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Abstract
Background

Nodal enlargement can be difficult to interpret in mismatch-repair-deficient (dIMMR) colon cancer, and
indocyanine green-guided sentinel lymph node biopsy (ICG-SLNB) can miss nodal metastases. We
described clinical nodal findings and ICG-SLNB results by postoperative mismatch-repair (MMR) status.

Methods

This exploratory, non-consecutive single-centre cohort included 40 patients undergoing elective
colectomy for clinically non-metastatic colon cancer (May 2024 to March 2026). One radiologist
retrospectively reread all CT scans, blinded to final pathological nodal status (pN) and MMR status.
Against final composite pN we evaluated a binary > 5-mm nodal-enlargement marker (CT-LAP), a study-
defined size and morphology composite (CT-MTS), intraoperative lymphadenopathy and ICG-SLNB. MMR
comparisons used exploratory Fisher exact tests. All diagnostic and MMR-stratified analyses were
exploratory.

Results

MMR was available for 38 patients (14 dMMR; 24 mismatch-repair-proficient [p[MMR]). CT-LAP was
present in 14/14 dMMR and 7/24 pMMR tumours (difference + 70.8 percentage points, 95% Cl 41.4 to
85.1; exploratory p < 0.0001), whereas pN-positive disease occurred in 7/14 and 6/24 (difference +25.0
points, 95% Cl - 5.6 to + 51.6; exploratory p = 0.16). Among pN-negative tumours, CT-LAP specificity was
0/7 in dMMR and 15/18 in pMMR (difference - 83.3 points, 95% Cl - 94.2 to - 41.3). CT-MTS sensitivity
was 46.2% (6/13) and specificity 92.0% (23/25). Sentinel-node detection succeeded in 38/40 patients
(95.0%) and 36 invasive tumours were evaluable. Among 12 pN-positive patients with successful SLN
detection, sensitivity was 50.0% (6/12, 95% Cl 25.4 to 74.6) and negative predictive value 80.0% (24/30,
95% Cl 62.7 t0 90.5). One additional pN-positive dMMR patient had SLN non-detection. Ultrastaging
found isolated tumour cells in six patients, but no micrometastasis and no pN-positive upstaging among
24 pN-negative patients with successful SLN detection (upper 95% limit 13.8%).

Conclusions

Every dJMMR patient had at least one regional node = 5 mm, but CT-LAP did not discriminate pN status
within the dMMR stratum, and sensitivity after SLN detection was 50% under the study-specific ICG
protocol. Selection, sparse strata and phenotype imbalances prevent attribution to MMR status or
transfer of these estimates, and clinical benefit was not assessed. Validation in a consecutive,
prespecified MMR-stratified cohort is required before these observations inform practice.
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Trial registration:

Not registered.

Background

Final pathological nodal status (pN) is central to staging, prognosis and adjuvant treatment decisions in
colon cancer, and adequate lymph-node retrieval is an established quality measure [1]. Nodal
assessment nevertheless remains vulnerable to non-linear lymphatic spread and low-volume disease [2,
3]. Universal mismatch-repair (MMR) testing is now recommended in national colorectal cancer
guidelines [4]. Testing of diagnostic biopsy specimens is feasible [5] and can inform Lynch syndrome
assessment and surgical planning [6]. Preoperative MMR status has gained further relevance with the
emergence of neoadjuvant immunotherapy for locally advanced dMMR colon cancer [7].

Preoperative CT has limited accuracy for nodal staging because size-based criteria can miss small
metastases and can classify enlarged benign nodes as suspicious [8, 9]. Morphological features,
including internal heterogeneity, can improve discrimination [10]. The size-based limitation is especially
relevant in dMMR tumours, which are commonly right-sided and have an immune-rich microenvironment
[11, 12]. dMMR tumours are also associated with higher lymph-node yields but, after stage adjustment,
fewer nodal metastases than pMMR tumours [13, 14]. Published series report both overstaging and
understaging by CT in dMMR colon cancer [8, 15]. These series did not, however, describe nodal
enlargement and sentinel-node behaviour within the same MMR strata, so the interpretation of nodal
enlargement in dAMMR disease remains uncertain.

Sentinel lymph node biopsy (SLNB) has been evaluated as an adjunct to conventional pathological
assessment after colectomy, including in prospective multicentre studies [16, 17]. It aims to select a
limited number of nodes for intensive histopathological assessment and sensitive detection of low-
volume disease [18—-20]. Indocyanine green (ICG) enables real-time visualisation of lymphatic channels
and candidate sentinel nodes [21, 22]. Detection rates are generally high, but variable sensitivity for nodal
metastasis produces frequent false negatives [23-25]. A recent hypothesis-generating review responded
to these limitations by calling for prospective sentinel-guided studies stratified by dMMR versus pMMR
status [26].

Using a prospectively enrolled cohort, we addressed two linked exploratory questions. First, we used a
blinded retrospective CT reread to record whether each patient had at least one regional node with a
short-axis diameter > 5 mm (CT-LAP). We then compared that finding across postoperative MMR strata.
We separately described the patient-level classification of final pN by this deliberately sensitive
enlargement marker, a study-defined CT-MTS composite and intraoperative lymphadenopathy. CT-LAP
was not intended as a clinical metastatic threshold. Second, we estimated the ICG-SLNB detection rate
and, among patients with a successfully detected sentinel node, the capture of pN-positive disease. We
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also measured the yield of sentinel-node ultrastaging beyond routine pathology. All diagnostic-
performance, subgroup and restriction analyses were exploratory.

Methods
Study design and setting

Reporting followed the Strengthening the Reporting of Observational Studies in Epidemiology (STROBE)
statement, and the diagnostic component followed the Standards for Reporting of Diagnostic Accuracy
Studies (STARD) 2015 statement [27, 28]. Completed checklists are provided as Additional files 2 and 3.
This prospective observational cohort was conducted at the Department of Surgical Oncology, Masaryk
Memorial Cancer Institute, Brno, Czech Republic, from May 2024 to March 2026. The ICG procedure and
cohort data collection were prospective. The study CT interpretation was a retrospective blinded reread.
Forty patients were analysed after two post-enrolment exclusions (Fig. 1).

The institutional Ethics Committee approved the protocol and final analysis (ref. 2024/1287/MOU, 7 May
2024), and all participants provided written informed consent. Enrolment was pragmatic, non-
consecutive and dependent on the availability of the surgical team, and fluorescence system and on the
operating theatre schedule. The study had no control arm, sample-size calculation, prespecified primary
diagnostic estimand, clinical performance target, precision target or confirmatory hypothesis-testing
framework. The available protocol was not publicly timestamped, so prespecification of the CT cut-offs,
invasive-only diagnostic estimand and post-enrolment exclusions could not be independently verified.

Participants and MMR status

Eligible patients were adults undergoing elective oncological colectomy for biopsy-confirmed colonic
adenocarcinoma, clinical stage cT1-cT4 and cMO. Eligibility was determined at enrolment. In one
patient, a single hepatic metastasis identified at final pathology did not alter inclusion. Exclusion criteria
were emergency surgery, neoadjuvant treatment, pregnancy or lactation, hypersensitivity to ICG or its
formulation, and previous colonic resection within the same lymphatic basin.

An administrative theatre log identified 145 colonic resections coded as colon cancer (C18) during the
study period, of which 42 underwent the ICG-SLNB protocol. Accordingly, 42/145 is not an enrolment
fraction based on eligible patients, and the other 103 resections constitute a descriptive institutional
surgical series rather than eligible non-enrolled controls.

Two protocol patients were excluded after final pathology. One had a neuroendocrine tumour discordant
with the biopsy diagnosis. The available documentation did not distinguish biopsy sampling error from
mixed histology. The other had dMMR colon cancer with an incidental complete pathological response
(ypTO ypNO) after immunotherapy for a synchronous non-colorectal malignancy. Both final diagnoses fell
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outside the target population of untreated colonic adenocarcinoma. Both exclusions rested on target-
population grounds and not on nodal status.

MMR status was determined by immunohistochemistry at final pathology and was therefore treated as a
postoperative variable in every analysed case. A certified assay covering MLH1, PMS2, MSH2 and MSH6
was performed in a laboratory accredited to ISO 15189:2023. Tumours with MLH1 loss underwent MLH1
promoter methylation testing by bisulfite conversion followed by quantitative polymerase chain reaction
(PCR). Testing was performed for every invasive carcinoma, so MMR status was unavailable only for the
two pTis cases. The analysis extract retained the binary MMR classification but not individual protein-
loss patterns or MLH1 methylation results. Therefore, sporadic and suspected hereditary dMMR could
not be distinguished in this report. Stratified analyses were restricted to the 38 patients with known
status. The preoperative dMMR result of the excluded immunotherapy-treated patient did not enter any
analysis.

Sidedness was classified embryologically. Right-sided tumours extended from the caecum to the
proximal two-thirds of the transverse colon, and left-sided tumours from the distal third of the transverse
colon to the sigmoid colon.

Clinical nodal variables

A single radiologist retrospectively reread the preoperative imaging, blinded to final pN and MMR status,
using size and morphology criteria informed by a colon cohort and a mixed colorectal cohort [10, 29].
Imaging comprised contrast-enhanced CT in 39 patients and positron emission tomography/computed
tomography (PET/CT) in one patient. Only the CT component was evaluated. CT-LAP denoted the
presence of at least one regional lymph node with a short-axis diameter = 5 mm. It was a binary nodal-
enlargement marker and did not measure node count, nodal stations, spatial distribution or total nodal
volume. The study-defined CT-MTS composite denoted either a node > 10 mm or a 5-10 mm node
judged qualitatively to be rounded and to show heterogeneous post-contrast enhancement.

The study record did not preserve the axis used for the > 10-mm arm, a numeric short-to-long-axis ratio
for roundness or an attenuation threshold for heterogeneity. CT acquisition parameters, including
contrast phase, slice thickness and reconstruction, were not abstracted into the analysis record. CT-to-
resection intervals, repeat interval imaging, the timing of the reread relative to database review and the
reader's access to the original clinical CT report were not retrievable from the study record.

The 5-mm threshold corresponds to the upper limit of normal short-axis diameter assigned by the Node
Reporting and Data System (Node-RADS) to mesenteric-subregion nodes, for which enlargement without
abnormal configuration carries only low suspicion [30]. In colon cancer, a 5-mm cut-off has shown 90%
sensitivity for stage Ill disease at 31% specificity [10], so the present CT-LAP variable was used to
describe enlargement rather than define metastatic disease. CT-MTS adopted a pragmatic size-and-
morphology construction from the European Society of Gastrointestinal and Abdominal Radiology rectal
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MRI consensus [31]. Morphology contributed only within the 5-10-mm window. Nodes > 10 mm were
positive by size alone. The binary record did not retain morphology for every measurable node, and the
images could not be rescored for size-independent internal heterogeneity without a new reread. As CT-
MTS was nested within CT-LAP, all eight CT-MTS-positive cases were CT-LAP-positive. It is therefore a
study-defined size-gated suspicion composite, not a validated colonic CT rule.

Intraoperative lymphadenopathy denoted one or more enlarged regional nodes or clustered nodal
packets identified by consensus of the two operating surgeons. Open procedures allowed in vivo
inspection and palpation, whereas robotic procedures allowed visual assessment only. Both approaches
also included inspection and palpation of the resected specimen. The variable therefore combined
operative and specimen-level information rather than representing a standardised, blinded intraoperative
index test. No fixed threshold or independent adjudication was used, and the surgeons knew the
preoperative CT findings. Specimen assessment could influence nodal retrieval, so the intraoperative
lymphadenopathy variable was not independent of the subsequent pathological reference pathway.

ICG-guided SLNB and lymphatic mapping

Open or robot-assisted oncological colectomy was performed according to tumour location and
institutional practice. After surgical access, Verdye ICG (Diagnostic Green GmbH, Aschheim-Dornach,
Germany) was injected subserosally at 2.5 mg/mL in four peritumoural quadrants. The total volume was
2.5 mL, corresponding to 6.25 mg. Fluorescence was visualised with SPY-PHI (Stryker Corporation,
Kalamazoo, MI, USA) in open procedures and da Vinci Firefly (Intuitive Surgical, Sunnyvale, CA, USA) in
robotic procedures at 0, 10, 20 and 30 minutes after injection.

Successful sentinel lymph node (SLN) detection required at least one discrete fluorescent node on the
intact mesocolon before mesenteric dissection. Candidate SLNs were marked, retrieved after specimen
extraction, confirmed ex vivo by fluorescence and submitted separately for pathology (Fig. 2). Lymphatic
mapping was recorded when fluorescent channels or basins were visible, irrespective of whether a
discrete SLN was identified. Fluorescence did not alter the planned oncological extent of resection, and
neither dose titration nor repeat injection was used.

Pathology, outcomes and statistics

All lymph nodes underwent routine haematoxylin and eosin assessment. The study record did not
prospectively capture the grossing, embedding and sectioning details for non-sentinel nodes. Separately
submitted sentinel nodes were processed individually: small nodes were bisected along the long axis,
larger nodes were cut into 2-mm slices, and all tissue was embedded. Two or three haematoxylin and
eosin sections were examined from each paraffin block alongside the whole case. A sentinel node
containing metastasis on these sections was classified as positive without further work-up. If these
sections were negative, a standardised departmental protocol used pan-cytokeratin
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immunohistochemistry (CK AE1/AE3 ready-to-use antibody, Ventana/Roche), immediately followed by a
haematoxylin and eosin section, at two levels 500 pm apart. Deposits were classified as isolated tumour
cells, micrometastasis or macrometastasis according to the Union for International Cancer Control
(UICC) tumour—node-metastasis (TNM) classification, 8th edition. A deposit at the lower end of the
micrometastasis range could fall between the two examined levels. Isolated tumour cells remained
pNO(i+) and were not counted as pN-positive, consistent with the American Joint Committee on Cancer
(AJCC) 8th edition [32]. Ultrastaging was applied to sentinel nodes only. Non-sentinel nodes were
examined by routine haematoxylin and eosin, as is standard in sentinel-node studies.

Reporting pathologists were not formally blinded to CT, intraoperative lymphadenopathy or sentinel
designation. Treatment recommendations were sought in postoperative oncology records and, where
available, multidisciplinary-team records.

Final composite pN combined routine non-sentinel-node histopathology with protocolised ultrastaging of
ICG-selected sentinel nodes and served as the reference classification. Patient-level sensitivity,
specificity, positive predictive value (PPV) and negative predictive value (NPV) for CT-LAP, CT-MTS and
intraoperative lymphadenopathy were calculated among 38 invasive tumours. Specificity was calculated
for these three clinical variables only and not for ICG-SLNB. The two pTis tumours remained in the cohort
description but were excluded from invasive diagnostic and MMR-stratified analyses. Table 1 describes
all 40 patients except where its legend states otherwise. Tables 2 and 3 describe the 38 invasive
tumours. Table 4 separates 40 attempted procedures, 38 invasive tumours and 36 evaluable tumours
with successful SLN detection. For ICG-SLNB, sensitivity and NPV were estimated among invasive
tumours with successful SLN detection. SLN non-detection was reported separately as a technical
procedural outcome and was not classified as a false-negative SLN result. The reference standard
incorporated ultrastaging of the sentinel nodes themselves, so sentinel-node sensitivity and NPV were
not independent of the index test (incorporation bias), and sentinel and non-sentinel nodes underwent
different work-up (differential verification). An ultrastaging-detected deposit could be found only in a
node that ICG-SLNB had already selected.

Fisher exact tests and Cohen kappa were used exploratorily. No confirmatory inference was planned. All
hypothesis tests and p values are exploratory and carry no confirmatory error-rate guarantee. A
descriptive post hoc Bonferroni analysis grouped four selected MMR comparisons: CT-LAP, CT-MTS,
intraoperative lymphadenopathy and their CT-MTS-or-intraoperative composite. This family does not
include every test reported in the manuscript, and the composite is derived from two components. It
therefore does not provide manuscript-wide multiplicity control. No multivariable pN model was fitted
because only 13 pN-positive events were available. For the MMR-CT-LAP association, the limiting
features were n = 38, quasi-complete separation, sparse covariate overlap and collinearity rather than the
pN event count. The study did not define a causal estimand or estimate an MMR effect independent of
tumour phenotype.
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Proportion confidence intervals used the Wilson method, and differences between independent
proportions used the Newcombe hybrid score method without continuity correction. The paired
comparison of CT-MTS with intraoperative lymphadenopathy was based on the exact binomial test of
discordant correct classifications. The two variables were not assessed independently, because the
operating surgeons knew the CT findings, so the discordance on which the test rests was probably
reduced. The discrete bootstrap difference in kappa was retained in Additional file 1 only and was not
used for null-hypothesis inference. Software versions, random seeds and bootstrap settings are reported
in Additional file 1. Missing data were not imputed. All diagnostic-performance, specificity, restriction,
multiplicity, kappa and paired analyses were post hoc, and the tumour-size restriction used a data-
dependent cut-point taken from the cohort's own median.

OpenAl Codex and Anthropic Claude were used for language editing, consistency checks, preparation of
revision suggestions and arithmetic cross-checks based on aggregate counts reported in the
manuscript. They were not used to create or alter source patient data. Responsibility for the final
analyses, interpretations and text rests with the authors.

Results

Cohort and MMR distribution

Forty patients were included (Fig. 1, Table 1). Most tumours were right-sided or proximal (29/40, 72.5%)
and pT3-pT4 (28/40, 70.0%). pN-positive disease occurred in 13/40 patients (32.5%), and the median
total lymph-node yield was 19 per patient (interquartile range [IQR] 15-24.3). One patient who met the
cMO entry criterion was upstaged at final pathology to pM1a (hepatic). This patient had dMMR, pT3
pN1b disease and a sentinel detection failure. All other patients were pMO.

MMR status was available for 38/40 patients: 14 dMMR and 24 pMMR. dMMR tumours were
predominantly right-sided or proximal (13/14 vs 14/24). pN-positive disease occurred in 7/14 dMMR and
6/24 pMMR patients (difference + 25.0 percentage points, 95% Cl - 5.6 to + 51.6; exploratory Fisher p =
0.16). The cohort did not resolve the direction or magnitude of this difference and does not establish
equivalence. Individual MMR-protein loss patterns and MLH1 methylation results were not retained in the
analysis extract, so the dMMR group could not be subdivided into sporadic and suspected hereditary
categories. Table 1 summarises the cohort.

The 103 C18-coded resections that did not undergo the protocol form a descriptive institutional series
rather than an eligible non-enrolled comparison. Within that series, 64/103 (62.1%) tumours were right-
sided or proximal versus 29/40 (72.5%) in the analysed cohort (difference + 10.4 points, 95% Cl - 7.3 to
+25.3). MMR was available for 89/103, including 27 dMMR tumours; with 14 missing results, the dMMR
fraction among the 103 could range from 26.2% to 39.8%, so its direction relative to 14/38 (36.8%) in the
analysed cohort is not fixed. Severity variables were unavailable, so these benchmarks do not resolve
selection bias.
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Table 1

Cohort characteristics and patient-level clinical nodal findings by postoperative MMR status.

Characteristic

Age, mean + SD (years)
BMI, mean = SD (kg/m2)
Male sex

Open/robotic approach
Right/proximal tumour

Largest tumour dimension, median
(IQR), range (mm)

High-grade (G3) tumour
pT3-pT4 disease

Final pN-positive disease
Lymphovascular invasion

Total lymph node yield, median (IQR),
range

Separately examined SLNs, median
(IQR), range

CT-LAP = 5-mm nodal-enlargement
marker

Study-defined CT-MTS composite

Intraoperative lymphadenopathy

Overall (n = 40)
67.3+11.8
27.8+4.9

22 (55.0%)
23/17

29 (72.5%)

40 (30-61),
12-110

8/38 (21.1%)
28 (70.0%)
13 (32.5%)
10 (25.0%)

19 (15-24.3),
7-42

2 (1-3),1-9

21 (52.5%)

8 (20.0%)
10 (25.0%)

dMMR (n = 14)
68.9+12.8
27.7+4.2

5 (35.7%)
10/4

13 (92.9%)

70 (44-79), 25-
110

7/14 (50.0%)
12 (85.7%)
7 (50.0%)
6 (42.9%)

20.5 (19.0-24.0),
12-42

2(1-4),1-9

14 (100%)

6 (42.9%)
7 (50.0%)

PMMR (n = 24)
66.5+11.5
278154

16 (66.7%)
12/12

14 (58.3%)

35 (25-41), 12—
80

1/24 (4.2%)

16 (66.7%)

6 (25.0%)
4(16.7%)

17.5 (15.0-25.3),
7-37

2 (1-2.5), 1-6

7 (29.2%)

2 (8.3%)

3 (12.5%)

Values are n (%) unless otherwise stated. Variables were complete for all 40 patients except MMR status
(38/40). Two MMR-unknown patients (pTis cases) are included in the Overall column only. Separately
examined SLNs are counted among the 36 invasive tumours with successful SLN detection. Because the
pN-positive detection failure was dMMR and the pN-negative detection failure was pMMR, the stratum
denominators for this row are 13 dMMR and 23 pMMR rather than the column-header denominators.
Grade follows the World Health Organization (WHO) two-tier system, in which low grade comprises G1
and G2 and high grade comprises G3. The grade row excludes the two pTis patients, in whom no
invasive carcinoma exists to grade, so its Overall denominator is 38. Quartiles were obtained by linear
interpolation (equivalent to R type 7). Descriptively, dAMMR tumours were larger and more often high
grade. The count-based grade contrast had an exploratory Fisher p = 0.002. BMI, body mass index; IQR,

interquartile range; SD, standard deviation.
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CT-LAP, study-defined presence of at least one regional node with short-axis diameter = 5 mm; CT-MTS,
study-defined size-and-morphology CT suspicion composite; dAMMR, mismatch-repair deficient; MMR,
mismatch repair; pMMR, mismatch-repair proficient; SLN, sentinel lymph node.

Clinical nodal findings stratified by MMR status

CT-LAP was present in 14/14 dMMR and 7/24 pMMR tumours (difference + 70.8 points, 95% Cl 41.4 to
85.1; exploratory Fisher p < 0.0001). Selected post hoc restrictions showed the same pattern. CT-LAP
was present in 13/13 versus 6/14 right-sided or proximal tumours and 12/12 versus 6/16 pT3—-pT4
tumours (Additional file 1, Table S1). Because every dMMR patient was CT-LAP-positive in the
unrestricted analysis, 100% positivity within dMMR subsets is mathematically expected. A descriptive
binomial bound on this universal positivity is reported in Additional file 1.

Post hoc grade and size restrictions produced the same directional pattern. CT-LAP occurred in 7/7 low-
grade dMMR versus 7/23 low-grade pMMR tumours (difference + 69.6 points, 95% Cl 28.7 to 84.4).
Among tumours no larger than the data-derived cohort median of 40 mm, the corresponding counts
were 4/4 versus 3/18 (difference + 83.3 points, 95% Cl 29.4 to 94.2). Complementary estimates were 7/7
versus 0/1 for high-grade tumours and 10/10 versus 4/6 for tumours > 40 mm. Within pMMR tumours,
CT-LAP occurred in 4/6 tumours >40 mm and 3/18 tumours < 40 mm (difference + 50.0 points, 95% ClI
7.0 to 76.0). Additional file 1, Table S2 reports all differences and confidence intervals. The < 40-mm
restriction rests on four dMMR patients (Wilson 95% CI for 4/4, 51.0 to 100.0) and is therefore
uninformative rather than confirmatory. These data-derived cuts do not isolate an MMR effect.

Between-group separation was smaller for the study-defined CT-MTS composite (6/14 vs 2/24;
exploratory p = 0.034) and intraoperative lymphadenopathy (7/14 vs 3/24; exploratory p =0.021). In the
selected four-comparison Bonferroni sensitivity analysis, CT-LAP was the only individual comparison
below the nominal 0.0125 threshold. The derived CT-MTS-or-intraoperative composite was also below
this threshold. Because the family was selected post hoc, excludes other tests and contains a dependent
composite, these results provide no confirmatory multiplicity guarantee (Additional file 1, Table S3).

The higher observed pN-positive proportion in dMMR tumours was imprecise (7/14 vs 6/24; difference +
25.0 points, 95% Cl - 5.6 to + 51.6). Within the 14 dMMR patients, CT-MTS classified 9/14 correctly and
intraoperative lymphadenopathy classified 12/14 correctly. Three patients were classified correctly only
by intraoperative lymphadenopathy and none only by CT-MTS. The two-sided exact paired p value was
0.25. With three discordant pairs, 0.25 was the smallest two-sided value the test could return. This post
hoc, non-independent comparison does not establish superiority. Kappa estimates and the joint patient
table are reported descriptively in Additional file 1, Table S4.

Against final composite pN, CT-LAP was sensitive but non-specific, whereas CT-MTS and intraoperative
lymphadenopathy each had 92.0% specificity (Table 2). CT-LAP specificity was 0/7 in dMMR and 15/18
in pMMR tumours (difference - 83.3 points, 95% Cl - 94.2 to - 41.3; post hoc). Intraoperative
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lymphadenopathy specificity was 6/7 in dMMR and 17/18 in pMMR tumours (difference - 8.7 points,
95% Cl - 46.0 to + 14.6). These are patient-level, unadjusted and protocol-specific estimates. They
neither identify the metastatic status of individual nodes nor isolate an MMR contribution.

Table 2
Patient-level clinical nodal classifications against final composite pN (n = 38).
Patient-level TP/FP/FN/TN  Sensitivity Specificity PPV NPV
classification
CT-LAP = 5-mm marker  11/10/2/15 84.6% 60.0% 52.4% 88.2%
(57.8-95.7) (40.7-76.6) (32.4- (65.7-
71.7) 96.7)
Study-defined CT-MTS 6/2/7/23 46.2% 92.0% 75.0% 76.7%
composite (23.2-70.9) (75.0-97.8) (40.9- (59.1-
92.9) 88.2)
Intraoperative 8/2/5/23 61.5% 92.0% 80.0% 82.1%
lymphadenopathy (35.5-82.3) (75.0-97.8) (49.0- (64.4-
94.3) 92.1)

Point estimates are accompanied by Wilson 95% confidence intervals. CT-LAP is shown as an analytical
positive classification to quantify its relationship with pN. It was not intended as a clinical metastatic
threshold. Fisher association p values were omitted because they do not test acceptable diagnostic
performance. No prespecified sensitivity or specificity target was available, and no multivariable model
was fitted.

CT-LAP, study-defined = 5-mm CT nodal-enlargement marker; CT-MTS, study-defined size-and-morphology
CT suspicion composite; FN, false negative; FP, false positive; NPV, negative predictive value; PPV,
positive predictive value; TN, true negative; TP, true positive.

ICG-SLNB performance and sentinel-node ultrastaging

SLNs were detected in 38/40 patients (95.0%, 95% CI 83.5 to 98.6) and in 36/38 invasive tumours
(94.7%). The 36 invasive tumours with successful SLN detection had a median of 2 SLNs per patient
(IQR 1-3). Detection occurred in 22/23 open procedures (95.7%) and 16/17 robotic procedures (94.1%).
Lymphatic mapping succeeded in 34/40 patients, and fluorescence altered the perceived operative field
or dissection plan in 9/40 patients. The planned oncological extent of resection was unchanged in all of
them. In five patients with detection but no mapping, discrete fluorescent nodes were visible without
identifiable lymphatic channels. Because mapped compartments were not separately labelled for
pathology, this remained an anatomical observation.

Two procedures had no detected sentinel node: one pN-negative pMMR patient and one pN-positive
dMMR patient. Among the 12 pN-positive patients with successful SLN detection, six had a positive
sentinel node and six had a false-negative SLN result. Sensitivity was 50.0% (6/12, 95% CI 25.4 to 74.6),
and NPV was 80.0% (24/30,95% Cl 62.7 to 90.5). The pN-positive non-detection was reported as a
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technical failure and was not included in the sensitivity denominator. Treating that procedure as a failure
to identify nodal disease, the intention-to-diagnose sensitivity was 46.2% (6/13, 95% Cl 23.2 to 70.9).

Six procedures with a detected sentinel node were false negative. Four patients had a single positive
node, all pNTa macrometastases. The other two had pN1b and pN2b disease. The additional pN-positive
non-detection occurred in a dMMR patient with pN1b disease. Among the six false-negative SLN results
after successful SLN detection, the number of separately examined sentinel nodes had a median of 2
(range 1-6), compared with 1 (range 1-2) among six true positives. These small post hoc groups cannot
distinguish procedural under-sampling, tracer-flow failure, disease spectrum or MMR-associated
heterogeneity. Among the six true positives, one patient had pN1a, four had pN1b and one had pN2b
disease.

Ultrastaging identified isolated tumour cells in six patients. Four otherwise pNO patients were
reclassified as pNO(i+), and two pN-positive patients had additional isolated tumour cells. No
micrometastasis or pNO-to-pN-positive upstaging was observed. For zero upstagings among the 24 pN-
negative patients with successful SLN detection, the upper limit of the two-sided 95% Wilson interval
was 13.8%. The available record did not define a complete denominator for treatment recommendations.
It also did not define a prospective method or time window for adverse-event ascertainment. No
immediate hypersensitivity reaction or other adverse event attributable to indocyanine green was
recorded in the operative or discharge records. Treatment impact, clinical benefit and a protocol-defined
safety outcome were therefore not assessed.

Of 145 C18-coded colonic resections identified in the administrative log during the study period, 42
underwent the ICG-SLNB protocol. After two post-enrolment exclusions, 40 attempts remained. Of these,
38 were invasive tumours and 36 had detected sentinel nodes. The inset 2x2 table includes procedures
with successful detection only (TP 6, FP 0, FN 6, TN 24).
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Table 3

MMR-stratified patient-level clinical nodal classifications against final composite pN.

Patient-level MMR TP/FP/FN/TN  Sensitivity Specificity
classification status
CT-LAP = 5-mm marker dMMR 7/7/0/0 717 (1)00%, 64.6—  0/7 (0%, 0.0-35.4)
100.0
CT-LAP = 5-mm marker pMMR 4/3/2/15 4/6 (66.7%,30.0— 15/18 (83.3%,
90.3) 60.8-94.2)
Study-defined CT-MTS dMMR 4/2/3/5 4/7 (57.1%,25.0—-  5/7 (71.4%, 35.9—
composite 84.2) 91.8)
Study-defined CT-MTS pPMMR 2/0/4/18 2/6 (33.3%, 9.7- 18/18 (100%,
composite 70.0) 82.4-100.0)
Intraoperative dMMR 6/1/1/6 6/7 (85.7%,48.7-  6/7 (85.7%, 48.7—
lymphadenopathy 97.4) 97.4)
Intraoperative pMMR 2/1/4/17 2/6 (33.3%, 9.7- 17/18 (94.4%,
lymphadenopathy 70.0) 74.2-99.0)

CT-LAP flagged every dMMR patient. Its dMMR sensitivity of 7/7 and specificity of 0/7 are therefore
restatements of universal positivity, not independent evidence of discrimination. The criterion was a
binary = 5-mm enlargement marker rather than a validated metastasis rule. The between-stratum
specificity contrast is descriptive and post hoc. Small within-stratum cells preclude transportable
estimates or inference about an independent MMR effect.

For CT-LAP, the post hoc between-stratum specificity difference (A(MMR minus pMMR) was - 83.3
percentage points (95% Cl - 94.2 to - 41.3).

CT-LAP, study-defined = 5-mm CT nodal-enlargement marker; CT-MTS, study-defined size-and-morphology
CT suspicion composite; AMMR, mismatch-repair deficient; FN, false negative; FP, false positive; MMR,
mismatch repair; pMMR, mismatch-repair proficient; pN, pathological nodal status; TN, true negative; TP,
true positive.
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Table 4
ICG-SLNB detection and sensitivity after successful SLN detection against final composite pN.

Outcome

Cohort
SLN detection
Separately examined

SLNs

Lymphatic mapping
success

Invasive tumours
SLN-evaluable invasive
tumours

True-positive SLNB
True-negative SLNB
False-negative SLNB
after successful

detection

False-positive SLNB

No SLN detected

SLN sensitivity after
successful detection

NPV after successful
detection

False-negative rate after
successful detection

Ultrastaging yield

n

40

38/40 (95.0%, 95%
Cl 83.5-98.6)

82 in 36 evaluable
cases

34/40 (85.0%)
38

36/38

24

50.0% (6/12, 95%
Cl 25.4~74.6)

80.0% (24/30, 95%
Cl 62.7-90.5)

50.0% (6/12)
ITC in 6; pN-

positive upstaging
0/24

Definition / interpretation

All analysed attempted procedures after two
post-enrolment exclusions

At least one discrete fluorescent SLN identified
Median 2 (IQR 1-3, range 1-9)
Fluorescent channels and/or basins visible;

anatomical outcome

Two pTis tumours excluded from invasive
diagnostic estimates

Invasive tumour, detected SLN and protocol-
compliant SLN pathology

SLN-positive in a pN-positive patient

SLN-negative in a pN-negative patient under final
composite pN

SLN-negative in a pN-positive patient (4 dMMR,
2 pMMR)

Structurally impossible because SLN metastasis
contributes to final composite pN

One pN-negative pMMR and one pN-positive
dMMR procedure; reported as technical non-
detection

TP / (TP + FN) among pN-positive patients with
detected SLNs

TN/ (TN + FN) among procedures with detected
SLNs

Complement of sensitivity; non-detection is not
classified as false negative

No micrometastasis; upper limit of two-sided
95% Wilson CI for upstaging 13.8%

The 2x2 table (TP 6, FP 0, FN 6, TN 24) includes procedures with successful SLN detection only. The pN-
positive non-detection was reported separately as a technical failure and not classified as a false-
negative SLN result. Isolated tumour cells remained pNO(i+) and were not counted as SLN-positive or
pN-positive. Final composite pN rested on routine histopathology of all harvested nodes, with
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protocolised ultrastaging applied to haematoxylin and eosin-negative ICG-selected sentinel nodes.
Ultrastaging could also have upstaged a routinely negative case through micrometastasis, which may
make sensitivity after successful SLN detection and NPV optimistic. No such upstaging occurred in this
cohort, so the caveat is structural rather than an observed effect. Specificity and PPV are therefore not
presented as independent diagnostic properties.

Cl, confidence interval; FN, false negative; FP, false positive; ICG, indocyanine green; IQR, interquartile
range; ITC, isolated tumour cells; NPV, negative predictive value; pN, pathological nodal status; SLN,
sentinel lymph node; SLNB, sentinel lymph node biopsy; TN, true negative; TP, true positive.

(a-c) Robotic approach. (a) Subserosal peritumoural ICG injection. (b) Fluorescence-guided
identification and clip marking of a sentinel lymph node (SLN). (c) Fluorescent SLN within the
mesocolon.

(d—f) Open approach. (d) Suture marking of fluorescent SLNs. (e) Centrally located SLNs (yellow rings
mark the fluorescent sentinel nodes). The blue arrow indicates the course of the superior mesenteric
vein. (f) Fluorescent SLNs and lymphatic channels in a mesocolic location. ICG, indocyanine green; SLN,
sentinel lymph node.

Discussion

To our knowledge, this is the first prospective cohort to report indocyanine green-guided sentinel-node
mapping and a blinded retrospective CT nodal reread in the same patients, stratified by postoperative
mismatch-repair status, the design proposed by Stratton et al. [26]. We identified no prior cohort
combining both assessments within MMR strata. The three nodal assessments addressed different
constructs and are not a head-to-head comparison. Together they produced a dissociation. A
deliberately sensitive enlargement marker was positive in every dMMR patient yet separated no dMMR
patient from another by pN status, while a tracer that found sentinel nodes in almost every procedure
captured only half of the pN-positive disease it was applied to.

The CT finding should be read within the co-distributed dMMR and right-sided phenotype rather than
attributed to MMR alone. This study examined neither the histology of enlarged non-metastatic nodes
nor any means of separating immune-reactive enlargement from tumour size, location, grade or
measurement effects. Platt et al. reported that, among cases with an incorrectly classified N status, 90%
of dMMR and 59% of pMMR were overstaged [8], and a series of 78 dMMR colon cancers reported 55%
nodal-stage accuracy [15]. Reactive inflammatory lymphadenopathy is biologically consistent with the
immune-rich dMMR phenotype [8, 11, 12], and stage-adjusted nodal metastasis has been lower than in
PMMR disease [14]. Nodal size is in any case a weak discriminator. More than half of metastatic nodes
measure 5 mm or less, and right-sided tumours contain larger metastatic and benign nodes alike [9]. A
station-level study found that the ratio of CT-suspicious to histologically positive nodes ranged from 0.92
at central to 5.30 at intermediate nodal stations [29], and a meta-analysis of 44 studies pooled CT
specificity at 67% [33]. Rollvén et al. found no reliable size threshold [10], a recent series omitted size
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from its high-risk criteria [34], and Node-RADS assigns only low suspicion to enlargement without
abnormal configuration [30]. NICHE-2 assumed rather than measured overstaging in approximately one-
quarter of clinically node-positive dMMR patients [7]. These contextualise but do not replicate the
present > 5-mm marker, and the observed pN difference was too imprecise to separate sampling
variation or cohort composition from a spectrum-specific difference.

ICG-SLNB showed a different limitation. Reliable detection did not ensure procedural capture of
metastatic disease. The 95.0% detection rate is consistent with pooled estimates of 91-94% and sits
within the broader published range, which includes a 72.6% colorectal subgroup rate in EURO-FIGS and a
55-100% range in a colon-only review [21, 23, 24, 35]. Sensitivity after successful SLN detection was
50.0%, below pooled values of 63—-71% and close to a prospective report of 44% [21, 24, 36]. These
cross-study comparisons are descriptive, because injection protocols, detection rules, non-detection
handling and reference pathways differ [25]. The asymmetric node-level work-up here, in which sentinel
ultrastaging could itself alter pN, also prevents interpretation as an unbiased intrinsic test property.

Several mechanisms could explain a tumour-bearing node that fluorescence did not flag. Fluorescence
traces lymphatic flow rather than tumour content. Sato et al. found metastases more often in
fluorescence-negative nodes and loss of signal when tumour replaced most of a node [22], as did
Kakizoe et al. in completely replaced nodes [37]. Drainage may not be stepwise [38, 39], injection timing
changes the number of traced nodes [40], and in vivo and ex vivo mapping identify different node sets
[41]. Disease spectrum and technique are equally likely explanations. Sentinel sensitivity is lower in T3—
T4 than T1-T2 disease [42] and this cohort was predominantly pT3-pT4, while injection depth, operator
learning, two fluorescence platforms and the open-versus-robotic workflow varied across procedures.
Multicentre blue-dye trials reported similarly high false-negative rates [16, 17]. The six false-negative
results after successful detection and the single pN-positive non-detection may have different causes,
which this study cannot distinguish.

A biological link between MMR status, CT enlargement and tracer behaviour remains a hypothesis.
Inamori et al. found greater tumour-to-node T-cell receptor overlap in dMMR than pMMR disease [43],
and reactive follicular and parafollicular hyperplasia can enlarge tumour-free nodes [44]. This study
measured neither immune architecture nor the histology of enlarged pN-negative nodes.

Ultrastaging had limited observed yield: isolated tumour cells in six patients, no micrometastasis and no
pN-positive upstaging. Because only two levels 500 pm apart were examined, this is the yield of the
protocol rather than the prevalence of low-volume disease. The 13.8% upper confidence limit for zero
upstagings among the 24 pN-negative patients with successful SLN detection addresses sampling
variation but not deposits missed between levels. Pooled estimates of 2% sentinel-node and 6% non-
sentinel-node upstaging arise from heterogeneous protocols [45], and isolated tumour cells should
remain distinct from micrometastases, which carry different prognostic evidence [3, 21]. More sensitive
assays increase detection without resolving clinical significance. Bilchik et al. found occult disease in
16/30 sentinel-negative patients using immunohistochemistry and reverse-transcription PCR [19].
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Nordgard et al. found frequent molecular positivity without a prognostic effect [20], and Hirche et al.
assigned chemotherapy to three patients with sentinel-node isolated tumour cells [46]. A review
nevertheless still regards the clinical value of low-volume disease as unestablished [18]. Directing
postoperative pathology is one potential application, but it was not validated here as no selection rule
was tested and non-sentinel nodes were not ultrastaged symmetrically.

Intraoperative lymphadenopathy classified 12/14 dMMR patients correctly compared with 9/14 for CT-
MTS, but the exact paired comparison rested on three versus zero discordances (p = 0.25) and does not
establish superiority. The corresponding dMMR-versus-pMMR comparisons for CT-MTS and
intraoperative lymphadenopathy do not themselves survive the four-comparison correction reported in
Additional file 1, Table S3. Surgeons knew the CT findings, applied no fixed criterion and used different
sensory information in open and robotic procedures.

Prior studies show that most metastases lie within the tumour-bearing segment and that some central-
node metastases escape CT suspicion [47, 48]. They do not, however, validate this variable, which would
require a prespecified, blinded and independently adjudicated comparison.

Read together, these findings indicate that a > 5-mm nodal threshold cannot be used to infer metastatic
risk in dMMR tumours of this phenotype, which were predominantly right-sided, large and pT3—-pT4.
Whether size-independent morphology performs better is untested here, because the study-defined CT-
MTS composite was only 46.2% sensitive. Internal heterogeneity nevertheless discriminated well in the
colon cohort of Rollvén et al. (odds ratio 20.0; 79% sensitivity, 84% specificity) [10] and warrants
prospective evaluation in MMR-stratified disease. Because MMR status was determined postoperatively,
this cohort cannot address whether preoperatively known MMR status should alter radiological
reporting. The sentinel findings separately indicate that feasible detection does not make SLNB a
standalone staging tool outside a trial, and that its role in directing focused pathology remains
hypothetical.

Selection and sample size set the main inferential ceiling. The cohort was single-centre, availability-
based and non-consecutive, with 13 pN-positive events and seven pN-negative dMMR patients
supporting the headline specificity. The 103 non-protocol C18-coded resections could not serve as an
eligible non-enrolled comparison. The administrative log lacked the biopsy, elective-status and exclusion-
criterion fields needed to reconstruct eligibility, and the benchmark extract lacked pT, pN, tumour size,
age, sex and operative approach. Eligible non-enrolled patients were not recorded prospectively.
Selection and spectrum bias therefore remain unresolved, and prevalence-dependent PPV and NPV
cannot be transported. MMR was postoperative and co-distributed with sidedness, size and grade, with
further imbalances in pT, lymphovascular invasion, operative approach and node yield. Median tumour
size was 70 mm in dMMR and 35 mm in pMMR tumours, so tumour burden is a sufficient alternative
explanation for both the CT-LAP gradient and the pN difference. Nodal yield had a median of 20.5 in the
dMMR stratum and 17.5 in the pMMR stratum, with overlapping interquartile ranges and no test of
interaction. This distribution could raise pN-positive ascertainment and therefore makes the stratum
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difference in pN partly dependent on the pathology pathway itself. One-variable post hoc restrictions are
not independent replications and do not control these joint distributions.

Measurement limitations further constrain each modality. CT used a single reader without a reliability
estimate, which should be read against published interrater agreement of k 0.63 for CT nodal staging in
dMMR colon cancer (0.60 to 0.64 across stage categories) [15], and CT-MTS gated incompletely
specified morphology behind size. The acquisition, interval and reader-access parameters listed in the
Methods, together with PET/CT type, were not documented in the study materials. A longer CT-to-
resection interval would generally favour understaging and is unlikely by itself to explain the dMMR CT-
LAP pattern, but its effect cannot be measured here. Intraoperative lymphadenopathy combined CT-
aware operative judgement with approach-dependent sensory information and specimen examination,
and final composite pN was established without formal blinding. The study did not measure recurrence,
survival or clinical benefit, and the analysis extract did not identify a complete assessable denominator,
so treatment impact was not analysed. Given the absence of registration and of a timestamped protocol
or analysis plan noted in the Methods, no causal, confirmatory or practice-changing inference is
warranted.

Fluorescence mapping may have an anatomical role this study was not designed to establish. It altered
the perceived operative field or dissection plan in nine patients without changing the planned extent of
resection, and mapped compartments were not separately labelled for pathological validation. Other
studies report concordance between fluorescent drainage and metastatic-node location, though
prespecified performance targets have not been met consistently [49, 50]. Future work should keep three
questions apart: whether fluorescence identifies a valid sentinel node, improves pathological sampling
or guides resection. Validation requires consecutive recruitment with a screening log, preoperative MMR
testing (feasible from biopsy specimens given quality safeguards [5, 6]) and enough left-sided dMMR
tumours to separate MMR-associated patterns from sidedness. Protocols should prespecify the
estimand, performance and precision targets and the handling of non-detection and multiplicity. Imaging
should use multiple blinded readers and colon-specific descriptors based on configuration and
distribution [30]. Sentinel studies should use symmetric work-up of sentinel and non-sentinel nodes with
recurrence follow-up, against the pericolic and central spread benchmarks of the T-REX study [51].

Conclusions

In this selected, availability-based, non-consecutive cohort, all 14 dMMR patients had at least one
regional node measuring = 5 mm on blinded retrospective CT reread. Within the dMMR stratum, that
marker did not separate pN-positive from pN-negative disease. The study-defined CT-MTS composite
was more specific and only 46.2% sensitive. Neither CT variable was validated as a stand-alone staging
rule.

ICG-SLNB detected sentinel nodes in 38/40 procedures, yet among 12 pN-positive patients with
successful SLN detection sensitivity was 6/12, with one further pN-positive dMMR procedure ending in
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non-detection. These estimates arose under an asymmetric pathology pathway in which ICG-selected
nodes were assessed more intensively and contributed to the reference standard. Two-level ultrastaging
produced no upstaging, though a non-zero yield cannot be excluded.

MMR status was postoperative and co-distributed with sidedness, tumour size and grade. This cohort
cannot establish an independent MMR effect, comparative superiority or transportable accuracy.
Consecutive, prespecified, preoperatively MMR-stratified validation with symmetric pathology and
clinically relevant follow-up is required.
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Figure 1

Combined STROBE cohort and STARD participant flow.
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Figure 2

Intraoperative indocyanine green fluorescence-guided sentinel lymph node mapping in robotic and
open colectomy.

(a-c) Robotic approach. (a) Subserosal peritumoural ICG injection. (b) Fluorescence-guided
identification and clip marking of a sentinel lymph node (SLN). (c) Fluorescent SLN within the
mesocolon.

(d-f) Open approach. (d) Suture marking of fluorescent SLNs. (e) Centrally located SLNs (yellow rings
mark the fluorescent sentinel nodes). The blue arrow indicates the course of the superior mesenteric
vein. (f) Fluorescent SLNs and lymphatic channels in a mesocolic location. ICG, indocyanine green; SLN,
sentinel lymph node.
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