions within
these systems is always difficult. In 2008, Paulson et al. [27] retrospectively analyzed more
than 40,000 patients from the US having received surgery for colon and rectum carcinoma.
The postoperative mortality in National Cancer Institute (NCI)-designated centers was
lower (3.2% vs. 6.7%); additionally, they observed a significant long-term survival benefit
for colon (HR 0.84) and rectum cancer patients (HR 0.85), which is comparable to the

125



Cancers 2023, 15, 4568

results presented in this study. In 2021, Okawa et al. [28] published a registry-based
observational study about the health care system in Japan, where accredited, high-capacity,
highly experienced cancer care hospitals also exist; the findings showed that treatment
in these intuitions is associated with higher adjusted all-site 3-year survival rates (86.6%)
compared to non-designated hospitals (78.8%).

The fact that the survival benefits observed in the present study were particularly
high in UICC stage I-III patients is hardly surprising; for these patients, clear guideline
recommendations and quality standards for surgery and (neo-)adjuvant procedures [4]
are provided and implemented. Correspondingly, GCS certification strongly focuses on
guideline-adherent therapy pathways and is more than a simple volume-based centraliza-
tion process. Concerning the predominantly palliative UICC stage IV patients, it has to be
acknowledged that prolongation of survival is not always the primary treatment aim [29,30].
Future studies on this topic for this specific patient group should implement additional
outcome variables reflecting aspects like quality of life and the patients” perspective.

4.3. Strengths and Limitations

For ethical and practical reasons, it is impossible to conduct a randomized controlled
trial to analyze the effectiveness of center-based cancer treatment [31-33]. Patients are free to
present to their hospital of choice. Usually, their decision incorporates factors like regional
accessibility, patient mobility, referral by other health professionals, advice from other
patients, and many more [34]. Subjecting cancer patients to a random allocation process
would impair their right of self-determination. Consequently, an observational study
design with independent standardized controlled prospective data collection represents
the most adequate methodology. Using population-based clinical cancer registry data of
four large German cancer registries covering different regions, the results of this study are
highly reliable and representative. Every patient with colorectal cancer registered within
the catchment area of these cancer registries is part of the truly population-based study
collective. No patient was excluded due to unfavorable characteristics like high age or
advanced tumor stages [35,36].

With observational data and non-randomized group allocation, adjustment for po-
tential confounders is crucial. Making use of a comprehensive dataset, it was possible
to include a broad range of demographic and disease-specific items in the multivariable
regression analyses. For certain variables like, e.g., tumor stage, information was partially
missing—this was more often the case in patients from non-certified hospitals, which might
be a consequence of lower documentation standards in these hospitals. However, sensitiv-
ity analyses with the inclusion and exclusion of patients with incomplete information were
performed and the results remained stable.

The strength of the cancer registry-based part of the WiZen analyses presented in our
manuscript consists of the detailed information about tumor characteristics. Nevertheless,
it would have been desirable to include additional confounders like teaching status or
hospital volume. However, for some of the cases, no documentation about the specific
institution a case was treated in was available. For these cases, certification status was
retrieved from a generic variable “center treatment yes/no”. Notwithstanding this, it was
possible to adjust for these factors in separate analyses of the WiZen project, which were
based on statutory health insurance data and that will be published elsewhere. In these
analyses, one can see that hospital size and teaching status are seen more often among
certified centers; these factors did indeed have a significant influence on survival, but even
after adjustment for these factors, certification as colorectal cancer center was associated
with a substantial and significant survival benefit.

Also, there was no information available on whether a resection was performed as an
emergency procedure. This might be a limitation of our analyses, since an earlier study
on the topic from Germany using comprehensive hospital billing data [37] found lower
rates of emergency procedures in hospitals with larger caseloads. Given the association
of larger hospital size and certification status, this finding might be partly transferable to
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our study setting. However, the share of emergency procedures in the earlier study ranged
between 30.7% for very low-volume and 28.1% for very high-volume hospitals, indicating
a rather moderate difference. Moreover, it is known that reasons for surgery performed as
emergency procedure are, e.g., more advanced tumor stages, lymphatic invasion, venous
invasion, and higher age [38]. By adjusting for all of these factors, we are confident that we
at least partially adjusted for the adverse effect of emergency procedures.

Therapy modalities like, e.g., the TME technique or the application of postoperative
chemo protocols were deliberately excluded in the multivariable regression models, since
the realization of guideline-adherent therapy might be a characteristic of certified centers
and, thus, a reason for better survival after treatment at these institutions. However,
delving deeper into the differences between therapy pathways of center- and non-center
patients would definitely be an interesting topic for future research. To achieve reliable
and valid results, the WiZen study followed a conservative approach, which might have
led to an underestimation of the center effect. Patients treated in a hospital that forms
part of an association with a GCS-certified cancer center were regarded as center patients,
although their treatment might still not have met center standards. Furthermore, patients
treated in hospitals that later became certified were allocated to the group treated in
non-certified hospitals.

5. Conclusions

The results of the WiZen study contribute to a continuously growing international
evidence base pointing towards the additional value of cancer treatment in designated
centers that are defined not only by their caseload, but also by other quality indicators like
guideline adherence. It represents the largest study to date on the efficacy of certification
programs in the German health care system. The presented results show that treatment
at certified colorectal cancer centers is associated with significant and substantial long-
term benefits concerning overall and recurrence-free survival. In early-stage colon cancer,
treatment at a certified institution contributes to lowering the overall mortality risk by more
than 25%. This important information should be widely distributed to patients, referring
outpatient physicians, and decision makers.
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www.mdpi.com/article/10.3390/ cancers15184568/s1: Table S1. Full results of multivariable Cox
regression for all-cause mortality according to diagnosis. Table S2. Sensitivity analyses: Unadjusted
and adjusted* hazard ratios with 95% CI for all-cause mortality following treatment in GCS-certified
colorectal cancer centers compared to treatment in non-certified hospitals.
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Simple Summary: In the past, the German Cancer Society has implemented a certification program
for colorectal cancer centers with the aims of standardizing oncological treatment, endorsing a
multidisciplinary approach, and improving the outcomes. However, some critical views have argued
that fulfilling the certification requirements alone would not necessarily enhance the treatment quality
for colorectal cancer patients. In the present study, our objective was to investigate the treatment
outcomes for patients with rectal cancer in hospitals of different medical care levels, before and after
the certification process. The results of the present study indicate an improvement in terms of the
treatment quality and outcomes after the official certification process. Further prospective clinical
trials are necessary to investigate the influence of certification on the treatment of patients suffering
from colorectal cancer.

Abstract: Introduction: The certification of oncological units as colorectal cancer centers (CrCCs)
has been proposed to standardize oncological treatment and improve the outcomes for patients
with colorectal cancer (CRC). The proportion of patients with CRC in Germany that are treated by
a certified center is around 53%. Lately, the effect of certification on the treatment outcomes has
been critically discussed. Aim: Our aim was to investigate the treatment outcomes in patients with
rectal carcinoma at certified CrCCs, in German hospitals of different medical care levels. Methods:
We performed a retrospective analysis of a prospective, multicentric database (AN Institute) of
adult patients who underwent surgery for rectal carcinoma between 2002 and 2016. We included
563 patients from 13 hospitals of different medical care levels (basic, priority, and maximal care) over
periods of 5 years before and after certification. Results: The certified CrCCs showed a significant
increase in the use of laparoscopic approach for rectal cancer surgery (5% vs. 55%, p < 0.001). However,
we observed a significantly prolonged mean duration of surgery in certified CrCCs (161 Min. vs.
192 Min., p < 0.001). The overall morbidity did not improve (32% vs. 38%, p = 0.174), but the
appearance of postoperative stool fistulas decreased significantly in certified CrCCs (2% vs. 0%,
p = 0.036). Concerning the overall in-hospital mortality, we registered a positive trend in certified
centers during the five-year period after the certification (5% vs. 3%, p = 0.190). The length of
preoperative hospitalization (preop. LOS) was shortened significantly (4.71 vs. 4.13 days, p < 0.001),
while the overall length of in-hospital stays was also shorter in certified CrCCs (20.32 vs. 19.54 days,
p = 0.065). We registered a clear advantage in detailed, high-quality histopathological examinations
regarding the N, L, V,and M.ER.C.U.R.Y. statuses. In the performed subgroup analysis, a significantly
longer overall survival after certification was registered for maximal medical care units (p = 0.029)
and in patients with UICC stage IV disease (p = 0.041). In patients with UICC stage III disease, we
registered a slightly non-significant improvement in the disease-free survival (UICC IIIL: p = 0.050).
Conclusions: The results of the present study indicate an improvement in terms of the treatment
quality and outcomes in certified CrCCs, which is enforced by certification-specific aspects such as
a more differentiated surgical approach, a lower rate of certain postoperative complications, and
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a multidisciplinary approach. Further prospective clinical trials are necessary to investigate the
influence of certification in the treatment of CRC patients.

Keywords: rectal cancer; certification; colorectal cancer center; outcome

1. Introduction

With over 60,000 new cases and over 25,000 deaths annually, colorectal cancer is
still one of the most common malignant diseases in Germany [1]. Up to 38% of these
patients suffer from cancer of the rectum [1-4]. Over the last 20 years, rectal cancer treat-
ment has evolved, and nowadays, it involves a multidisciplinary approach that includes
standardized diagnostics, neoadjuvant and adjuvant therapy (if these are indicated), and in-
terventional and supportive treatment modalities. In this setting, and in cases of a curative
intent, surgery plays the most important role [5-11]. In order to standardize oncological
treatment and improve the outcomes in colorectal cancer (CRC) patients, the centralization
of treatment in specialized high-volume centers and the certification of oncological units as
colorectal cancer centers (CrCCs) have been proposed in Germany [12].

This is a part of the certification program of the German Cancer Society, which was
developed in Germany and has expanded to other member states of the European Union.
The certification program for breast cancer was introduced in 2003 and the program for
colorectal cancer was introduced in 2006, later being applied to centers for malignancies
of diverse organ systems. The goal was to offer a treatment that is based on high quality
standards at every stage of the disease [11]. Certified cancer centers form the base of
this approach. The centers are required to annually demonstrate their outcomes and are
obliged to meet the technical and medical requirements for the treatment of a specific tumor
entity [11]. Medical guidelines (in the case of CrCCs, the “S3 guidelines for the treatment
of colorectal cancer”) represent the foundation for defining these quality standards [6].

However, it is not obligatory for oncological units to undergo the certification program
in order to be allowed to treat specific malignances. In 2017, only 47.15% of the overall
patients with colorectal cancer in Germany were treated in a CrCC, and in 2018, 53% were
treated in a certified colorectal cancer center [1,12,13].

Benz et al. described an increasing proportion of rectal cancers treated in certified
centers, rising from 43% to 57% during the period from 2010 to 2018 [13]. Hence, 43% of
the overall rectal cancer cases in Germany are being treated in uncertified centers, with a
case load of <20 operative cases per year [13].

Several recent studies have demonstrated some advantages when treatments take place
in certified centers, such as a better overall survival and a lower morbidity, especially for
advanced colorectal cancer patients [3,5,14-16]. On the other hand, since the introduction of
the German certification program, critical views have argued that fulfilling the certification
requirements alone would not necessarily enhance the treatment quality for colorectal
cancer [17]. The achieved effects of centralization for CRC treatments have been described
as insufficient, and a renewal of national strategies with a focus on the implementation of
centralization and high-quality CrCCs was proposed [2].

Therefore, we aimed to investigate the influence of colorectal cancer center (CrCC)
certification on the treatment outcomes for rectal carcinoma patients according to the
database of the AN Institute of the Otto von Guericke University of Magdeburg. We
evaluated data from 13 hospitals of different medical care levels on rectal cancer treatments
in Germany for the period of 2002-2016.

2. Methods
2.1. Study Design

A comparative, retrospective study was conducted using data from a prospectively
acquired, multicenter database of the AN Institute of the Otto von Guericke University in
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Magdeburg, Germany. All of the data were acquired from the 13 associated hospitals based
on standardized documentation forms, which were drafted by the scientific advisory board
of the AN Institute. Since 2010 and after the implementation of the certification process
by the German Cancer Society, the scientific advisory board of the AN Institute revised all
of the documentation for tumor entities according to the high standards defined by the
German Cancer Society.

A total of 563 patients from 13 hospitals that received treatment from five years before
until five years after the official certification of the center as a CrCC (ten-year period for
each observed center) were examined. The patients treated during the five-year period
before the certification of a particular center were included in the group defined as “—5y”
and the patients treated during the five-year period after the certification were included in
the group defined as “+5y” (Figure 1). Overall, we included patients that were surgically
treated during the period of 2002-2016, meaning that the certifications of all of the included
centers took place between the years 2007 and 2011.

() €} @)
5 years before Certification 5 years after
certification (-5y) certification (+5y)

Figure 1. Presentation of time-related collective building according to the moment of the hospital’s
certification as a colorectal cancer center.

We performed a comparative analysis of the patient characteristics, perioperative
parameters, postoperative outcomes (including morbidity and mortality), and survival
data between the selected collectives from the period before and the period after the date
of official certification as a colorectal cancer center (—5y vs. +5y). A subgroup analysis of
survival according to the hospital care level and the UICC stage was also performed.

2.2. Inclusion Criteria

In the present study, we included adult patients (>18 years old) who underwent
surgical treatment for rectal carcinoma. The patients treated during the period from 2002 to
2016 were included in the study (n = 563).

2.3. Exclusion Criteria

Patients <18 years old and patients who did not receive surgery for rectal carcinoma
were excluded from the study.

2.4. Statistical Analysis

For the statistical analyses, we used SPSS 26, SPSS Inc., IBM, Armonk, New York,
NY, USA.

For the data presentation, we used the means with the standard deviation or the
number of cases with percentages in accordance with the type of data. The analysis and
visualization of survival data were performed using a Kaplan—-Meier curve. p-values of
<0.05 were considered statistically significant.

3. Results
3.1. Patient Characteristics

All of the data related to demographic characteristics are presented in Table 1.
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Table 1. Presentation of patient characteristics for collectives treated five years before and five years
after certification.

CrCC Certification
—5y +5y p
Parameter N % N %
(Mean) (SD) (Mean) (SD)
Number of patients 267 47.42% 296 52.58%
Sex
Female 109 41% 122 41% 0.925
Male 158 59% 174 59%
Age 68 10.51 68 12.67 0.712
BMI 26 4.36 27 4.83 0.467
ASA
ASA 1 24 9% 27 9%
ASA I 153 57% 145 49%
ASA III 87 33% 120 41% 0.234
ASA 1V 3 1% 3 1%

A total of 563 patients were included in the study, with 267 of the patients treated
during the five-year period before certification (—5y) and 296 of the patients treated after
certification (+5y).

There was no significant difference between the —5y and +5y groups in the proportion
of patients belonging to each sex, the mean age of the patients, the mean BMI of the
patients, or the distribution of cases according to the American Society of Anesthesiologists
(ASA) score.

3.2. Perioperative Parameters
All of the data related to the perioperative parameters are presented in Table 2.

Table 2. Presentation of perioperative parameters for collectives five years before and after certification.

CrCC Certification
—5y +5y 4
Parameter N % N %
(Mean) (SD) (Mean) (SD)
Number of patients 267 47.42% 296 52.57%
Surgical approach
Laparotomy 226 86% 114 39% <0.001
Laparoscopy 14 5% 160 55% <0.001
Conversion 2 6% 16 9% 0.504
Trans-anal 20 8% 3 1% <0.001
Surgery type
ARR 47 18% 47 17% 0.753
LARR 113 43% 112 40% 0.505
APE 43 16% 62 22% 0.084
Hartmann 3 1% 23 8% <0.001
Anastomosis type
Stapler 167 63% 178 61% 0.572
Intraoperative 14 5% 15 5,17% 0.93
complications
Duration of 161 74.21 192 79.33 <0.001

surgery (Min.)

The frequency of a minimally invasive approach (laparoscopy) for rectal surgery in-
creased significantly after CrCC certification in comparison to the period before certification
(5% vs. 55%, p < 0.001), without a significant increase in the conversion rate. Furthermore,
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the frequency of a trans-anal approach for the local excision of rectal carcinoma significantly
decreased after the certification for the compared periods (8% vs. 1%, p < 0.001).

Regarding the type of performed surgery for rectal carcinoma, the certification process
did not result in any significant changes in the proportion of anterior rectal resections
(ARRs), low anterior rectal resections (LARRs), or abdominoperineal extirpations (APEs)
performed between the examined periods.

On the other hand, discontinuous resections according to Hartmann increased signif-
icantly during the five years after certification (+5y) in comparison to the period before
certification (—5y) (1% vs. 7%, p < 0.001).

The mean duration of surgery for rectal cancer showed a significant increase during
the five-year period after certification (161 Min. vs. 192 Min., p < 0.001).

3.3. Postoperative Parameters

According to the performed analysis, the mean preoperative in-hospital stay length
(preop. LOS) prior to a rectal surgery, which was mainly for completing the diagnostics,
decreased significantly after certification (4.71 days vs. 4.13 days, p < 0.001).

On the other hand, the postoperative in-hospital stay duration (postop. LOS) shortened
non-significantly after certification (16.65 days vs. 15.15 days, p = 0.151).

The overall length of stay (0LOS) also did not significantly change after CrCC certifi-
cation (20.32 days vs. 19.54 days, p = 0.065), although a tendential shortening of the oLOS
was observed.

Regarding the type of case dismissal following a rectal surgery (discharge, transfer to
other units (such as rehab, neurology, nephrology, etc.), or death), we observed a tendency
in the five-year period after certification towards more successful patient discharges (89%
vs. 94%) and fewer transfers to other units (6% vs. 3%) and postoperative death cases (5%
vs. 3%). Still, there was no statistical significance for this observation (p = 0.060).

The overall proportion of postoperative complications did not significantly change
after the CrCC certification for the examined periods (23% vs. 27%, p = 0.284). However, the
analysis of specific surgical complications showed an increase in postoperative intestinal
atonia (for over 3 days) during the five-year period after certification (2% vs. 6%, p = 0.025)
and a decrease in the occurrence of postoperative stool fistulas (small or large bowel, other
than the anastomotic region; 2% vs. 0%, p = 0.036). Other specific surgical complications
underwent no significant change after the certification process, as displayed in Table 3.

Table 3. Presentation of postoperative parameters for collectives five years before and five years
after certification.

CrCC Certification
—5y +5y P
Parameter N % N %
(Mean) (SD) (Mean) (SD)
Number of patients 267 47.42% 296 52.57%
LOS
Preop. LOS (days) 471 4.55 4.13 17.95 <0.001
Postop. LOS (days) 16.65 14.88 15.15 10.40 0.151
Overall LOS (days) 20.32 16.11 19.54 20.97 0.065
Case dismissal
Discharge 237 89% 278 94%
Transfer 16 6% 8 3% 0.060
Death 14 5% 9 3%
Morbidity 85 32% 112 38% 0.174
Non-surgical complications 52 20% 52 18% 0.552
Surgical complications 61 23% 78 27% 0.284
Bleeding 5 2% 2 1% 0.208
Sepsis 6 2% 7 2% 0.904
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Table 3. Cont.

CrCC Certification
—5y +5y 4
Parameter N % N %
(Mean) (SD) (Mean) (SD)
Aseptic wound healing disorder 6 2% 9 3% 0.539
Wound infection 8 3% 10 3% 0.771
Abdominal wall dehiscence 5 2% 4 1% 0.639
Ileus 5 2% 2 1% 0.208
Atonia (>3 days) 5 2% 16 6% 0.025
Abscess 2 1% 4 1% 0.475
Stool fistula 4 2% 0 0% 0.036
Presacral infection 4 2% 9 3% 0.213
Peritonitis 3 1% 1 0% 0.275
Colostomy complication 1 0% 4 1% 0.211
Multiple organ failure 2 1% 3 1% 0.725
Anastomotic leakage 21 12% 21 11% 0.940

The rate of non-surgical complications did not change significantly after CrCC cer-
tification (20% vs. 18%, p = 0.552). An analysis of specific non-surgical complications,
such as urinary infections, non-infectious pulmonal complications, pneumonia, cardiac
complications, thrombosis, lung artery embolisms, renal failure, and multiple organ failure,
showed no significant changes between the two collectives.

3.4. Histopathology

The histopathological findings for the examined periods are presented in Table 4.

The number of patients with histologically verified rectal cancer prior to surgery
increased significantly during the five-year period after the certification of a hospital as a
colorectal cancer center (84% vs. 93%, p = 0.001).

Concerning the distribution of pN stages for the patients in both collectives, we
registered a significant difference when the +5y period was compared to the reference
period (—5y) (p = 0.001). Additionally, the frequency of an unclear lymph node status
after the histopathological findings (pNx) was significantly reduced after certification (8%
vs. 2%).

We observed a significant difference in the L status before and after certification, with
a decreasing number of cases not being histologically examined for their L status (22% vs.
7%, p < 0.001). This resulted in an increased proportion of patients with an L0 or L+ status.

A significant difference in the V status was documented between the five-year periods
before and after certification, with a decreasing number of cases not being histologically
examined for their V status (24% vs. 8%, p < 0.001) and a subsequent increase in the number
of patients with a VO or V+ status.

A patient distribution analysis according to the UICC showed a significant difference
in the distribution for the five-year periods before and after certification, with an obvious
increase in the number of cases with UICC stage II or UICC stage III, but a decreasing
number of UICC IV cases (p < 0.001).

Concerning the quality of the surgical treatment in terms of the M.E.R.C.U.R.Y. status
and the coning of the specimen [18-23], a comparative analysis could not be performed
because the data related to these parameters were only available after the certification.
These particular values are presented in Table 4.
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Table 4. Presentation of histopathological findings for collectives five years before and five years
after certification.

CrCC Certification
—5y +5y p
Parameter N % N %
(Mean) (SD) (Mean) (SD)
Number of patients 267 47.42% 296 52.57%
Histological verification 204 84% 272 93% 0.001
before treatment
pT
pTO 4 2% 7 3%
pT1 36 15% 28 10%
pT2 64 26% 83 30% 0.490
pT3 117 48% 133 48%
pT4 22 9% 26 9%
pN
pNO 124 48% 170 59%
pN1 45 17% 57 20%
pPN2 58 22% 50 17% 0.001
PNX 21 8% 5 2%
Missing 12 5% 7 2%
L
Lo 120 46% 168 58%
L+ 83 32% 105 36% <0.001
Not examined 56 22% 19 7%
\Y%
VO 148 57% 207 71%
V+ 47 18% 63 22% <0.001
Not examined 63 24% 22 8%
UICC
I 4 2% 7 2%
11 75 29% 82 28%
il 43 16% 65 22% <0.001
v 67 25% 62 21%
Missing 53 20% 58 20%
M.E.R.C.URY.
1 / / 251 94% /
I / / 10 4% /
I / / 5 2% /
Coning / / 6 2% /

3.5. Follow-Up and Survival
3.5.1. Survival before and after Certification for the Entire Collective and According to the
Medical Care Level

Regarding the overall survival, the comparison using Kaplan—-Meier curves indicated
a better outcome during the five-year period after the certification (+5y) when compared
to the collective treated during the five years before certification (—5y), although without
reaching significant levels (p = 0.503).

The subgroup analysis showed a trend towards a slightly higher overall survival
during the five-year period after certification for the patients from hospitals with a basic
or priority level of medical care, without significance (p = 0.750; p = 0.638). A significant
improvement in the overall survival was observed for the patients with rectal cancer
treated in the hospitals with a maximal level of medical care during the five-year period
after certification compared to the reference period (p = 0.029) (Figure 2).
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Figure 2. Presentation of overall survival five years before and five years after certification according
to medical care level.

Concerning the disease-free survival during the five-year period after the certification,
the Kaplan-Meier curves revealed a non-significantly better outcome after certification for
the whole collective (p = 0.163) as well as for the subgroups from the centers with a basic,
priority, or maximal care level (p = 0.583; p = 0.845; p = 0.073) (Figure 3).

All medical care levels Basic medical care
Cerintagon dPerore 100
ol - Fiveyear period after - Five_year peiod before
" - St - Yo
- - CeRintatoh-censored = = Coniaton-consored
g £ 1 Five-year period after
E E o eaned
HE T
£ HES
i o
a 2
H
x
20
o
h iz 2 36 m M % 2 2 36 8 60
Time [month] Time [month]
Maximal metcat care
Priority medical care
0
100 13 Five—year period before
M . Five_yoar pariod before E— certification
=t - Fiveyea prod ater ~Fivecyear priod afer
o - it w il
g ! T ey permiate E " Eantaton-sonsorea
; 60 § 60
2 g 40
a a
2
x
o
E 0 x % . ® .
Time [month] 0 12 2 36 a8 60
Time [month]

Figure 3. Presentation of disease-free survival five years before and five years after certification
according to medical care level.
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3.5.2. Survival According to UICC Stage
Survival before and after Certification According to UICC Stage

The Kaplan—-Meier analysis according to the UICC stage of rectal cancer showed a
negative correlation between the overall survival and a higher UICC stage within the —5y
group (I vs. II: p = 0.298; I vs. III: p < 0.001; I vs. IV: p < 0.001; II vs. III: p = 0.061; I vs. IV:
p < 0.001; and IIT vs. IV: p < 0.001), as well as within the +5y group (I vs. IL: p = 0.032; I
vs. III: p = 0.001; T vs. IV: p < 0.001; IT vs. III: p = 0.226; II vs. IV: p < 0.001; and III vs. IV:
p = 0.015) (Figure 4).
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Figure 4. Presentation of overall survival five years before and five years after certification according
to UICC stage.

The disease-free survival in the Kaplan-Meier curves, in relation to the UICC stage of
rectal cancer, showed successively shorter values with an increasing UICC stage for the
—5y collective (I vs. II: p = 0.129; I vs. III: p < 0.001; and II vs. III: p = 0.140) and for the +5y
collective (I'vs. II: p = 0.12; T vs. III: p< 0.001; and II vs. III: p = 0.275) (Figure 5).
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Figure 5. Presentation of disease-free survival five years before and five years after certification
according to UICC stage.

Survival before and after Certification According to Particular UICC Stage

In the comparison of the UICC stages experienced by the —5y collective with those
experienced by the +5y collective, the analysis showed a non-significantly longer overall
survival for UICC stages I and III (I: p = 0.347; III: p = 0.248), a non-significantly shorter
overall survival for UICC stage II (II: p = 0.383), and a significantly longer overall survival
for UICC stage IV (p = 0.041) (Figure 6).
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Figure 6. Presentation of overall survival five years before and five years after certification according
to particular UICC stage.

An analysis of the disease-free survival showed a non-significant improvement during
the five-year period after CrCC certification for UICC stages I, II, and III (I: p = 0.188; II:
p = 0.106; and III: p = 0.050) (Figure 7).

uice 1 vice it
100,

Five-year period before Five-year period before
certification — certification

P ES. Five-year period after Five-year period after
certification =l certification
Five-year period before o) 1 Five-year period before
certification—censore | — certification—censored

| Five-year period after

Five-year period after
certification-censored

Disease—free survival [%]

36 48 60 oo 12 24 36 a8 60
Time month] Time [montr]

viccm

Fiveyear period before
certification

Five-year perlod after
certification

Five-year period before
centification-censored
Fiveyear period after
certification-censored

6 a8 60

Time [month]

Figure 7. Presentation of disease-free survival five years before and five years after certification
according to particular UICC stage.

3.5.3. Neoadjuvant and Adjuvant Treatment

Overall, we found that for all of the patients treated in the five years after certification,
neoadjuvant chemoradiation (alternatively short radiation 5 x 5 Gy) was indicated for those
with advanced rectal carcinoma (cT3/cT4 and/or cN+) in the staging imaging diagnostics
(computed tomography (CT) and/or magnetic resonance imaging (MRI)). For patients
with a nodal-positive status in their postoperative histopathological examination, adjuvant
chemotherapy was indicated, as defined by the German S3 guidelines [6]. As for the
patients treated before certification, we did not have enough data for either the neoadjuvant
or the adjuvant treatment, and therefore, we could not perform a comparative analysis.

4. Discussion

Since the implementation of a certification system for oncological units in Germany,
there have been divided opinions regarding whether the treatment quality and outcomes
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for patients with colorectal cancer would improve by meeting the criteria of the colorectal
cancer centers (CrCCs) [17].

On the other hand, several studies have shown the advantages of certified, high-
volume centers and the positive influence of multidisciplinary treatments on the out-
comes [5,12,24,25]. For instance, a significantly better three-year overall survival for col-
orectal cancer was shown for patients treated in a certified center, compared to patients
treated in uncertified units (71.6% vs. 63.6%, p = 0.001) [24]. In another study, a significant
prolongation of the relative survival was observed in UICC IV rectal cancer patients treated
in an experienced, certified center compared to the national average outcomes [5]. Finally,
the latest WiZen study (2023) showed a longer five-year overall survival for different tumor
entities, including rectal cancer (49.2% vs. 43.3%), for patients who had received an initial
treatment in a certified center compared to those treated in an uncertified center [26].

Concerning the case load of oncological units and specialized surgeons, centers with a
higher volume are known to achieve better outcomes with a lower morbidity and a longer
overall survival [14,15,24]. Furthermore, in the study by Ghadban et al., which included
an analysis of 351,028 colorectal cancer cases, a significant improvement was observed in
terms of the mortality (3.8% in 2005 vs. 3.0% in 2015; p < 0.001), whereas the morbidity did
not improve [2].

Hence, the aim of this study was to evaluate the effects of the colorectal cancer center
(CrCC) certification process on the perioperative and long-term oncological outcomes for
rectal cancer patients according to the database of the AN Institute of the Otto von Guericke
University of Magdeburg. The main goal of this distribution was to present the advantages
offered by a certification process in a dynamic fashion and while considering a timeline.
Therefore, we examined the differences among 13 centers, considering the most important
timeline milestone of 5 years.

Our analysis showed an increasing proportion of laparoscopic approaches from 5% to
55% during the five-year period after certification (p < 0.001), without an increase in the
conversion rate (p = 0.504). Although the certification program does not directly obligate
certified centers to perform a certain proportion of minimally invasive approaches for
rectal surgery, an international trend of non-inferior oncological outcomes and a reduced
perioperative morbidity for laparoscopies in comparison to open approaches was observed
in the examined collectives after certification [6,27,28]. The proportion of laparoscopic rectal
resections until 2016 in the examined collective was even higher compared to the increase
from 12.3% to 48.1% reported in the German data published by Schnitzbauer et al. [29].
However, the presented trend in our data did not reach the proportion of laparoscopic
colorectal surgeries performed in England within the LAPCO-program (an increase from
44% to 66%) [30]. Data concerning robotic approaches used for rectal surgeries were
not available for the current analysis, as robotic colorectal surgery was developed in the
included centers after the investigated period.

Furthermore, we reported a significant reduction in the number of trans-anal excisions
performed after CrCC certification (8% to 1%, p < 0.001). The S3 guideline clearly recom-
mends neoadjuvant chemoradiotherapy followed by a total mesorectal excision (TME)
for most cases of low rectal cancers [6], and we witnessed an expansive development of
endoscopic resections for adenoma and early rectal cancers in recent years [31]; therefore,
we assumed that one of the above-mentioned treatment options was indicated for a greater
number of patients over the studied timeline, which resulted in a decrease in the number
of local surgical excisions.

The significant prolongation of the operating time after certification could be explained
due to the increase in the frequency of the laparoscopic approaches. Prolonged operating
times for laparoscopic approaches compared to conventional open approaches are well
known and have already been reported in several studies [27].

The reported significant increase in the frequency of discontinuous resections accord-
ing to Hartmann from 1% to 7% during the five-year period after certification (p < 0.001)
was similar to that reported by Klaue et al. [17]. This observation was interpreted in the
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mentioned study as a possible result of the “fear of anastomotic leakage” in emergency
cases, especially during the first years of a certification program [17]. After conducting
thorough research and performing a statistical analysis on our collective, we did not find
any significant correlation between the ASA score, age, or comorbidities and the frequency
of Hartmann’s resections. However, we observed a non-significant trend towards more
emergency cases, as a possible explanation. The reported rate of Hartmann-reversal proce-
dures might also be a sign of the adoption of a more careful and thoughtful approach, as
reported elsewhere [32-35].

As a further aspect of improved management triggered by the certification process,
several organizational advantages have been observed during the period after certification:
the preoperative in-hospital length of stay was significantly reduced after certification.
Furthermore, we observed a trend towards a reduction in the postoperative in-hospital
length of stay. Additionally, there was a clear tendency towards a shorter overall in-
hospital length of stay during the period after certification, which was comparable to other
studies [36]. As reported by Aravani, the risks for a prolonged length of stay after colorectal
cancer surgery are an older age (>80 years), socioeconomic deprivation, and the occurrence
of a rectal cancer diagnosis [36]. The generally long in-hospital stays in the presented
collective matched the data of other colorectal units in Germany in 2016 (18.6 + 11.9 days),
with a further shortening in the following years (13.8 &= 9.3 days in 2021) [37]. Although the
time frames shown here represent the historic philosophy of perioperative management
(diagnostics under stationary conditions, and long in-house stays until wound sutures were
removed), which strongly varies from the current fast-track surgery goal [37-39], the data
showed an obvious development after certification in terms of shortened in-hospital stays.

Regarding the short-term outcomes, there was a tendential shift towards an increased
proportion of successful patient discharges and a decreased number of transfers to other
units within the five-year period after certification. This observation could possibly be
explained by the more successful and multidisciplinary handling of complicated and/or
prolonged postoperative courses, involving aspects such as physiotherapy and professional
nutritional support, with a reduced need to transfer patients to other specialized units.
Regarding the overall in-hospital mortality, we registered a positive trend in certified centers
during the five-year period after certification (decrease from 5% to 3%). These dynamics
matched the significant decrease in the mortality indicated by the above-mentioned study
(3.8% in 2005 vs. 3.0% in 2015; p < 0.001) [2].

Regarding the frequency of both surgical and non-surgical postoperative complica-
tions, we saw a significant improvement in terms of postoperative stool fistulas of the small
or large bowel (other than the anastomotic region) after certification. This could possibly
be an effect of the engagement of more experienced colorectal surgeons, as required by
the German Cancer Society (chosen, responsible operators for the CrCC) for rectal cancer
surgeries after certification.

On the other side, during the five-year period after CrCC certification, there was a
significant increase in the frequency of postoperative intestinal atonia. This observation
was contradictory to the results of different studies that have suggested faster postoperative
bowel movements after a laparoscopic approach [40,41]. This could be the result of the
standard postoperative analgetic regimen, which was mainly opioid-based in most centers
associated with the AN Institute. This regimen could have led to increased intestinal atonia,
as reported in several studies [42].

Histopathological findings represent a fundamental quality control after a surgical
treatment of a tumor and are indispensable for further oncological treatment. Therefore,
standardized histopathological reports involving all of the important tumor characteristics
and the quality of the performed surgery are one of the most important requirements for
the colorectal cancer center certification process [6].

Histological verification of a diagnosis is currently the gold standard before proceed-
ing with a multidisciplinary treatment for rectal carcinoma, especially when a neoadjuvant
treatment is indicated [6]. During the five-year period after certification, the number of his-
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tologically secured diagnoses before the treatment significantly increased, nearly achieving
the international high-quality levels as described in the CONCORD study (94%) [3].

Although there was no relevant change in the patient distribution regarding the patho-
logical T stage after CrCC certification, there were significant dynamics in the distribution
of cases according to the pN stage within the five-year period after certification. How-
ever, the proportion of patients with an unclear postoperative lymph node status (pNXx)
decreased in the +5y group from 8% to 2%, indicating an increased level of engagement for
full, detailed histopathological findings after certification.

Another sign of the standardization of the histopathological findings after certification
was the significantly more frequent description of lymphovascular and vascular infiltra-
tion in our collective. Although the clinical relevancy of vascular infiltration (V) has not
been proven, lymph vessel infiltration (L) is correlated with a higher risk of lymph node
metastases [6]. Therefore, the German guideline for the treatment of colorectal cancer
recommends providing a description of the L and V parameters within a TNM classifica-
tion [6].

Although an analysis of surgical quality development in terms of the M.E.R.C.U.R.Y.
status and the coning of surgical specimens after a total mesorectal excision (TME) could
not be performed in this study, the fact that these parameters were involved in the database
only after certification (+5y) showed a raised awareness of the importance of specimen
quality. However, the German S3 guideline highly recommends a TME as a standard
surgical technique for the treatment of rectal carcinoma, and the M.E.R.C.U.R.Y. status
represents the pathological description of its quality [6,18,23]. In the study published by
Sahm et al., which involved analyzing the quality of care for colorectal cancer in the federal
state of Brandenburg, Germany, the reported rate of M.E.R.C.U.R.Y. I rectal resections was
96.4% in certified colorectal centers [4]. In the present study, we reported a similar rate of
94% during the five-year period after certification, suggesting at least that the recommended
surgical technique was implemented after CrCC certification.

The overall survival in our collective slightly improved after certification, with a
reported significance for patients with UICC stage IV disease (p = 0.041). This observation
has also been reported by Richter et al. [5].

In terms of disease-free survival, we recorded the improvement in UICC stage III
patients, only just falling short of a significant level (p = 0.05).

The subgroup analysis according to the medical care level (basic-, priority-, and
maximal-care-level hospitals) showed a slightly superior overall survival and disease-free
survival during the five-year period after certification, compared to the period before. A
significant improvement in the overall survival was documented for the hospitals with
a maximal level of medical care during the five-year period after certification, compared
to the reference period (p = 0.029). We interpreted this observation as the result of a
multifactorial process, including the increasing quality of the diagnostics, the selection
of adequate multidisciplinary treatment modalities according to the guidelines of the
German Cancer Society and the “best standard of care”, the implementation of improved
surgical techniques, the increased quality of histopathological documentation, and further
immeasurable aspects, all indicated by the certification process.

The strength of this study lies in its comparison of rectal cancer data between defined
periods before and after certification, including the survival rate in hospitals of different
care levels as well as within particular stages according to the UICC classification. This
comparison offers a direct view into the possible effects of certification. As mentioned
before, the main goal of this distribution was to present the advantages offered by a
certification process in a dynamic fashion while considering a timeline. Therefore, we offer
the differences seen among 13 centers, considering the time frame of five years before and
after certification. Such a comparative analysis is missing in the current literature.
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Limitations

This study has several limitations. It is a retrospective analysis of a database that,
while prospectively acquired, is still missing relevant data for the treatment of rectal
cancer, such as neoadjuvant and adjuvant treatments, especially for patients treated prior to
certification. The latter is, in our opinion, the most important limitation of the current study.
There is heterogeneity as far as data collection and the quality of data are concerned. The
main reason for this is a dynamic change in the gold standards for the treatment of rectal
cancer, such as the use of neoadjuvant chemoradiation, the meaning of the M.E.R.C.U.R.Y.
classification for surgical quality and its impact on recurrence rates, etc. The implementation
of the certification process for colorectal cancer centers by the German Cancer Society was
the breakthrough in terms of the data sampling quality and tumor documentation in
Germany. The certification has driven centers to optimize their databases and raise their
parameters. Therefore, a certification process is also important in terms of the quality of
tumor documentation and treatments according to the guidelines. Although this was a
multicentric study that included centers from different federal states, it only considered
data up to 2016, and thus may not be representative of Germany as a whole and of the state
of the art for rectal cancer treatment in 2023. Information about the case loads of certain
hospitals was also not available.

Nevertheless, we firmly believe that a dynamic evolution process within the scope of
a structured certification program cannot be managed only by statistical programs, because
of the multivariability in the quantitative and qualitative aspects involved. Due to the
latter aspect, a dynamic and continuous evaluation over a timeline is indispensable. A
five-year milestone is the most important time milestone, as determined by the German
Cancer Society.

5. Conclusions

The results of the present study indicate a clear trend towards improvement in terms
of the treatment quality, survival, and documentation in certified colorectal cancer centers.
This is demonstrated by certification-specific aspects such as more differentiated surgical
approaches, a lower rate of certain complications, and a multidisciplinary approach. In
our honest opinion, the qualitative aspects of a certification process (such as the need for
multimodal treatment, the need to follow the guidelines and the current advancements in
treatments, the need for interdisciplinary tumor boards, etc.), together with a stable volume
of cases as proposed by the German Cancer Society, are the essential aspects required for
improvement. Further prospective clinical trials are needed to investigate the relevance of
certification in the treatment of CRC patients.
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Abbreviations

CrCC colorectal cancer center
CRC colorectal cancer

ARR anterior rectal resection
LARR low anterior rectal resection
APE abdominoperineal excision
Min. minutes

Preop. LOS  preoperative length of stay
Postop. LOS  postoperative length of stay

oLOS overall length of stay
UICC Union International Contra Cancer
TME total mesorectal excision
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Simple Summary: This survey study investigates long-term patient-reported quality of life for
individuals with low-lying rectal cancers, particularly focusing on the potential impact that ostomies
may have on overall, sexual, and urinary quality of life. The findings suggest that patients with
ostomies may experience a worse quality of life, affecting various aspects of daily life and relationships.
These insights may help to inform patient counseling and shared decision making in the context of
evolving rectal cancer treatment paradigms where patients have increasing multidisciplinary options.

Abstract: Background: Despite the increasing utilization of sphincter and/or organ-preservation
treatment strategies, many patients with low-lying rectal cancers require abdominoperineal resection
(APR), leading to permanent ostomy. Here, we aimed to characterize overall, sexual-, and bladder-
related patient-reported quality of life (QOL) for individuals with low rectal cancers. We additionally
aimed to explore potential differences in patient-reported outcomes between patients with and
without a permanent ostomy. Methods: We distributed a comprehensive survey consisting of
various patient-reported outcome measures, including the FACT-G7 survey, ICIQ MLUTS/FLUTS,
ITIEF-5/FSFI, and a specific questionnaire for ostomy patients. Descriptive statistics and univariate
comparisons were used to compared demographics, treatments, and QOL scores between patients
with and without a permanent ostomy. Results: Of the 204 patients contacted, 124 (60.8%) returned
completed surveys; 22 (18%) of these had a permanent ostomy at the time of survey completion. There
were 25 patients with low rectal tumors (<5 cm from the anal verge) who did not have an ostomy at the
time of survey completion, of whom 13 (52%) were managed with a non-operative approach. FACTG7
scores were numerically lower (median 20.5 vs. 22, p = 0.12) for individuals with an ostomy. Sexual
function measures IIEF and FSFI were also lower (worse) for individuals with ostomies, but the results
were not significantly different. MLUTS and FLUTS scores were both higher in individuals with
ostomies (median 11 vs. 5, p = 0.06 and median 17 vs. 5.5, p = 0.01, respectively), suggesting worse
urinary function. Patient-reported ostomy-specific challenges included gastrointestinal concerns
(e.g., gas, odor, diarrhea) that may affect social activities and personal relationships. Conclusions:
Despite a limited sample size, this study provides patient-centered, patient-derived data regarding
long-term QOL in validated measures following treatment of low rectal cancers. Ostomies may have
multidimensional negative impacts on QOL, and these findings warrant continued investigation in a
prospective setting. These results may be used to inform shared decision making for individuals with
low rectal cancers in both the settings of organ preservation and permanent ostomy.

Keywords: PROs; rectal cancer; ostomy; sexual function; bladder function; quality of life
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1. Introduction

Historically, the treatment of low rectal tumors within 5 cm of the anal verge in-
cludes abdominoperineal resection (APR) [1]. However, the widespread adoption of total
mesorectal surgery techniques as well as ultralow low anterior resections have reduced the
frequency with which APRs are performed [2]. Additionally, preoperative chemoradiation
therapy (CRT) has proven useful to downstage low rectal tumors prior to surgery and
allows for sphincter-sparing surgery (SSS) [3]. Despite these advances, it is estimated
that approximately 40% of patients with rectal cancer undergo an APR and will have a
permanent ostomy [4]. An ostomy refers to the exteriorization of the bowel through the
abdominal wall and is a common procedure for individuals with gastrointestinal cancers
requiring definitive or palliative surgery [5].

Disease-free survival is improving for patients with rectal cancer in the era of total
neoadjuvant therapy (TNT) followed by surgical resection [6,7]. Aside from improved
cancer cure rates, patients are increasingly interested in maintaining their quality of life
(QOL) during survivorship [8]. When compared to SSS, patients undergoing APR are at
increased risk for perineal wound complications, delayed healing, and increased hospital
stay, which may not only delay adjuvant therapy, but may significantly impair short-term
QOL [9]. Studies are mixed regarding the detrimental impact of global QOL with APR
compared with SSS for low rectal cancer; some report worse QOL [10,11], others report
better QOL [12,13], and most report no difference [14,15] for APR compared with SSS. Some
studies suggest patients who undergo APR have more bothersome urinary symptoms than
patients who undergo SSS [16], although others report no difference [14]. Data are more
clear that patients who undergo APR have worse sexual function compared with those
who undergo SSS; pain and body image issues related to the stoma are contributing factors
as well as increased risk of autonomic pelvic nerve injury [14,17].

While not all patients may be a candidate for SSS due to tumor- or patient-specific
factors, shared decision making is key for patients who do have surgical options [18]. Treat-
ment decision making has become more complex in the era of non-operative management
(NOM). The publication of the Organ Preservation in Patients with Rectal Adenocarcinoma
(OPRA) trial suggested approximately 50% of well-selected patients with low rectal cancer
may have a complete clinical response (cCR) to TNT and may be able to defer surgery [19].
Patient-reported functional outcomes were not published as part of the initial manuscripts,
but single-institution studies suggest improved symptom-specific and QOL outcomes for
patients treated with NOM compared with those who received surgery [20].

With increasing attention focused on the functional and QOL benefits of selective
omission of CRT for low-risk patients [21], more data are needed regarding functional and
QOL implications of utilizing CRT to either facilitate an SSS or omit surgery altogether. The
aim of this brief report is to share patient-reported outcomes for patients with low rectal
cancer treated at our institution with CRT followed by either APR, SSS, or NOM to evaluate
for potential differences in urinary function, sexual function, and overall QOL between
those with and without a permanent ostomy. Therefore, findings from this investigation
could be used clinically to improve the quality of shared decision making for individuals
considering various treatment strategies for low rectal tumors.

2. Materials and Methods
2.1. Survey Distribution and Data Collection

We received Institutional Review Board approval for this project (protocol 2020-0513).
We contacted all consecutive patients who completed pelvic radiation for rectal adenocar-
cinoma at a large tertiary cancer center between 1 January 2017 and 31 December 2020
and were alive without evidence of disease recurrence. Patients eligible for this analysis
had tumors <5 cm from the anal verge or had a permanent ostomy at the time of survey
distribution. Patients all provided informed consent to participate in an online survey of
validated patient-reported outcome measures (PROMs) including the Functional Assess-
ment of Cancer Therapy-General (7-item version) (FACT-G7) survey [22], the International
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Consultation on Incontinence Questionnaire (ICIQ) Male Lower Urinary Tract Symptoms
(MLUTS) [23] or Female Lower Urinary Tract Symptoms (FLUTS) questionnaire [24], the
International Index of Erectile Function 5-item questionnaire (IIEF-5) [25], or the Female
Sexual Function Index (FSFI) questionnaire [26]. Patients with a permanent ostomy also
received the City of Hope Quality of Life-Ostomy Questionnaire [27]. The survey was
administered using REDCap v13.11.2(©2013 Vanderbilt University) [28], and patients who
returned completed surveys received a USD 10 Amazon gift card to show appreciation for
their time.

Information about oncologic treatment was obtained from the medical record. All
patients were discussed at a dedicated rectal cancer multidisciplinary conference with
representation by colorectal surgeons, medical oncologists, radiologists, pathologists, and
radiation oncologists. Radiation dose and fractionation were chosen at the discretion of the
treating radiation oncologist with input from the multidisciplinary team. During this period
at our institution, preoperative short-course radiation or long-course CRT was routinely
recommended for patients with T3, T4, or node-positive low rectal cancer. If a complete
clinical response was confirmed by endoscopy and MRI, non-operative management was
discussed. If sufficient margins could be obtained with a low coloanal anastomosis after
neoadjuvant treatment, SSS would be performed. Otherwise, patients would undergo APR.

2.2. Statistical Analysis

Descriptive statistics and frequency tables were used to summarize patient demo-
graphics. Pearson’s chi-square test and the Mann-Whitney U test were used to compare
patient and treatment characteristics between patients treated for low rectal cancer with a
permanent ostomy and those who did not receive a permanent ostomy. Descriptive statis-
tics and frequency tables were also used to summarize FACT-G7, MLUTS or FLUTS, IIEF-5,
or FSFI scores as well as answers to items on the City of Hope Quality of Life-Ostomy
Questionnaire, when applicable. PROM scores were compared between patients with
and without an ostomy at the time of survey completion using Pearson’s chi-square tests.
Statistical analysis was performed using R 4.0.3 (R Foundation for Statistical Computing,
Vienna, Austria).

3. Results

Of the 204 patients contacted, 124 (60.8%) returned completed surveys; 22 (18%) of
these had an ostomy at the time of survey completion. There were 25 patients with low
rectal tumors (<5 cm from the anal verge) who did not have an ostomy at the time of
survey completion, of whom 13 (52%) were managed with a non-operative approach. This
cohort of 47 individuals was included for the primary analysis. Demographic, disease, and
treatment characteristics of the study cohort are summarized in Supplemental Table S1,
with results displayed separately for individuals with and without an ostomy at the time
of survey completion. Overall, there were no significant differences between populations.
Most respondents were non-Hispanic (80.9%) white (85.1%) men (66%). Most patients
were treated with long course radiotherapy (78.7%) using a 3DCRT technique (61.7%). The
median (first quartile Q1-third quartile Q3) time from completion of radiotherapy to survey
completion was 34.2 months (20.3-49.5 months).

Distributions of PROs are summarized in Table 1, with results stratified by presence
of an ostomy. Composite and subscore distributions of the FACT G7 score are displayed
in Figure 1. Overall, individuals with an ostomy reported numerically worse FACT G7
composite scores, although differences were not statistically significant (p = 0.12). There
were no differences in FACTG? scores by sex (mean score for females and males were 20.7
and 20.6, respectively; p = 0.8). Sexual (IIEF, FSFI) and urinary-related (MLUTS, FLUTS)
PROs are summarized in Supplemental Figure S1, with results stratified by ostomy status.
Composite IIEF and FSFI were numerically greater (indicating better sexual function)
for men and women without an ostomy, although results were not significantly different
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(p = 0.18 and 0.83, respectively). MLUTS and FLUTS scores were higher for men and women
with an ostomy (p = 0.06 and 0.01, respectively), indicative of worse urinary symptoms.
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Figure 1. Distribution of Functional Assessment of Cancer Therapy General 7 (FACTG?7) question
instrument scores with results displayed separately by presence of an ostomy at survey completion.
Higher scores reflect better quality of life.

Survey responses related directly to ostomy and function and the impact on quality
of life are summarized in Figure 2. Most patients reported significant impacts of the
ostomy across myriad domains, including gastrointestinal concerns such as gas, odor,
diarrhea, constipation, and pouch leakage. Many patients also responded that the ostomy
had significant negative impacts on personal relationships and sex life. Further, most
patients reported the ostomy negatively affecting their ability to participate in social and
recreational activities.
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Figure 2. Distribution of survey responses related to ostomy function and impact on quality-of-life
based on the City of Hope Quality of Life-Ostomy Questionnaire. Higher scores reflect greater
symptom burden or impact on quality of life.
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Table 1. Patient-reported outcomes with results displayed separately by presence of an ostomy at
survey completion.

Presence of a Permanent Ostomy

Score
No Yes Overall p-Value
FACTG7 n=25 n=22 n =47
Mean (SD) 21.8 (4.54) 19.5 (4.99) 20.7 (4.84) 0.12
Median [Q1, Q3] 22[20.5, 25] 20.5 [16, 24] 21 [16, 25]
1IEF n=17 n=12 n=29
Mean (SD) 15.5 (6.37) 11.9 (7.33) 14 (6.89) 0.18
Median [Q1, Q3] 16 [9, 22] 8.5[6.5,19.5] 14[7.5,21]
FSFI n=4 n==6 n=10
Mean (SD) 18.3 (9.19) 15.1 (5.78) 16.4 (7.02) 0.83
Median [Q1, Q3] 18.6 [10.4, 26.15] 14.2[10.5, 16.6] 14.2[10.5, 25.4]
MLUTS n=18 n=12 n =230
Mean (SD) 6.50 (4.66) 14.3 (13.7) 9.60 (9.92) 0.06
Median [Q1, Q3] 5.50[3, 8] 11.0 [4.5,17] 6.50 [3, 13]
FLUTS n=6 n=9 n=15
Mean (SD) 5.33 (3.27) 15.8 (7.92) 11.6 (8.23) 0.01
Median [Q1, Q3] 5.50[3,7] 17[8.5,22] 10 [4, 18]

Abbreviations: FACTG7 = Functional Assessment of Cancer Therapy—General 7 Question Survey;
IIEF = International Index of Erectile Function; FSFI = Female Sexual Function Index; MLUTS = Male Lower
Urinary Tract Symptom score; FLUTS = Female Lower Urinary Tract Symptom Score.

4. Discussion

In this observational survey-based study, we investigated long-term patient-reported
QOL for individuals with low rectal cancers treated with multimodality therapy, focusing
particularly on the impact of permanent ostomies on function and QOL during long-term
survivorship. We found that QOL was numerically worse for individuals with ostomies
compared to those without, as measured by various instruments assessing general QOL,
sexual function, and bladder function. Furthermore, patients with ostomies reported that
the ostomies themselves often had a significant impact on their relationships and daily
lives, including worry about odor and gas, and that they can be difficult to manage. The
results of this study can be used to improve patient education and shared decision making
for patients with low rectal cancers who may be candidates for various treatment options.

QOL following treatment of rectal cancer has been studied extensively. Most early
reports focused on the impact of multimodality therapy on bowel, urinary, and sexual func-
tion, suggesting a multifaceted negative effect of treatment [29]. However, the treatment
paradigm for rectal cancer has evolved significantly over the past decade with randomized
evidence suggesting that select individuals may benefit from treatment de-escalation via
omission of various modalities including radiotherapy and surgery [19,30]. These strategies
may lead to improved patient QOL, and thus, efforts to compare long-term outcomes across
approaches are critically needed. Initial reports from the PROSPECT trial (Alliance N1048)
suggest important differences in QOL for those receiving neoadjuvant therapy consisting
of CRT with fluorouracil compared with fluorouracil and oxaliplatin alone [21]. However,
there are limited data to date comparing the impact that omission of surgery may have on
QOL, and even fewer studies exist aiming specifically to understand the impact that ostomy
placement may have on patient experience. As such, this investigation fills an unmet need
by comparing outcomes for individuals with low rectal tumors that may be candidates for
various de-escalation strategies including organ-preservation to avoid ostomy. Our center
is a large tertiary referral center and thus is uniquely positioned to provide needed data in
this understudied area.

The FACT G7 instrument has been utilized to study patient-reported QOL for indi-
viduals with cancer for over a decade and has been validated across numerous cancer
types [31,32]. It includes seven broadly spanning questions related to daily functional and
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physical well-being with composite scores ranging from 0-28, with higher scores indicating
better QOL. Prior research surveying over 400 patients with colorectal cancers showed a
mean score of approximately 20, with more advanced disease status being associated with
lower (worse) scores [33]. These results closely resemble the results from our study cohort
(Table 1). Among respondents, those with ostomies tended to have lower scores overall,
indicative of worse overall QOL, although results were not statistically significant (p = 0.12),
possibly indicative of a limited sample size to detect differences across groups. Studies
evaluating QOL after ostomy for patients with colorectal cancer found that living with a
permanent ostomy impacts QOL negatively due to sexual problems, depressive feelings,
gas, constipation, dissatisfaction with appearance, change in clothing, travel difficulties,
feeling tired, and worry about noises [34-37]. Alternatively, our results may support pub-
lished studies which suggest that the presence of a permanent ostomy does not have an
adverse impact on overall QOL [38,39].

When assessing patient-reported sexual and urinary function via the ITEF and FSFI,
and MLUTS and FLUTS, respectively, we found similar results, wherein individuals with
ostomies tended to report worse function and QOL. IIEF scores range from 5 to 25 and FSFI
scores range from 2 to 36, with higher scores reflecting better sexual function. In this study
population, the median overall IIEF score was 14, with numerically higher scores in men
without an ostomy; similarly, the median overall FSFI was 16.4 with lower scores in women
with an ostomy, suggesting worse sexual function in both sexes. Unfortunately, not all
individuals were sexually active when they completed the survey, and there were relatively
few women in the study population. We were unable to show a statistically significant
difference between groups as a result, likely due to this inadequate sample size, but these
results are in line with other published results suggesting worse sexual function following
permanent ostomy placement [40,41].

Patient-reported urinary dysfunction was less common in this cohort, with median
MLUTS and FLUTS of 9.6 and 11.6, respectively. For reference, cutoff values of 12 or higher
have been proposed to define moderate to severe urinary dysfunction [42]. Despite the
small sample size, women with ostomies had significantly higher FLUTS scores (median
17 vs. 5.5, p = 0.01), indicating worse urinary dysfunction. Similarly, MLUTS scores
were higher for men with ostomies (median 11 vs. 5.5, p = 0.06), but the results did
not reach statistical significance despite a large numeric difference between the groups,
likely owing to limited power. Taken together, these results corroborate prior research
showing that urinary dysfunction is quite common for individuals with rectal cancers [43]
and importantly suggest that permanent ostomy placement is a risk factor for worse
urinary function.

Our results also provide valuable data regarding the real-world impact that an ostomy
may have on daily lifestyle and activity based upon responses from the City of Hope Qual-
ity of Life-Ostomy Questionnaire. Many patients reported concern about gastrointestinal
symptoms including worry about odor, gas, and diarrhea (Figure 2). Further, many individ-
uals felt that their relationships with others and their ability to participate in recreational
activities were affected by their ostomy. These data are critical to consider during the shared
decision making and informed consent process for rectal cancer treatment [44]. NOM is
becoming increasingly possible for select individuals [45], and our data lend support to
studies such as the Dutch Watch-and-Wait Consortium which show some functional is-
sues after definitive chemoradiation, but overall better QOL scores compared with those
requiring total mesorectal excision [46].

Although this study draws strength from rigorous survey methodology to assess a
holistic battery of patient-reported outcomes, it is limited by several factors related to
experimental design. First, only a relatively small portion of the responding population
had ostomies at the time of survey completion, and thus the study sample size was quite
low, which limits our ability to detect differences between groups. Furthermore, because
many patients received follow-up care at outside institutions, we were unable to perform a
pre-specified power calculation to determine an ideal survey sample size for individuals
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with a permanent ostomy. Second, we did not have the ability to measure baseline data,
so we may be incompletely capturing the true impact that an ostomy has on primary
outcomes. Additionally, it is important to recognize that there are various approaches to
ostomy placement that may impact patient-reported experience and QOL. For example,
perineal colostomy refers to a procedure wherein the ostomy is connected to the perineum
as opposed to the abdominal wall; prior research has suggested improved QOL with this
approach [47]. In the present study, we did not attempt to investigate the impact of various
ostomy procedures and thus our results may not be generalizable across all patients. Last,
although we were unable to find any significant baseline differences between individuals
with and without ostomies and had limited power to perform a matching approach across
groups, it is possible that there were unaccounted factors that might affect the necessity for
an ostomy and thus introduce potential confounding with survey responses. Nonetheless,
these data raise important questions and contribute valuable information [47] in a relatively
understudied area.

5. Conclusions

For individuals with low-lying rectal cancers, patient-reported QOL tended to be
worse for individuals with ostomies compared to those without, as measured using various
instruments assessing general QOL, sexual function, and bladder function. Ostomies
themselves can be difficult to take care of and may affect a person’s relationships with
others and his or her ability to participate in normal activities. The results of this study
may be used to counsel patients who require an APR and may also be used to improve
shared decision making for patients with low-lying rectal tumors who could be potential
candidates at the time of treatment decision making for various treatment options, including
organ preservation vs. permanent ostomy. In future studies, more data are needed, ideally
collected in a multicenter prospective manner, to specifically compare relative functional
and QOL issues between selective omission of radiation and definitive surgery versus the
use of definitive chemoradiation and selective omission of surgery.
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Abbreviations
APR abdominoperineal resection
CRT chemoradiation

FACTG?  Functional Assessment of Cancer Therapy—General 7 Question Survey
FLUTS Female Lower Urinary Tract Symptom Score

FSFI Female Sexual Function Index
IIEF International Index of Erectile Function
MLUTS  Male Lower Urinary Tract Symptom Score
NOM non-operative management
PROM patient-reported outcome measure
QOL quality of life
SSS sphincter-sparing surgery
TNT total neoadjuvant therapy
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