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Accurate staging of non-metastatic colon cancer with CT:
the importance of training and practice for experienced radiologists
and analysis of incorrectly staged cases
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Abstract

Purpose To investigate whether locoregional staging of colon cancer by experienced radiologists can be improved by train-
ing and feedback to minimize the risk of over-staging into the context of patient selection for neoadjuvant therapy and to
identify potential pitfalls of CT staging by characterizing pathologic traits of tumors that remain challenging for radiologists.
Methods Forty-five cases of stage I-III colon cancer were included in this retrospective study. Five experienced radiolo-
gists evaluated the CTs; 5 baseline scans followed by 4 sequential batches of 10 scans. All radiologists were trained after
baseline scoring and 2 radiologists received feedback. The learning curve, diagnostic performance, reader confidence, and
reading time were evaluated with pathologic staging as reference. Pathology reports and H&E slides of challenging cases
were reviewed to identify potential pitfalls.

Results Diagnostic performance in distinguishing T1-2 vs. T3-4 improved significantly after training and with increasing
number of reviewed cases. Inaccurate staging was more frequently related to under-staging rather than over-staging. Risk of
over-staging was minimized to 7% in batch 3—4. N-staging remained unreliable with an overall accuracy of 61%. Pathologic
review identified two tumor characteristics causing under-staging for T-stage in 5/7 cases: (1) very limited invasive part
beyond the muscularis propria and (2) mucinous composition of the invading part.

Conclusion The high accuracy and specificity of T-staging reached in our study indicate that sufficient training and practice
of experienced radiologists can ensure high validity for CT staging in colon cancer to safely use neoadjuvant therapy without
significant risk of over-treatment, while N-staging remained unreliable.
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Introduction

Interest in neoadjuvant therapy for locally advanced colon
cancer patients has been increasing rapidly during the
recent years. Possible advantages are early eradication of
micrometastases, the possibility of response monitoring,
and an increased complete resection rate. Recent studies
on neoadjuvant therapy for colon cancer patients, like the
FOxTROT (chemotherapy) and NICHE trial (immuno-
therapy), have highlighted its great potential [1, 2]. The
recently started CONNECTION-II trial investigates the
predictive value of the consensus molecular subtypes in
terms of response to neoadjuvant chemotherapy in radio-
logical high-risk colon cancer patients, defined as T3-4
tumors [3].

One important concern of neoadjuvant therapy is to
avoid unnecessary treatment of low-risk patients by ade-
quately selecting high-risk colon cancer patients using
accurate radiologic staging. The role of the pre-treatment
CT in colon cancer has therefore extended from detecting
distant metastases to also include locoregional staging.
A meta-analysis on the accuracy of radiological stag-
ing showed a sensitivity and specificity of 96 and 70%,
respectively, for distinguishing T1-2 from T3-4 [4]. The
assessment of nodal involvement was much less reliable
with a pooled sensitivity and specificity of 78% and 68%,
respectively. The poor performance in N-staging has led
to the fact that radiologic patient selection for neoadjuvant
therapy is often solely based on T-staging [2, 3, 5-7].

The anatomical orientation of the colon and the constant
movement of the bowel due to peristalsis make adequate
locoregional CT staging of colon cancer especially chal-
lenging. Accurate CT staging might involve a steep learning
curve and may require considerable experience and practice.
We recently showed the presence of a learning curve for
locoregional staging in senior trainees, with a significant
increase in their performance to distinguish T1-2 from T3-4
and an inflection point at 38 cases, while no improvement
was seen for N-staging [8]. However, in clinical practice,
selection of high-risk patients for neoadjuvant treatment of
colon cancer will likely be performed by experienced radi-
ologists, and learning curves in experienced radiologists
have not been evaluated. Moreover, not much is known about
the specific radiologic or pathologic characteristics of colon
cancer cases in which accurate distinction between high
and low risk is difficult. Another important aspect in patient
selection for neoadjuvant therapy is the reported confidence
of the radiologist in distinguishing high-risk colon cancer,
since uncertainty about radiologic staging might cause reluc-
tance in patient selection for neoadjuvant therapy.

Considering the increasing importance of locore-
gional staging of colon cancer, we investigated whether
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radiologic CT staging and confidence of experienced radi-
ologists can be improved by repetition and by receiving
training and feedback. We were particularly interested in
the risk of over-staging and whether this risk could be
reduced in order to minimize unnecessary treatment with
neoadjuvant therapy in low-risk patients. We further aimed
to characterize the cases where radiologic interpretation
remains challenging. These results can be used for opti-
mal training of radiologists in clinical trials and in daily
practice.

Material and methods
Study population

We included patients who underwent presurgical CT fol-
lowed by surgical resection of colon cancer within the
MATCH database. The MATCH study is a prospective
multicenter cohort study including patients with stage I-II1
colorectal cancer from 2007 until December 2017 in seven
hospitals in the region of Rotterdam, the Netherlands [9].
The MATCH study was approved by the Erasmus MC medi-
cal ethics review board (MEC-2007-088) and all patients
provided written informed consent.

Inclusion criteria were colon cancer patients who under-
went pre-treatment CT with slice thickness of 3 mm for ade-
quate evaluation. Exclusion criteria were patients with rectal
cancers, small sized colon tumor lesions which could not
be visualized on CT, poor image quality, and patients who
received neoadjuvant therapy. These selection criteria left us
with scans from one of the seven centers from the MATCH
study, with slice thickness as the main discriminating crite-
rion. From this center, 45 cases were consecutively selected,
in sequential order of the original trial. Next, patients were
divided evenly into 5 batches (1 baseline batch of 5 cases
and 4 batches of 10 cases), so that each batch contained
a similar variety of pathologic TNM stages. The baseline
batch containing 5 cases was used to assess the baseline
accuracy of radiologic staging, the other batches were uti-
lized for the evaluation of the learning curves.

CT scans of the included colon cancer patients

All patients were kept on nil per os for 2—4 h, and bowel
preparation was not performed before the CT scan. CT scans
were performed with a 16-channel CT scanner (Aquilion,
Canon, Tokyo, Japan). All patients underwent preopera-
tive abdominal CT with iodine-based intravenous contrast
(3-5 ml/s, total amount of 90-150 ml, followed by bolus
injection of 30 cc normal saline) in portal-venous phase at
70 s delay. Images from all CT scanners were reconstructed
at 3-mm slice thickness.
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Image interpretation

A total of 5 board-certified radiologists (all with 5+ years
of experience in abdominal images, of which two with
10+ years) from two separate academic hospitals partici-
pated in this study. Readers were blinded to all clinical and
pathological data, except for the tumor location. The fol-
lowing imaging features were recorded independently:
(1) T-staging of tumor and reader’s confidence using a 0
to 4 scale with 4 as the most confident and 0O as the least
confident; (2) N-staging and reader’s confidence; and (3)
reading time in seconds. T1-2 tumors were defined as an
intraluminal mass with no evidence of extraluminal exten-
sion or bowel wall deformation. T3 tumors were defined as
tumors with a smooth or nodular, not spiculated, extension
beyond the normal delineation of the bowel wall. T4 tumors
were defined as tumors extending into adjacent peritoneum
or growing into other adjacent tissues or organs. A lymph
node with metastasis was defined as a lymph node with a
short axis diameter over 8 mm [10].

First, all readers scored 5 scans without any instruc-
tions or training to assess the baseline accuracy, followed
by a 45-min lecture on colon cancer CT staging provided
by an experienced board-certified radiologist (EKH, with
over 8 years of experience, who evaluated over 600 cases
of colon cancer staging), under the supervision of a senior
faculty member (RBT, with over 20 years of experience in
abdominal CT imaging). This lecture covered the principles
and criteria of colon cancer staging, including radiologic and
pathologic definition of T- and N-staging of colon cancer.
Next, readers were provided with 1 batch of 10 scans per
week, with a total of 4 batches. All scans were additionally
scored by EKH to assess the expert radiologist performance.

The readers were randomly divided into the feedback
group (n=2) or the no-feedback group (n=3). Each group
contained one reader with more than 10 years of experience.
The readers in the feedback group were provided with histo-
pathological data after interpretation of each batch, allowing
a comparison with their radiological findings.

Pathologic interpretation

Routine pathologic staging was used as the reference
standard. Processing of the specimen was performed
according to local institutional protocols. The national
pathology database (i.e., nationwide network and registry
of histo- and cytopathology in the Netherlands, PALGA)
protocol was used for standardized reporting of the histo-
pathological information [11]. Pathologic T- and N-stag-
ing were utilized for analysis. Additionally, we performed
a thorough review of the pathology reports in cases scored
incorrectly by 3 or more radiologists and/or the expert
(regarding T-stage) or scored incorrectly by 4 or more

radiologists and/or the expert (regarding N-stage). Hema-
toxylin and eosin (H&E)-stained sections from the chal-
lenging T-stage cases were re-evaluated by an experienced
pathologist (HK).

Statistics

Accuracies, sensitivities, specificities, and positive and nega-
tive predictive values (PPV and NPV) of the readers in dif-
ferentiating T1-2 from T3-4 and NO from N1-2 colon cancer
were evaluated both by batch and overall. To assess improve-
ment in these quantities with increased reader experience,
the difference in performance between groups of batches
was compared between batch 0 and batches 1-4, between
batches 0—1 and 2—4, between batches 0-2 and 3—4, and
finally between batches 0-3 and batch 4. Testing for signifi-
cance of the difference between groups of batches was done
using Wald tests with robust standard errors obtained from
logistic generalized estimating equations (GEE) models with
the group of batches as the only independent variable, an
independence working correlation structure, and patient id
as the clustering variable. These analyses were repeated with
only the post-training batches, i.e., batches 1-4.

Averages for confidence and reading time were obtained
both separately by batch, and overall. Since additional radio-
logic features were scored in batches 14, the reading time
for batch 0 was not comparable and was therefore not stud-
ied. Because individual batches were not large enough to fit
ordinal GEE models, we treated confidence as a continuous
score and tested for differences in mean confidence between
feedback groups using Wald tests with robust standard errors
obtained from standard linear GEE models. For these mod-
els, feedback group was the independent variable, we used
an exchangeable working correlation structure, and patient
id was used for clustering. Testing for differences of mean
reading time between feedback groups was done in the same
way, with reading time as the dependent variable instead
of confidence. For confidence, groups of batches were also
compared to assess the effect of increased reader experience,
and an overall difference in confidence between correctly
and erroneously staged cases was assessed using a GEE
model with correctness of staging (yes/no) as the independ-
ent variable. Coherence between pathologic and radiologic
staging was assessed using Cohen’s kappa.

Finally, learning curves were obtained for T-staging and
N-staging using logistic GEE models with individual reader
intercepts and a separate learning effect for both feedback
groups, and an exchangeable working correlation structure.

All statistical analyses were performed using IBM SPSS
Statistics software (version 28), R version 4.1.1 and Med-
Calc version 19.1.3. P values < 0.05 were considered statisti-
cally significant.
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Results

Forty-five cases were selected for this study. After review-
ing the pathology reports, one case in batch 2 was removed
because it was a rectal tumor that received neoadjuvant
radiotherapy. The final cohort consisted of 44 colon can-
cer patients with a median age of 70.5 (interquartile range

Table 1 Patient demographics and tumor characteristics

63.0-77.0 years) (Table 1). Of the 44 tumors, 17 (38.6%)
were located in the cecum, 4 (9.1%) in the ascending colon,
3 (6.8%) in the transverse colon, 1 (2.3%) in the distal
transverse colon, 3 (6.8%) in the descending colon, and 16
(36.4%) in the sigmoid colon.

T-staging

The diagnostic performance of all readers in distinguishing
T1-2 vs. T3-4 colon cancer is depicted in Table 2. Accu-
racy of the 5 readers in differentiating T1-2 vs. T3-4 colon

Characteristic Number (% 5 ©
T cancer improved from 62% (74/120) in batches 0-2 to 81%
Age (median) 70.5 (81/100) in batches 3—4 (p =0.027). When only consider-
IQR 63.0-77.0 ing post-training batches, accuracy improved significantly
Gender between batches 1-2 and 3-4 (p =0.042). These results
Male 21 (47.8) indicate that staging accuracy improved after training and
Female 23 (52.2) . . . .
continued to improve after multiple batches. No further sig-
Tumor Location . .
nificant improvement was observed.
Cecum 17 (38.6) Specificity reached a level of 80% (28/35) in batch 3—4
Ascending colon 49.1) p Y ’ . K
Transverse colon 3(6.8) compared to 55% (22/40) in batches 0-2. The improvement
Distal transverse colon 1(2.3) in specificity was significant for batch 0 vs. 14 (p <0.001).
];esceggln% colon ?6(6.386)4 Sensitivity appeared to improve (e.g., from 65% (52/80) in
1gmord coon (36.4) batches 0-2 to 82% (53/65) in batches 3—4), but these results
Pathologic T-stage .. ..
were not statistically significant.
pT1 3(6.8) . . .
pT2 12 (27.3) A trend was seen in the improvement of the positive pre-
pT3 24 (54.5) dictive value (PPV) with an increased number of reviewed
pT4 5(11.4) cases. PPV reached 88% (53/60) in batches 3—4, as opposed
Pathologic N-stage to 74% (52/70) in batch 0-2 (p=0.242). No significant dif-
pNO 28 (63.6) ferences were seen in negative predictive value when com-
pgé él 1(?540) paring different combinations of batches.
P a14 Although we aimed to form batches with a similar vari-
IQR TInterquartile range ety of pathologic TNM stages, a discrepancy was present
Table 2 Diagnostic . . Batch Accuracy Sensitivity Specificity PPV NPV
performance of all radiologists
in distinguishing T1-2 vs. T3-4 T-staging (T1-2 vs. T3-4)
and NO vs. N1-2 with increasing 60 (15/25) 87 (13/15) 20 (2/10) 62 (13/21) 50 (2/4)
number of evaluated cases
1 58 (29/50) 57 (20/35) 60 (9/15) 77 (20/26) 38 (9/24)
2 67 (30/45) 63 (19/30) 73 (11/15) 83 (19/23) 50 (11/22)
3 82 (41/50) 86 (30/35) 73 (11/15) 88 (30/34) 69 (11/16)
4 80 (40/50) 77 (23/30) 85 (17/20) 88 (23/26) 71 (17/24)
All 70 (155/220) 72 (105/145) 67 (50/75) 81 (105/130) 56 (50/90)
N-staging (NO vs. N1-2)
0 48 (12/25) 20 (1/5) 55 (11/20) 10 (1/10) 73 (11/15)
66 (33/50) 52 (13/25) 80 (20/25) 72 (13/18) 63 (20/32)
2 51 (23/45) 53 (8/15) 50 (15/30) 35 (8/23) 68 (15/22)
3 72 (36/50) 65 (13/20) 77 (23/30) 65 (13/20) 77 (23/30)
4 62 (31/50) 60 (9/15) 63 (22/35) 41 (9/22) 76 (22/28)
All 61 (135/220) 55 (44/80) 65 (91/140) 47 (44/93) 72 (91/127)

Note numbers are in percentages, absolute numbers are given between parentheses.

PPV Positive predictive value, NPV Negative predictive value
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in the number of pT4 tumors between batches 0-2 and 3—4
(i.e., 10 cases vs. 15 cases). Since pT4 tumors might be
easier to recognize as high-risk tumors on CT and were
indeed all properly classified as high risk, we repeated
the analyses after exclusion of all pT4 tumors. With this
approach, accuracy still improved from 58% (64/110) in
batches 0-2 to 78% in batches 3—4 (66/85). The observed
improvement remained statistically significant (p =0.035)
(results not shown). The learning curve for accuracy in
distinguishing T1-2 vs. T3-4 colon cancer is depicted in
Fig. 1. Staging accuracy was initially higher, but improved
more gradually for readers who received feedback. This
difference was, however, not significant (results not
shown). The concordance between radiologic T-stage and

Fig. 1 Learning curves for

T-staging (T1-2 vs. T3-4) of :.
colon cancer, separately for 1.00 :
each radiologist. Accuracy

of radiologists who received
feedback (dashed line) and did
not receive feedback (solid line)
is presented. Accuracy was plot-
ted and fitted using generalized
estimating equations logistic
regression models (black lines,
the lower black line represents
the same learning curve for two
radiologists). Dots represent

the number of correct (around
1.00) or incorrect (around 0.00)
staged readings, and gray lines
are non-parametric smoothed
curves

Accuracy
o
o
o

0.25

0.00 .

Fig.2 Contingency tables
with radiologic T-stage and
pathologic T-stage depicted
for batch 0-2 and batch 3—4.
All cases were scored by 5
radiologists, adding up to 120
readings within batch 0-2 and
100 readings in batch 3—4. The
numbers represent readings.
For example, 14 pT3 patients
were scored in batch 0-2 by 5
radiologists, adding up to 70
readings of which 36 were cor-
rectly scored as cT3

pT3 pT4

1 I
N o
o

Pathologic T-stage
pT2
I
(@)

pT1
I
N

Batch 0-2

pathologic T-stage improved between batch 0-2 (x=0.26)
and batch 34 (x=0.63) (Fig. 2).

We were particularly interested in the risk of over-staging
and whether this risk could be minimized with training and
repetition. Overall, incorrect staging was more frequently
related to under-staging rather than over-staging. Impor-
tantly, the risk of over-staging decreased with increasing
number of reviewed cases. In batches 0-2, 22 out of 40
(55%) low-risk (pT1-2) patients were correctly identified
as T1-2 on CT (Table 2), meaning that 18 (45%) cases were
over-staged, and potentially over-treated with neoadjuvant
therapy. The number of over-staged cases was reduced to 7
out of 35 (20%) in batches 3—4. In these last two batches, 53
out of 60 (88%) cases were correctly identified as high-risk

20 30 40
Patient number

Batch 3-4

(@]
U
pT4
1
o

pT3
T
o

pT2
T
—_—

Pathologic T-stage

o
pT1
I
o
o
o
o

cT1 cT2

Radiologic T-stage

cT3 cT4 T cT2 cT3 cT4
Radiologic T-stage
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colon cancer on CT, compared to 52 out of 70 (74%) cases
in batches 0-2.

N-staging

Table 2 summarizes the diagnostic performance of all radi-
ologists in distinguishing NO vs. N1-2. Modest improvement
was seen in accuracy between batch 0-2 (57%, 68/120) and
batch 3—4 (67%, 67/100) (p=0.371). The learning curve for
accuracy of assessing lymph node involvement in colon can-
cer is depicted in Fig. 3. There was no significant learning
effect in either group. There was a minimal improvement

Fig.3 Learning curves for

N-staging (NO vs. N1-2) of : @ .
colon cancer, separately for 1.00
each radiologist. Accuracy

of radiologists who received
feedback (dashed line) and did
not receive feedback (solid line)
is presented. Accuracy was plot-
ted and fitted using generalized
estimating equations logistic
regression models (black lines,
the lower black line represents
the same learning curve for two
radiologists). Dots represent

the number of correct (around
1.00) or incorrect (around 0.00)

Accuracy
o
(o)
o

in the overall concordance between radiologic N-stage and
pathologic N-stage when comparing batch 0-2 (x=0.01)
vs. batch 3—4 (x=0.27) (Fig. 4). Sensitivity improved sig-
nificantly between batch 0 and batches 1-4 (p <0.001), but
only reached 60% in the final batch. Specificity increased
slightly between batch 0-2 and batch 3—4 and reached 69%
(»=0.575).

Pathologic characteristics of challenging cases
Pathologic characteristics of challenging cases were thor-

oughly reviewed. For T-staging, cases were selected in
case of incorrect staging by 3 or more readers and/or the

staged readings, and gray lines 0.25
are non-parametric smoothed
curves
: ! e v - t : 1 *
R I PR S A S U [ @ b pe FiC
0 10 20 30 40
Patient number

Fig.4 Contingency tables with Batch 0-2 Batch 3-4
radiologic assessment and
pathologic assessment of lymph
node involvement depicted for
batch 0-2 and batch 3—4. The g g -
depicted numbers represent the & c 4 4 2 g = 6 5 4
number of readings S S

L P

= =

v Z L Y sk

S % > = 7 8 5
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£ £
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S S
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Radiologic N-stage

cN1
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expert. Cases scored incorrectly by 4 or more readers and/
or the expert were selected for N-staging. This resulted in 13
selected cases for T-stage and 17 for N-stage.

In two radiologically under-staged cases for primary
tumor, the part invading through the muscularis propria was
limited to less than 1 mm, without any stromal reaction in
the surrounding subserosa (Fig. 5a+b). In 3 other under-
staged cases, the invading part almost completely consisted
of mucus, making it difficult to detect on CT (Fig. 5c+d).
Review of the H&E sections in one over-staged case for
primary tumor demonstrated a significant inflammatory
reaction in the adjacent subserosa, which probably led to
false-positive readings (Fig. Se + f). Importantly, in 3 cases,
the review by an expert pathologist led to a different T-stage
from the initial pathology report, showing inter-observer dis-
crepancy between pathologists. All three were restaged from
pT2 to pT3 (Fig. 5g+h). The initial pT-stages were used as
reference standard in all analysis. In the other 4 challeng-
ing cases, no pathologic explanation was found for incorrect
staging on CT.

In 8 out of 17 challenging cases for N-staging, the pathol-
ogy reports mentioned a possible explanation for incorrect
radiologic staging. In 6 cases, the macroscopy section clearly
indicated the presence of enlarged, suspicious lymph nodes,
correlating with the enlarged, suspicious nodes identified on
imaging. However, these were negative for metastases on
microscopic examination. In two other cases, no suspicious
lymph nodes were detected on CT and macroscopic evalu-
ation also revealed no enlarged or suspicious lymph nodes.
However, during microscopic examination, small metastases
were found in 1 out of 12 examined lymph nodes in one case
and in 3 out of 17 examined lymph nodes in the other case.

Confidence and feedback

Reader’s confidence was scored on a 0 to 4 scale with 4 as
the most confident and O as the least confident. The aver-
age score for distinguishing T1-2 vs. T3-4 was 3.03 (stand-
ard error 0.66), while it was 3.08 (standard error 0.73) for
N-staging. These scores correspond to being probably cer-
tain about staging. Reader’s confidence for distinguishing
T1-2 vs. T3-4 colon cancer and lymph node involvement
did not change significantly with increasing numbers of
reviewed cases (Table 3). Importantly, we observed no sig-
nificant difference in reader’s confidence between accurately
and erroneously staged cases when combining all readers
and batches (results not shown).

The feedback group (n=2) received information on the
pathologic T- and N-stages after interpretation of each batch.
This provided them with the opportunity to compare the
pathologic stages with their radiologic findings. However,
this did not result in a statistically significant difference in
diagnostic performance for T- and N-staging compared to

the group with no feedback (Figs. 1 and 3). Nonetheless,
feedback did influence the reported confidence scores for
T- and N-staging, with a significantly lower overall confi-
dence in the feedback group compared to the group without
feedback, both for batches 2—4 and overall (Table 3).

Reading time

The median reading time of all readers for batch 1-4 was
4 min (range 2—15 min). Reading time decreased sig-
nificantly with increasing number of reviewed cases for
all readers between batch 1 and 2-4 (p=0.017), between
batch 1-2 and 3-4 (p=0.001), and between batch 1-3 and
4 (p<0.001). The group receiving feedback had a signifi-
cantly longer reading time than the group without feedback
(p<0.001) (Table 4).

Discussion

This study evaluated the accuracy and learning curve for
locoregional staging of colon cancer patients on CT by
experienced radiologists into the context of selecting high-
risk patients for neoadjuvant therapy. The diagnostic per-
formance in distinguishing T1-2 vs. T3-4 improved sig-
nificantly with increasing number of reviewed cases. We
further identified pathologic traits as potential explanations
for challenging cases, such as minimal invasion through the
muscularis propria and invasion of a mucinous tumor com-
ponent for radiologically under-staged cases, and extensive
immune reaction in the subserosa adjacent to the tumor for
radiologically over-staged cases.

The accuracy in distinguishing T3-4 colon cancer
improved from 60 to 80% as the number of reviewed cases
increased. The accuracy for the final 10 cases observed in
this study is comparable with the previous published meta-
analysis of Nerad et al., which reported an overall accuracy
of 82% in distinguishing T1-2 vs. T3-4 [4]. Interestingly,
specificity in distinguishing T1-2 vs. T3-4 improved drasti-
cally after training and reached 85% in batch 4, compared
to that of 70% from the same meta-analysis [4]. Besides the
limited sample size, an explanation could be the definition
of radiologic high T-stage tumors used in this study. We used
only smooth or nodular, and not spiculated extension beyond
the normal delineation of the bowel wall on CT as tumor
extension beyond muscularis propria layer. This definition
is now widely used to prevent false-positive cases caused
by minimal pericolonic fat stranding due to benign desmo-
plastic reaction [12].

One important concern of neoadjuvant therapy in colon
cancer patients is the adequacy of CT in selecting high-
risk patients [2, 13]. False-positive readings on CT can
result in subsequent exposure to unnecessary treatment and
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«Fig.5 Four examples of challenging cases. Panels a+b, c+d, e+f,
and g+h represent histology (Hematoxylin & Eosin stain, 2 X mag-
nification) and radiology (axial CT image at tumor level) of corre-
sponding cases. Dashed arrows indicate the muscularis propria and
point toward the subserosa. Black arrows indicate invasive tumor
area. White arrows point out the tumor on CT. a pT3 tumor with min-
imal invasion through the muscularis propria. No stromal or inflam-
matory reaction present in the surrounding subserosa. b Case was
under-staged by 3 radiologists and the expert. ¢ pT3 tumor with muci-
nous phenotype. Invasive part almost completely consists of mucus.
d Case was under-staged by 4 radiologists and the expert. e pT2
tumor with a striking immune reaction in the subserosa at the tumor
location. f Case was over-staged by 4 radiologists and the expert. G
Example of a case with discordant assessment of pT-stage between
initial evaluation and second review. Case was restaged from pT2 to
pT3. h Case was scored as cT3 by three radiologists and as ¢T2 by 2
radiologists and the expert.

should therefore be minimized. It is, therefore, important
to note that in this study, incorrect staging was more fre-
quently caused by under-staging rather than over-staging.
Under-staging is less detrimental than over-staging since
under-staged cases will eventually be recognized as high-
risk colon cancer during pathologic examination of the sur-
gical specimen. In addition, all pT1 and pT4 cases were
accurately identified on CT as low-risk and high-risk cases,
respectively. Inaccurate staging was solely caused by the
distinction between pT2 and pT3 disease. Moreover, the
high specificity for T-staging reached in our study shows
that training and repetition can ensure a high validity for
patient selection for neoadjuvant therapy on CT by experi-
enced radiologists. As opposed to T-staging, specificity for
distinguishing NO vs. N1-2 only improved to a level of 63%,
meaning that patient selection for neoadjuvant chemotherapy
based on N-staging harbors a great risk of mis-staging. This
risk could not be minimized with training and practice.

All scans were additionally scored by an expert radi-
ologist. The expert performance for T-staging was con-
sistent over all batches with an overall accuracy of 80%.
This indicates that the observed improvement in diagnostic
performance of all readers was not influenced by differ-
ences in case difficulty between batches. In addition, our
approach enabled all readers to reach a comparable diag-
nostic accuracy for locoregional staging in colon cancer
that matches the expert level. Although the accuracy of
differentiating T3-4 colon cancer on CT increased signifi-
cantly after practice, it did not exceed 82%, still leaving a
fair fraction of inaccurately staged cases. We reviewed the
pathology reports and H&E-stained sections of challeng-
ing cases (incorrect staging by > 3 radiologists and/or the
expert) to identify potential pitfalls. This resulted in a pos-
sible explanation for incorrect radiologic staging in 9 out of
13 selected cases. Two explanations were found for false-
negative readings: 1) a very limited part invading through
the muscularis propria, explaining 2/7 under-staged cases;
and 2) an invading part that almost completely consists of

mucus, explaining 3/7 under-staged cases. Resolution of the
CT appeared to be insufficient to recognize these features
in the absence of a stromal or inflammatory reaction in the
surrounding subserosa. On the other hand, one false-positive
case could be explained by a striking inflammatory reaction
in the subserosa without tumor invasion through the muscu-
laris propria. The differentiation between an inflammatory
response and tumor invasion is a well-known problem in CT
staging of colon cancer [14]. Importantly, re-evaluation of
H&E-stained sections resulted in a discordant assessment of
the tumor invasion depth with the initial evaluation in three
cases. The initial T-stages were used as reference standard
in all analysis. These findings demonstrate inter-reader dis-
crepancy between pathologists, showing that not only radio-
logical, but also microscopic interpretation of colon cancer
T-staging can be challenging.

No improvement was seen in the detection of lymph
node involvement on CT, which is in line with our previous
observations [8]. N-staging remains unreliable in selecting
high-risk patients for neoadjuvant therapy [4, 7, 15-17], and
the results of this study suggest that there is no or minimal
improvement of experienced radiologists’ performance to
adequately determine lymph node status of colon cancer
even after training and practice. Interestingly, review of the
pathology reports of challenging cases (incorrect staging
by >4 radiologist and/or the expert) showed a correlation
between radiologic assessment and macroscopic examina-
tion. Both radiology and macroscopic evaluation use size as
a main determinant of suspected lymph node involvement.
Our results demonstrate that size-dependent evaluation of
lymph nodes leads to false-negative readings in the pres-
ence of microscopic metastases and false-positive readings
in inflammation-induced enlargement. This is further sup-
ported by a recent paper, showing that radiologic assessment
of lymph node status is even more complicated in patients
with deficient mismatch repair (AMMR) colon cancer [18].
dMMR tumors are known to induce greater inflammatory
responses, resulting in immune cell infiltration and enlarge-
ment of lymph nodes [19].

Interestingly, significant longer reading times and lower
confidence in T- and N-staging were demonstrated in the
group receiving feedback. Feedback seems to have raised
awareness of imaging limitations and led readers into a more
detailed assessment to gather subtle clues on locoregional
staging. Importantly, feedback did not improve reader’s abil-
ity to recognize difficult cases. In both the feedback and
no-feedback group, no difference was observed in reader’s
confidence between accurately and erroneously staged cases.

The diagnostic performance of CT in selecting high-
risk colon cancer patients for neoadjuvant therapy is often
solely based on its ability to predict pathologic stage. As
shown by the pathology review of challenging cases, some
features determining pathologic T-stages of colon cancer
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Table 3 Reader’s confidence in distinguishing T1-2 vs. T3-4 colon
cancer and lymph node involvement using a 0—4 scale with 4 as most
certain

Batch All readers With Feedback Without feedback P value

T-staging (T1-2 vs. T3-4)

0 2.80+0.50 2.70+0.48 2.87+0.52 0.239
1 3.02+0.69 2.95+0.76 3.07+0.64 0.512
2 3.13+0.73 2.56+0.51 3.52+0.58 <0.001
3 3.14+0.67 2.90+0.72 3.30+0.60 0.008
4 2.92+0.63 2.60+0.50 3.13+0.63 0.003
All 3.03+0.66 2.76+0.62 3.21+0.62 <0.001
N-staging (NO vs. N1-2)

0 3.20+0.82 3.00+0.82 3.33+0.82 0.174
1 2.96+0.67 2.70+0.73 3.13+0.57 0.027
2 331+0.70 2.78+0.65 3.67+0.48 <0.001
3 3.00+0.76 2.45+0.51 3.37+0.67 <0.001
4 3.04+0.73 2.65+0.67 3.30+0.65 <0.001
All 3.08+0.73 2.68+0.67 3.36+0.64 <0.001

Note numbers are mean + standard deviation. P values are derived
from the comparison of feedback groups

Table4 Comparison of reading time in minutes for the different
batches

Batch All readers With Feedback Without feedback P value

1 5.5(2.0-15.0) 7.0(2.8-15.0) 5.3(2.0-13.0) <0.001
2 4.7 (2.0-14.5) 6.1 (2.5-14.5) 4.0 (2.0-9.7) <0.001
3 4.0(2.0-12.7) 5.6 (2.0-12.7) 3.9(2.4-6.7) <0.001
4 3.6(20-9.6) 39(2.0-9.6) 3.5(2.0-6.0) <0.001
All 4.0(2.0-15.0) 5.4 (2.0-15.0) 4.0(2.0-13.0) <0.001

Note numbers are median (range). P values are derived from the com-
parison of feedback groups

are difficult to be adequately recognized on CT. Radiologic
T- and N-stages in patients with non-metastatic colon cancer
have been shown to be independent prognostic factors for
overall and disease-free survival [20]. The 5-year overall
survival rates of patients with radiologic TNM stages I, I,
and III were 90%, 81%, and 70%, respectively. Applica-
tion of alternative and advanced radiologic features, such
as radiomics or deep-learning techniques, could potentially
improve the identification of high-risk features of colon can-
cers on CT for better patient stratification. Future research
in large cohorts with sufficient follow-up data is warranted.

There are several limitations to this study. First, this was
a retrospective study that utilized scans from a single center.
Second, the number of reviewed cases utilized for analysis
limits the ability for subgroup analysis using various param-
eters. Third, we only utilized 3-mm thickness scans, and
imaging acquisition parameters were heterogeneous in the
study cohort. We believe that the heterogeneous imaging
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acquisition parameters can have a value in generalizability of
our results, but future studies with various slice thickness CT
scans should be done to evaluate the effect of CT slice thick-
nesses. Last, we selected scans with optimal image quality
which might result in an over-estimation of the diagnostic
performance. Nevertheless, we believe that this was impor-
tant to match current radiological standards.

In conclusion, this study shows that experienced radiolo-
gists were able to reach an adequate diagnostic performance
in locoregional staging of colon cancer patients on CT after
training and repetition of radiological staging. Importantly,
the T-staging specificity level reached indicates a high valid-
ity in patient selection for neoadjuvant therapy on CT. We
also noted and identified pathologic features that can explain
radiologic-pathologic discrepancies. Future studies can be
done focusing on identifying additional radiologic features
that might predict patient outcome and response to neoad-
juvant therapy.
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