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Abstract

Tumor budding, a biomarker traditionally evaluated using hematoxylin and eosin (H&E) staining, has gained recognition
as a prognostic biomarker for stage II colon cancer. Nevertheless, while H&E staining offers valuable insights, its limita-
tions prompt the utilization of pan-cytokeratin immunohistochemistry (IHC). Consequently, this study seeks to evaluate the
prognostic significance of tumor budding using IHC in a contemporary cohort of stage II colon cancer patients, aiming to
deepen our understanding of this critical facet in cancer prognosis. We conducted a retrospective, population-based cohort
study including 493 patients with stage II colon cancer and evaluated tumor budding using IHC, following the H&E-based
guidelines proposed by the International Tumor Budding Consensus Conference Group. Correlation between H&E-based
and IHC-based tumor budding was assessed using a four-tiered scoring system that included a zero budding (Bd0) category.
Survival analyses explored the prognostic significance of tumor budding assessed by IHC and H&E. As expected, IHC-based
tumor budding evaluation yielded significantly higher bud counts compared to H&E (p <0.01). Interestingly, 21 patients
were identified with no tumor budding using IHC. This was associated with significantly improved recurrence-free survival
(HR=5.19, p=0.02) and overall survival (HR=4.47, p=0.04) in a multivariate analysis when compared to tumors with
budding. The Bd0 category demonstrated a 100% predictive value for the absence of recurrence. In conclusion, IHC-based
tumor budding evaluation in stage II colon cancer provides additional prognostic information. The absence of tumor budding
is associated with a favorable prognosis and may serve as a potential marker for identifying patients with no risk of recurrence.
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Introduction

Tumor budding has proven to be a prognostic biomarker in
various cancers. High-grade tumor budding indicates disease
progression and unfavorable survival outcomes [1] and is a
consistent predictor of unfavorable prognosis and recurrence
in stage II colon cancer [2—4]. The International Tumor Bud-
ding Consensus Conference (ITBCC) established a consen-
sus on standardized definitions, scoring methods, and cut-off
values for tumor budding in 2016 [5]. Since then, tumor
budding has been incorporated as a histological prognostic
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factor in the 8th edition of the UICC TNM Classification
[6], and the ITBCC recommendations have been validated
in large cohorts of colorectal cancer [7, 8].

Although tumor budding is widely recognized among
gastrointestinal pathologists, its significance as a prognostic
marker is not universally accepted. The reluctance to report
tumor budding scores stems from various factors, such as
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the extra time and effort needed for calculating the ITBCC
score [9] and limited clinical demand, as high-grade tumor
budding in isolation is not a biomarker warranting immedi-
ate recommendation of adjuvant chemotherapy. A tendency
toward a beneficial effect of adjuvant chemotherapy has
been demonstrated in intermediate and high-grade budding
tumors; however, the results did not reach statistical signifi-
cance [10]. Consequently, the lack of a convincing advan-
tage of chemotherapy on survival in patients with a high
grade of tumor budding remains a significant challenge in
clinical practice. According to the American Society of Clin-
ical Oncology (ASCO), high-grade tumor budding should
be considered along with other high-risk factors in a shared
decision-making process [11].

The implementation of tumor budding is also faced with
interobserver variation, which directly influences the prog-
nostic value of tumor budding [12], and various studies have
highlighted the presence of variability among pathologists in
determining the tumor budding score[12—-14]. Pan-cytoker-
atin immunohistochemistry (IHC) has been proposed as a
potential approach to mitigate interobserver variation [13,
15, 16] and enhance the precision of tumor budding assess-
ment [17], thereby improving its clinical applicability.

The identification of tumor buds using routine hema-
toxylin and eosin (H&E) staining can be challenging due to
inflammation and the presence of reactive inflammatory and
stromal cells being misinterpreted as buds. The ITBCC rec-
ommends the use of a supporting cytokeratin in challenging
cases to confirm that the counted cells are truly budding [5].
However, the final bud count should be performed on H&E
[5], which is also in line with daily diagnostic practice from
the participants in the Delphi consensus study [18]. Even so,
additional cytokeratin staining has not demonstrated superi-
ority over H&E alone [19], and therefore, more evidence is
needed before considering IHC assessment of tumor budding
in routine practice. The scoring criteria and cut-off values
for high and low tumor budding would need to be defined
independently from those based on H&E staining [16, 20,
21]. The use of pan-cytokeratin staining for the identifica-
tion of budding cells was initially introduced by Prall et al.
[20], evaluating tumor budding by examining a field of vision
measuring 0.785 mm?, also suggested by the ITBCC guide-
lines. This densest high power field (HPF) approach has been
confirmed to be effective in IHC-based tumor budding evalu-
ation and comparable to the 10 HPF scoring method [22],
which involves assessing the average number of buds and is
commonly used for IHC-based prognostic analysis [23, 24].

Zlobec et al. proposed a “zero-budding” category for
colon cancer that appears to be less aggressive than tumors
with any degree of budding [25]. Some studies demonstrate
that patients with zero budding have superior survival out-
comes compared to those with even minimal budding [26,
27]. However, the zero-budding category has not previously
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been investigated or assessed using immunohistochemistry
in stage II colon cancer patients.

This study aimed to evaluate tumor budding in a contem-
porary stage II colon cancer cohort from a screened popu-
lation using THC. We followed guidelines established by
ITBCC and correlated H&E and THC-based tumor budding
using a four-tiered scoring system that included a BdO cate-
gory. We investigated the potential of a cut-off to differentiate
between high and low-grade tumor budding. The prognostic
significance of tumor budding was examined by compar-
ing time to recurrence and/or death between tumor budding
groups while controlling for clinicopathological factors.

Materials and methods
Ethical statement

The reporting of this study follows the guidelines outlined
in the Reporting Recommendations for Tumor MARKer
prognostic studies (REMARK). The study adhered to the
Declaration of Helsinki and received approval from The
Regional Committees on Health Research Ethics for South-
ern Denmark (S-20190164), with dispensation from obtain-
ing informed consent from the study patients. No patients
were excluded based on registration in the Danish Registry
of Tissue Utilization.

Patients and tissue

This population-based study included 493 patients who
underwent curative surgical resection of UICC stage II
colon cancer between 2014 and 2016 in the Region of South-
ern Denmark. The patients were sourced from a screened
population across four hospitals identified using the Danish
Colorectal Cancer Group database and the Danish Pathology
System. None of the patients included received neoadjuvant
chemotherapy, and they had no history of colon cancer or
any malignant disease (except non-melanoma skin cancer)
within the 10 years leading up to the diagnosis of colon
cancer. Patients who received postoperative adjuvant chemo-
therapy were included in the study, comprising 69 individu-
als, corresponding to 14% of the cohort. Further information
on patient selection is described in detail elsewhere [28].

A retrospective histopathological characterization of
the tumors was performed, coupled with a comprehensive
review of medical records encompassing surgical details,
follow-up information, and survival data. Details of the base-
line clinicopathological characteristics have previously been
presented [28].

All archived formalin-fixed, paraffin-embedded tissue
blocks and slides originally utilized for routine diagnostic
purposes were obtained from the four pathology departments
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in the Region of Southern Denmark. The number of tumor-
containing tissue blocks per patient varied from 2 to 48, with
a mean of 7. Histologic sections of 4-um thickness were cut
from the tumor block with the highest degree of H&E-based
tumor budding, and consecutive sections were stained with
H&E and pan-cytokeratin, respectively.

Immunohistochemistry

Immunohistochemical staining was performed automatically
on a DAKO Autostainer Link 48 platform (DAKO, Glostrup,
Denmark) as described elsewhere [23]. In short, the pri-
mary antibody used was mouse monoclonal anti-cytokeratin
(clone AE1AE3, code M3515, DAKO, Glostrup, Denmark)
diluted at 1:250. Following deparaffination and rehydra-
tion, antigen retrieval was performed using Envision Target
Retrieval Solution (DAKO, Glostrup, Denmark) at pH 9 and
97 °C for 20 min. Slides were treated with EnVision FLEX
Peroxidase-Blocking Reagent (DAKO) for 5 min to inhibit
endogenous peroxidase, followed by a 30-min incubation
with primary antibody at room temperature. Amplification
was achieved using Envision Flex +Mouse (Linker) (DAKO,
Glostrup, Denmark) for 20 min. Detection of bound anti-
bodies was carried out using Envision FLEX/HRP (DAKO,
Glostrup, Denmark) and visualized with Envision FLEX
DAB (DAKO, Glostrup, Denmark) and Chromogen. Hema-
toxylin served as the counterstain.

Evaluation of tumor budding

Tumor budding is defined as single tumor cells or clusters of
up to four cells budding of the primary tumor [5]. The evalua-
tion of tumor budding was done following the ITBCC guide-
lines, and all diagnostic H&E slides were reviewed at low
power to identify the tumor block with the highest degree of
budding at the invasive front [5]. Based on two consecutive
sections from this tissue block, tumor budding was assessed
using both H&E and THC, following the same method: Ten
individual fields were scanned at medium power, and tumor
buds were counted in the hotspot area normalized to the
field size of 0.785 mm? using a Leica HC microscope. The
tumors were categorized based on the proposed categories
by ITBCC, including a separate category for BdO tumors.
Consequently, a four-tiered scoring system, as suggested by
Zlobec et al. [25], was implemented, classifying them into
BdO (zero) 0 buds, Bd1 (low) 1-4 buds, Bd2 (intermediate)
5-9 buds, and Bd3 (high) > 10 buds. We enumerated up to
100 buds and assigned a count of 100 to tumors exceeding
this number. The pan-cytokeratin-stained tumor budding
cells were required to show cytoplasmatic positivity and a
clearly defined hematoxylin-stained nucleus to distinguish
the cells from apoptotic bodies and cellular debris.

Caution was exercised when assessing tumor budding in
regions exhibiting significant inflammation in order to dif-
ferentiate true buds from mechanically fragmented glands
and not erroneously count these so-called pseudo buds as
genuine tumor buds.

Intra- and interobserver agreement

The assessment of tumor budding was conducted by one
observer, MPK, while SKF contributed to the interobserver
evaluation. The observers scored the tumors independently
of each other and were blinded to former bud count, as well
as clinical and histopathological information. The intra- and
interobserver reproducibility was assessed on 50 randomly
selected tumor slides from both T3 and T4 tumors.

Statistics

Summary statistics included mean and standard deviation
(normal-distributed variables) or median and interquartile
range (non-normal-distributed variables). Categorical vari-
ables are presented as numbers and percentages. Analyses
of associations between tumor budding categories and clin-
icopathological characteristics used the chi-squared test or
Fisher’s exact test, where appropriate. The Wilcoxon rank-
sum test or Wilcoxon signed-rank test was employed for
independent or matched continuous variables, respectively.

Weighted kappa statistics were used to determine the
intra- and interobserver agreement between the tumor bud-
ding categories. A comparison of the tumor budding cat-
egorization assessed by H&E or IHC was performed using
descriptive statistics and visualized using a scatter plot and
a Bland—Altman plot.

For the prognostic evaluation, a receiver operating char-
acteristic (ROC) curve analysis with either recurrence or
death as an endpoint was performed to determine a clinically
relevant cut-off score for IHC-evaluated tumor budding.

Time to recurrence (TTR) was defined as the time from
surgery to the date of local or distant recurrence of colon
cancer or the date of death from colon cancer. Recurrence-
free survival (RFS) was defined as the time from surgery
to the date of local or distant recurrence or death from any
cause, whichever occurred first. Overall survival (OS) was
defined as the time from surgery to death from any cause
or end of follow-up. If no events occurred, all records were
censored either at the point of loss to follow-up (n=2) or
at the end of the study period (May 15th, 2023). Events of
metachronous cancer in the follow-up period were not con-
sidered a censoring event in the analyses [29].

Kaplan—Meier curves and log-rank tests were used to
test for differences in survival times by the tumor budding
groups. Uni- and multivariable Cox regression models were
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used to estimate hazard ratios (HR) and 95% confidence
intervals (ClIs). BdO was used as the reference group.

The multivariable analysis was adjusted for potential con-
founders identified by a previously published causal-directed
acyclic graph (DAG) [28] and included the T category, mis-
match repair (MMR) status, and histologic type. Multivari-
able analyses were conducted on complete cases (n=492)
due to minimal missing data (MMR status not assessed in
one tumor).

Scaled Schoenfeld residuals checked the proportional
hazard assumption for each regression analysis and did not
violate it.

All analyses were carried out using Stata software
(version 18.0 BE). All data were recorded in a Research
Electronic Data Capture (REDCap®) database with an
automatically generated entry check via the Open Patient
Data Explorative Network (OPEN) organization. P-values
of <0.05 were considered to be statistically significant.

Results
Patient characteristics and clinicopathological data

The study included 497 patients with complete clinicopatho-
logical data and available diagnostic slides. Four cases failed
to complete the IHC evaluation due to technical reasons. The
analyses were conducted on 493 cases with complete tumor
budding evaluation by both H&E and THC.

Out of the 493 patients, 43 (9%) experienced a recur-
rence, and 175 patients died, of whom 27 died from colon
cancer. The median follow-up time was 6.7 years (range
0.4-9.3 years).

Tumor budding assessment by H&E and IHC

The distribution of tumor budding in categories evaluated
by H&E was as follows: 115 (23%) BdO, 217 (44%) Bdl,
108 (22%) Bd2, and 53 (11%) Bd3, whereas assessment by
IHC resulted in 21 (4%) BdO, 104 (21%) Bd1, 111 (23%)
Bd2, and 257 (52%) Bd3. Evaluation by IHC classified more
tumors as Bd3 than by H&E (Fig. 1a). All tumors examined
exhibited positive pan-cytokeratin immunohistochemistry.
The tumor cells were prominently highlighted and readily
discernible, thereby facilitating their assessment (Fig. 1b).
The H&E-based evaluation resulted in a median of 4 buds
(range 0-59) and involved a review of an average of 7.2
slides. As expected, the tumor bud count assessed by IHC
was significantly higher (p <0.01) and showed a median of
17 (range 0-100) (Fig. 1c). The IHC tumor bud count was,
on average, 16 buds higher and the disparity between the
staining methods escalated with increasing bud count, as
illustrated in the Bland—Altman plot in Fig. 1d.
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Intra- and interobserver variability in the four-tiered
grading system

Regarding tumor budding estimation, both intraobserver
agreement using H&E staining (Kappa 0.76) and THC-
based evaluation (Kappa 0.76) demonstrated substantial
agreement. Moreover, interobserver agreement showed
improvement from H&E-based evaluation (Kappa 0.64) to
IHC-based evaluation (Kappa 0.68), remaining substantial.

Tumor budding cut-off determination

The ROC-derived thresholds were investigated and revealed
no clear cut-off for recurrence discrimination in the distri-
bution of tumor budding counts within this cohort (Supple-
mentary Fig. 1). The area under the curve (AUC) was 0.52,
indicating the method did not have significant discrimination
capacity to differentiate between recurrence and non-recur-
rence, as it was not significantly higher than the value of 0.5
where the prediction ability would equal a random guess.

Given the outcomes yielded from the ROC curve analy-
sis, we have endeavored to identify an optimal threshold for
evaluating tumor budding through the application of IHC.
This pursuit aims to establish a suitable cut-off point for
accurate classification and prognostic assessment based on
IHC-based tumor budding measurements. This determina-
tion involved considering multiple factors, such as the tra-
ditional Youden index and Liu’s index, along with selecting
a threshold based on existing literature. Using the Youden
index, the resulting cut-off value was 38, yielding a sensi-
tivity of 16% and a specificity of 96%. Considered together
with Liu’s index as well as the previously published cut-off
value of 25 buds/0.785mm? by Prall et al. [20], none had
been identified as the optimal differentiating threshold (Sup-
plementary Table 1).

The ROC-derived thresholds were also examined for their
association with mortality as an endpoint, with the AUC
yielding a similar result (0.52).

Characteristics of the BdO tumors

Among the 493 patients included in the study, 21 patients
were identified as having a complete absence of tumor bud-
ding and categorized as BdO based on IHC. On the cor-
responding H&E slide, the BdO comprised 115 tumors.
Twenty tumors classified as BdO on IHC were included in
the H&E-based BdO group (Fig. 1a).

The IHC-based BdO tumors differed significantly from
tumors exhibiting budding concerning MMR status, his-
tologic subtype, and postoperative adjuvant chemotherapy
(p=0.04, p=0.01, and p=0.05, respectively) (Table 1).
Twenty tumors (95%) showed microsatellite stability (MSS).
It appeared that IHC-based BdO tumors were frequently
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Fig. 1 Comparison of H&E
and IHC-based methods for
evaluating tumor budding on
consecutive tumor slides. (a)
Consistency table showing the
correlation between a four-tired
tumor budding categoriza-

tion system assessed by H&E
and pan-cytokeratin IHC. (b)
Comparative images of tumor
budding at the invasive front in
a stage II colon cancer. Sections
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were stained with standard
H&E on the left (tumor buds are
marked with arrows), and the
same region is depicted on the
corresponding slide stained with
IHC on the right. IHC enables
the identification of budding
cells that were not visible

with H&E staining. (c) Scatter
plot showing the correlation
between the tumor budding
counts assessed using H&E
versus [HC. (d) Bland—Altman
plot displaying the difference
(y-axis) and average (x-axis) of
tumor budding counts based on
H&E and THC stained tumor
slides. The solid horizontal
line is the mean (16), and the
dashed line represents the 95%
limits of agreement (upper
line=mean+ 1.96 X SD, lower
line=mean — 1.96 X SD)
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located in the left side of the colon (67%) and had a muci-
nous phenotype (38%), although not consistently. There
was a higher prevalence of T4 tumors in the IHC-based
BdO group compared to tumors with budding; however, this
difference was not statistically significant. No lymphatic
invasion was observed among the IHC-based Bd0 tumors.
Despite a high degree (29%) of venous invasion among
IHC-based BdO tumors, no recurrences were observed in
the group. However, it is worth noting that six of the patients
(29%) received postoperative adjuvant chemotherapy. This
percentage is partly due to the high proportion of T4 tumors,
as four out of five patients with T4 were treated.

In comparison, the H&E-based BdO tumors demonstrated
variances from tumors exhibiting budding solely in relation
to the examination of lymph nodes, histological subtype, and
perineural invasion.

Our analysis revealed that a higher number of lymph
nodes were examined in the H&E-based BdO tumors, which
presents an unexpected finding. The H&E-based BdO tumors
were more frequently characterized by mucinous phe-
notype and demonstrated a lower incidence of perineural
invasion. This aligns with previously documented corre-
lations between tumor budding, histological subtype, and
perineural invasion [28]. Apart from these discrepancies, the
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Table 1 Patient characteristics and correlation of tumor budding status with clinicopathological data in UICC stage II colon cancer
(n=493). Tumor budding is evaluated by H&E and IHC. Data are n (%) unless otherwise stated

Tumor budding
IHC H&E
BdO Bd Total p-value BdO Bd Total p-value
n=21 n=472 n=493 n=115 n=378 n=493
Age at surgery
Mean (SD) 70 (9) 73 (10) 73 (10) 0.18 73 (10) 73 (10) 73 (10) 0.90
Examined lymph nodes
Median [IQR] 28 [20 52] 26 (19 37] 26 [19 37] 0.39 3019 43] 2519 37] 26 (19 37] 0.04*
Sex
Male 10 (48) 220 (47) 230 (47) 0.93 57 (50) 173 (46) 230 (47) 0.48
Female 11(52) 252 (53) 263 (53) 58 (50) 205 (54) 263 (53)
Screening
Yes 6(29) 93 (20) 99 (20) 0.32 23 (20) 76 (20) 99 (20) 0.98
No 15 (71) 379 (80) 394 (80) 92 (80) 302 (80) 394 (80)
Surgical approach
Acute 2(10) 46 (10) 48 (10) 1.00 9(8) 39 (10) 48 (10) 0.43
Elective 19 (90) 426 (90) 445 (90) 106 (92) 339 (90) 445 (90)
Anastomotic leakage
Yes 1(5) 15 (3) 16 (3) 0.51 4(3) 12(3) 16 (3) 0.77
No 20 (95) 457 (97) 477 (97) 111 (97) 366 (97) 477 (97)
Tumor localization
Right 7(33) 242 (51) 249 (51) 0.11 52 (45) 197 (52) 249 (51) 0.20
Left 14 (67) 230 (49) 244 (49) 63 (55) 181 (48) 244 (49)
Histological type
Glandular 13 (62) 371 (79) 384 (78) 0.01* 75 (65) 309 (82) 384 (78) <0.01*
Mucinous 8(38) 62 (13) 70 (14) 29 (25) 41(11) 70 (14)
Low differentiated 0(0) 39 (8) 39(8) 11 (10) 28 (7) 39 (8)
Tumor differentiation
Well, moderate 21 (100) 433 (92) 454 (92) 0.40 104 (90) 350 (93) 454 (92) 0.45
Poor 0(0) 39 (8) 39(8) 11 (10) 28 (7) 39 (8)
T category
pT3 16 (76) 419 (89) 435 (88) 0.08 99 (86) 336 (89) 435 (88) 0.41
pT4 5(24) 53(11) 58 (12) 16 (14) 42 (11) 58(12)
Venous invasion
Yes 6(29) 109 (23) 115 (23) 0.56 24 (21) 91 (24) 115 (23) 0.48
No 15 (71) 363 (77) 378 (77) 91 (79) 287 (76) 378 (77)
Lymphatic invasion
Yes 0(0) 25 (5) 25(5) 0.62 6(5) 19 (5) 25 (5) 0.94
No 21 (100) 447 (95) 468 (95) 109 (95) 359 (95) 468 (95)
Perineural invasion
Yes 1(5) 57 (12) 58 (12) 0.49 3(3) 55 (15) 58 (12) <0.01*
No 20 (95) 415 (88) 435 (88) 112 (97) 323 (85) 435 (88)
MMR*
pMMR 20 (95) 350 (74) 370 (75) 0.04* 84 (74) 286 (76) 370 (75) 0.67
dMMR 1(5) 121 (26) 122 (25) 30 (26) 92 (24) 122 (25)
Postoperative adjuvant chemotherapy
Yes 6(29) 63 (13) 69 (14) 0.05%* 16 (14) 53 (14) 69 (14) 0.98
No 15 (71) 409 (87) 424 (86) 99 (86) 325 (86) 424 (86)
Postoperative recurrence
Yes 0(0) 43(9) 43 (9) 0.24 9(8) 34 (9) 43 (9) 0.70
No 21 (100) 429 (91) 450(91) 106 (92) 344 (91) 450 (91)

MMR, mismatch repair; pMMR, mismatch repair proficient; dMMR, mismatch repair deficient; Bd0, tumors without budding; Bd, tumors exhib-
iting budding

“Numbers may vary due to missing data for one patient

“Statistical significance (p <0.05)
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H&E-based BdO tumors closely resemble budding tumors,
suggesting a less prominent distinction compared to the
IHC-based approach. The other characteristics observed in
the IHC-based BdO tumors were not observed in the H&E-
based BdO tumors.

The application of IHC revealed tumor buds that may not
have been visible. Therefore, the IHC-based Bd0O group can
be considered as true BdO tumors.

IHC-based Bd0 adds prognostic value

Survival analyses were performed on the cohort, group-
ing the patients based on whether there was tumor budding
or not. The 5-year rate of RFS was 90% in the IHC-based
BdO group compared to 78% in the tumors with budding,
while the corresponding 5-year rate of OS was 90% and
82%, respectively (Fig. 2). No recurrences occurred in
the THC-based BdO group in contrast to 43 (9%) in the
tumor budding group. The two groups exhibited statisti-
cally significant differences in survival functions for RFS
(»p=0.01) and OS (p=0.02), while the difference did not
reach statistical significance for TTR (p =0.15). The results
from the uni- and multivariable Cox regression analyses
are presented in Table 2. The presence of tumor budding
was significantly associated with reduced RFS (HR =4.95,
95% CI 1.23-19.96, p=0.02) and OS (HR=4.51, 95%
CI 1.12-18.18, p=0.03) compared to no tumor budding.
The presence of tumor budding maintained a significant
and adverse effect on survival outcomes RFS (HR=5.19,
95% CI 1.27-21.16, p=0.02) and OS (HR=4.47, 95% CI
1.10-18.27, p=0.04) when correcting for MMR status, T
category, and histologic type.

A subgroup analysis of the H&E-based categorization
did not show any significant differences between patients
with budding tumors and those without in terms of survival
endpoints (Fig. 2). No differences were observed in the uni
or multivariable Cox regression analysis, with almost identi-
cal hazard rates being achieved (Table 2).

Discussion

In this retrospective, population-based cohort study, we
highlighted tumor budding in a contemporary stage II colon
cancer cohort using IHC. The identification of tumor buds
increased dramatically using IHC, with tumors categorized
as Bd3 showing a five-fold increase. The average bud count
was 16 cells higher with IHC, and the differences between
the two approaches escalated as the bud count increased.
In 21 tumors, a complete absence of tumor budding based
on ITHC was observed. Remarkably, during the follow-up
period, none of these patients experienced recurrences and
demonstrated a significantly increased RFS as well as OS.

Finding a clinically applicable cut-off point for tumor
budding in this study proved to be a significant challenge.
Other studies have used different cut-off values to categorize
IHC-based tumor budding. Prall et al. [20] found a cut-off
of 25 tumor buds and reported a strong association between
high-grade tumor budding and poor prognosis in stage 1/
II colorectal cancer examining a field of view measuring
0.785 mm?, as suggested by the ITBCC guidelines while
incorporating up to five cells within their definition of tumor
budding. Karamitopoulou et al. [24] determined a cut-off
of 10 tumor buds for prognostic subgroups across 10 HPFs
in colorectal cancer. Quantitative scoring methods with no
cut-offs have also been used, with Horcic et al. [21] show-
ing an exponential effect on the risk of death with increas-
ing numbers of tumor buds in stage II colon cancer. Rieger
et al. [22] found significant associations between continuous
peritumoral tumor budding scores both in a hotspot and in
10 HPF and disease-free survival in all stages of colorec-
tal cancer, but the association was lost when evaluated by
pre-defined cut-off scores. The different approaches and cut-
off values proposed in similar studies reflect that finding a
cut-off point for IHC-based tumor budding is not a straight-
forward task. Our results contribute to this discussion. In
such circumstances, translating a prognostic biomarker into
clinical practice becomes challenging, as clear guidelines
for a biomarker must be in place before it can be clinically
applied.

Our recent study demonstrated the prognostic significance
of high-grade tumor budding, as assessed by H&E staining,
in the same patient cohort. We used the ITBCC guidelines
and their recommended three-tiered classification system.
With the use of H&E staining, we were able to distinguish
different prognostic outcomes based on the established cut-
off points. However, it seemed that the determination of
tumor budding using IHC did not show the same pattern.
There is no established criteria for cut-off values, and the
literature explores different approaches and thresholds. In
this study, we attempted to determine a cut-off value, but we
were unable to find one that seemed clinically relevant. Con-
sequently, this discrepancy led to the exclusion of a compa-
rable classification between H&E and IHC staining, and it
required a broader analysis of IHC tumor budding, where
the distinction between budding and non-budding was made.
This revealed intriguing prognostic significance associated
with IHC-based BdO.

Our findings indicate that the BdO subgroup is associ-
ated with a complete absence of recurrences, suggesting
that BdO carries a 100% predictive value for the absence
of recurrences. The unique feature of the BdO group is its
composition of patients who do not align with the low-risk
category based on established risk factors. When examining
Table 1, a distinct morphological profile of the IHC-based
BdO tumors is not readily apparent, although these tumors
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Fig.2 Kaplan-Meyer sur-
vival curves illustrating the
association between tumors
with (Bd) and without (Bd0)
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were more likely to be of a mucinous type and show pMMR
status. In future studies, it would be prudent to investigate
the presence of inflammation in these tumors, particularly
along with their molecular characteristics.

The level of agreement in categorizing tumor bud-
ding among different observers varies across studies [15,
21, 24]. Kai et al. [15] showed that more experienced
pathologists tend to assign higher tumor budding grades. In

@ Springer

our results, the less experienced observer had a higher bud
count, regardless of the staining approach (data not shown).
Despite this, the interobserver agreement was deemed
acceptable regardless of the staining method. The imple-
mentation of IHC demonstrated a slight improvement in the
interobserver agreement, although a significant advantage
for IHC over H&E was not observed, which aligns with find-
ings from other studies [30, 31]. Therefore, it is essential to
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Table 2 Cox regression analysis for recurrence-free survival and overall survival (n=493). Multivariable analysis adjusted for mismatch repair
status, T category, and histologic type (n=492)

IHC Univariable analysis
Tumor budding Recurrence-free survival Overall survival

n (%) HR (95% CI) p-value HR (95% CI) p-value
No (Bd0) 21 (4) Ref Ref
Yes (Bd) 472 (96)  4.95 (1.23-19.96) 0.02* 4.51 (1.12-18.18) 0.03%*

Multivariable analysis

Tumor budding Recurrence-free survival Overall survival

n (%) HR (95% CI) p-value HR (95% CI) p-value
No (Bd0) 21 (4) Ref Ref
Yes (Bd) 471 (96) 5.19(1.27-21.16) 0.02* 4.47 (1.10-18.27) 0.04*
H&E Univariable analysis
Tumor budding Time to recurrence Recurrence-free survival Overall survival

n (%) HR (95% CI) p-value HR (95% CI) p-value HR (95% CI) p-value
No (Bd0) 115(23) Ref Ref Ref
Yes (Bd) 378 (77)  1.15(0.55-2.40) 0.70 1.01 (0.72-1.42) 0.96 1.09 (0.76-1.56)  0.63

Multivariable analysis

Tumor budding Time to recurrence Recurrence-free survival Overall survival

n (%) HR (95% CI) p-value  HR (95% CI) p-value HR (95% CI) p-value
No (Bd0) 115(23) Ref ref ref
Yes (Bd) 378 (77)  1.27 (0.59-2.74) 0.53 1.00 (0.71-1.41) 1.00 1.08 (0.75-1.55) 0.69

“Statistical significance

recognize that there may still be variability among observ-
ers in the assessment of IHC, and this variability remains
significant [31].

The size of the field of view is an important consideration
when evaluating tumor budding. The ITBCC recommenda-
tions include the possibility of normalizing the field of view
to a standard area of 0.785 mm?. However, this normaliza-
tion may result in an underestimation of the bud count if the
budding cells are not evenly distributed across the field of
view [32]. This effect is expected to be more pronounced
when using IHC, which typically yields higher bud counts.
Furthermore, this presents challenges when comparing find-
ings with other studies, as previous studies using the 1HPF
method often employ smaller fields of view, such as 0.238
mm? [22] and 0.49 mm? [21]. Therefore, caution must be
exercised when extrapolating bud counts from other studies.

Our results demonstrate that the use of IHC in compari-
son to H&E-stained sections detects three to four times more
buds. These findings must be interpreted with caution, not just
assuming that the IHC-based approach simply just facilitates the
visualization of budding cells. Utilizing immunohistochemistry
(IHC) for assessing tumor budding presents challenges in inter-
preting morphology and avoiding potential pitfalls, including
pseudobudding. Distinguishing true buds from mechanically
fragmented glands is difficult. True tumor buds infiltrate the per-
itumoral stroma, while pseudobuds are surrounded by inflam-
matory cells and typically found near fragmented glands caused

by reactive processes like inflammation and glandular disruption
[18, 33]. The presence of pseudobudding can lead to mislead-
ing results when using IHC staining, as individual cytokeratin-
positive cells may be mistakenly counted as true tumor buds,
artificially inflating the bud count. Caution is advised when
evaluating tumor budding in areas with significant inflammation.
The use of H&E staining is essential in such cases and cannot be
substituted by IHC. H&E and IHC must complement each other,
and perhaps we should not place excessive emphasis on the
transferability of the H&E method to IHC but rather explore the
alternative possibilities inherent in IHC. In the current era where
artificial intelligence has gained significant attention, there have
been numerous efforts to develop semi-automated methods for
assessing morphological characteristics, such as tumor bud-
ding [34, 35]. In this regard, utilizing IHC may serve as a viable
substitute for H&E staining in constructing these applications.
However, relying solely on IHC for these assessments may pose
some challenges as moderate agreement between observers has
been reported, with complete agreement observed for only 34%
of 3000 tumor bud candidates in a recent study [31]. Therefore,
it is important to emphasize the synergy between IHC and H&E,
as it offers a more comprehensive perspective.

In conclusion, prognostic markers need to exhibit appro-
priate levels of sensitivity and specificity to ensure clinical
relevance. In this retrospective study, using a contemporary
stage II colon cancer cohort, we were not able to find such a
meaningful cut-off based on IHC-evaluated tumor budding.
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The successful adoption of the BdO category using IHC is
of prognostic significance and mandates the need for further
independent studies to gather an adequate amount of data.
Due to the limited number of tumors (n=21) not exhibit-
ing budding, our ability to draw significant conclusions is
constrained. Nevertheless, our research findings indicate that
BdO tumors display a lower level of aggressiveness in colon
cancer compared to tumors that exhibit any degree of bud-
ding, and this is significant in a clinical setting when making
the decision regarding adjuvant chemotherapy.

Supplementary Information The online version contains supplemen-
tary material available at https://doi.org/10.1007/s00428-024-03860-2.

Acknowledgements The authors express their gratitude to Birgit
Roed Sgrensen and Christina Braad Petersen for their valuable techni-
cal support. Additionally, the authors acknowledge the contributions
and cooperation of the four pathological departments in the Region of
Southern Denmark. The assistance and permission provided by DCCG
in extracting the necessary population for this study is greatly appreci-
ated. Furthermore, the authors extend their thanks to the Open Patient
data Explorative Network for their assistance with research and provi-
sion of database software.

Author contribution Maria P. Kristensen: conceptualization, method-
ology, validation, formal analysis, investigation, data curation, writing
— original draft, writing — review and editing, visualization, funding
acquisition, project administration. Ulrik Korsgaard: investigation,
review and editing. Signe Timm: methodology, formal analysis,
review and editing. Torben F. Hansen: conceptualization, methodol-
ogy, review and editing. Inti Zlobec: conceptualization, review and
editing. Sanne Kjeer-Frifeldt: conceptualization, methodology, vali-
dation, investigation, review and editing, supervision. Henrik Hager:
conceptualization, methodology, review and editing, supervision. The
statistical consultation was provided by Signe Timm. All authors have
read and approved the final manuscript.

Funding Open access funding provided by University of Southern
Denmark. The authors have no relevant financial or non-financial
interests to disclose.

Financial support was granted by The Research Council of Lille-
baelt Hospital [grant number 2020-19], The Region of Southern
Denmark [grant number 19/37130], A.P. Mgller and hustru Chastine
Mc-Kinney Mgller Foundation [grant number 20-L-0039], Einar Wil-
lumsens Memorial Trust, Consultant Jgrgen Werner Schous and wife
Else Marie Schous, born Wonges Foundation [grant number 85832],
Master Carpenter Jgrgen Holm and wife Elisa f. Hansens Memorial
Trust [grant number 20066], and Dagmar Marshall Foundation.

The funding organizations did not play any role in the study design,
data collection, analysis or interpretation of the data, decision to pub-
lish, or preparation of the manuscript.

Data availability The datasets generated and analyzed during the cur-
rent study are available from the corresponding author upon reasonable
request.

Declarations

Ethical approval The research undertaken in this study received ethical
approval from the Regional Committees on Health Research Ethics for
Southern Denmark (approval number S-20190164). Informed consent
from the study patients was dispensed. The study adhered to the prin-
ciples outlined in the Declaration of Helsinki.

@ Springer

Conflict of interest The authors declare no competing interests.

Open Access This article is licensed under a Creative Commons Attri-
bution 4.0 International License, which permits use, sharing, adapta-
tion, distribution and reproduction in any medium or format, as long
as you give appropriate credit to the original author(s) and the source,
provide a link to the Creative Commons licence, and indicate if changes
were made. The images or other third party material in this article are
included in the article’s Creative Commons licence, unless indicated
otherwise in a credit line to the material. If material is not included in
the article’s Creative Commons licence and your intended use is not
permitted by statutory regulation or exceeds the permitted use, you will
need to obtain permission directly from the copyright holder. To view a
copy of this licence, visit http://creativecommons.org/licenses/by/4.0/.

References

1. Lugli A, Zlobec I, Berger MD, Kirsch R, Nagtegaal ID (2021)
Tumour budding in solid cancers. Nat Rev Clin Oncol 18:101-
115. https://doi.org/10.1038/s41571-020-0422-y

2. BetgeJ, Kornprat P, Pollheimer MJ, Lindtner RA, Schlemmer A,
Rehak P et al (2012) Tumor budding is an independent predictor
of outcome in AJCC/UICC stage II colorectal cancer. Ann Surg
Oncol 19:3706-3712. https://doi.org/10.1245/s10434-012-2426-z

3. Saito K, Okuyama T, Miyazaki S, Oi H, Mitsui T, Noro T et al
(2022) Tumor budding as a predictive marker of relapse and sur-
vival in patients with stage II colon cancer. In Vivo (Brooklyn)
36:1820-8. https://doi.org/10.21873/invivo.12898

4. Petrelli F, Pezzica E, Cabiddu M, Coinu A, Borgonovo K, Ghilardi
M et al (2015) Tumour budding and survival in stage II colorectal
cancer: a systematic review and pooled analysis. J Gastrointest
Cancer 46:212-218. https://doi.org/10.1007/s12029-015-9716-1

5. Lugli A, Kirsch R, Ajioka Y, Bosman F, Cathomas G, Dawson
H et al (2017) Recommendations for reporting tumor budding in
colorectal cancer based on the International Tumor Budding Con-
sensus Conference (ITBCC) 2016. Mod Pathol 30:1299-1311.
https://doi.org/10.1038/modpathol.2017.46

6. WHO Classification of Tumours Editorial Board (2019) Diges-
tive system tumours. Lyon (France): International Agency for
Research on Cancer. (WHO classification of tumours series, Sth
edn, vol 1). https://publications.iarc.fr/579. Accessed 20 Mar 2024

7. Dawson H, Galuppini F, Tréiger P, Berger MD, Studer P, Briig-
ger L et al (2019) Validation of the international tumor budding
consensus conference 2016 recommendations on tumor budding
in stage I-IV colorectal cancer. Hum Pathol 85:145-151. https://
doi.org/10.1016/j.humpath.2018.10.023

8. Landau MA, Zhu B, Akwuole FN, Pai RK (2019) Histopathologi-
cal predictors of recurrence in stage III colon cancer: reappraisal
of tumor deposits and tumor budding using AJCCS criteria. Int
J Surg Pathol 27:147-158. https://doi.org/10.1177/1066896918
787275

9. Roy P, Zameer L, Dey D, Datta J, Bardia A, Mishra D (2021)
Pathologist’s perspectives on reporting of tumour budding in colo-
rectal cancer. Ecancermedicalscience 15:1-7. https://doi.org/10.
3332/ECANCER.2021.1337

10. Ueno H, Ishiguro M, Nakatani E, Ishikawa T, Uetake H, Matsuda
C et al (2019) Prospective multicenter study on the prognostic
and predictive impact of tumor budding in stage II colon cancer:
results from the SACURA trial. J Clin Oncol 37:1886-94. https://
doi.org/10.1200/JCO.18

11. Baxter NN, Kennedy EB, Bergsland E, Berlin J, George TJ, Gill
S et al (2022) Adjuvant therapy for stage II colon cancer: ASCO


https://doi.org/10.1007/s00428-024-03860-2
http://creativecommons.org/licenses/by/4.0/
https://doi.org/10.1038/s41571-020-0422-y
https://doi.org/10.1245/s10434-012-2426-z
https://doi.org/10.21873/invivo.12898
https://doi.org/10.1007/s12029-015-9716-1
https://doi.org/10.1038/modpathol.2017.46
https://publications.iarc.fr/579
https://doi.org/10.1016/j.humpath.2018.10.023
https://doi.org/10.1016/j.humpath.2018.10.023
https://doi.org/10.1177/1066896918787275
https://doi.org/10.1177/1066896918787275
https://doi.org/10.3332/ECANCER.2021.1337
https://doi.org/10.3332/ECANCER.2021.1337
https://doi.org/10.1200/JCO.18
https://doi.org/10.1200/JCO.18

Virchows Archiv

13.

14.

15.

16.

17

18.

19.

20.

21.

22.

23.

guideline update. J Clin Oncol 40:892-910. https://doi.org/10.
1200/JC0O.21.02538

Martin B, Schifer E, Jakubowicz E, Mayr P, Thringer R, Anthuber
M et al (2018) Interobserver variability in the H&E-based assess-
ment of tumor budding in pT3/4 colon cancer: does it affect the
prognostic relevance? Virchows Arch 473:189-197. https://doi.
org/10.1007/s00428-018-2341-1

Koelzer VH, Zlobec I, Berger MD, Cathomas G, Dawson H,
Dirschmid K et al (2015) Tumor budding in colorectal cancer
revisited: results of a multicenter interobserver study. Virchows
Arch 466:485-493. https://doi.org/10.1007/s00428-015-1740-9
Hacking S, Angert M, Jin C, Kline M, Gupta N, Cho M et al
(2019) Tumor budding in colorectal carcinoma: an institutional
interobserver reliability and prognostic study of colorectal adeno-
carcinoma cases. Ann Diagn Pathol 43:151420. https://doi.org/10.
1016/j.anndiagpath.2019.151420

Kai K, Aishima S, Aoki S, Takase Y, Uchihashi K, Masuda M
et al (2016) Cytokeratin immunohistochemistry improves interob-
server variability between unskilled pathologists in the evaluation
of tumor budding in T1 colorectal cancer. Pathol Int 66:75-82.
https://doi.org/10.1111/pin.12374

Martinez-Ciarpaglini C, Fernandez-Sellers C, Tarazona N,
Rosell6 S, Huerta M, Roda D et al (2019) Improving tumour bud-
ding evaluation in colon cancer by extending the assessment area
in colectomy specimens. Histopathology 75:517-525. https://doi.
org/10.1111/his. 13900

Puppa G, Senore C, Sheahan K, Vieth M, Lugli A, Zlobec I et al
(2012) Diagnostic reproducibility of tumour budding in colorectal
cancer : a multicentre, multinational study using virtual micros-
copy. Histopathology 61:562—-575. https://doi.org/10.1111/j.1365-
2559.2012.04270.x

Haddad TS, Lugli A, Aherne S, Barresi V, Terris B, Bokhorst
JM et al (2021) Improving tumor budding reporting in colorectal
cancer: a Delphi consensus study. Virchows Arch 479:459-469.
https://doi.org/10.1007/s00428-021-03059-9

Martin B, Mayr P, Ihringer R, Schifer EM, Jakubowicz E, zbieta,
Anthuber M, et al (2020) Interobserver variability in the assess-
ment of tumor budding in pT 3/4 colon cancer: improvement by
supporting immunohistochemistry? Diagnostics 10:730. https://
doi.org/10.3390/diagnostics 10090730

Nizze H, Barten M, Prall F (2005) Tumour budding as prognostic
factor in stage I/II colorectal carcinoma. Histopathology 47:17—
24. https://doi.org/10.1111/j.1365-2559.2005.02161.x

Horcic M, Koelzer VH, Karamitopoulou E, Terracciano L, Puppa
G, Zlobec I et al (2013) Tumor budding score based on 10 high-
power fields is a promising basis for a standardized prognostic
scoring system in stage II colorectal cancer. Hum Pathol 44:697—
705. https://doi.org/10.1016/j.humpath.2012.07.026

Rieger G, Koelzer VH, Dawson HE, Berger MD, Hadrich M,
Inderbitzin D et al (2017) Comprehensive assessment of tumour
budding by cytokeratin staining in colorectal cancer. Histopathol-
ogy 70:1044-1051. https://doi.org/10.1111/his. 13164

Eriksen AC, Sgrensen FB, Lindebjerg J, Hager H, dePont Chris-
tensen R, Kjer-Frifeldt S et al (2018) The prognostic value of
tumour stroma ratio and tumour budding in stage II colon can-
cer. A nationwide population-based study. Int J Colorectal Dis
33:1115-24. https://doi.org/10.1007/s00384-018-3076-9

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

Karamitopoulou E, Zlobec I, K6lzer V, Kondi-Pafiti A, Patsouris ES,
Gennatas K et al (2013) Proposal for a 10-high-power-fields scoring
method for the assessment of tumor budding in colorectal cancer. Mod
Pathol 26:295-301. https://doi.org/10.1038/modpathol.2012.155
Zlobec I, Béchli M, Galuppini F, Berger MD, Dawson HE, Nagtegaal
ID et al (2021) Refining the ITBCC tumor budding scoring system
with a “zero-budding” category in colorectal cancer. Virchows Arch
479:1085-1090. https://doi.org/10.1007/s00428-021-03090-w
Secinti IE, Ozgur T, Gursoy D, Dede I (2022) Should a fourth
category be added to the international tumor budding consensus
conference tumor budding scoring system in colorectal adeno-
carcinomas? APMIS 130:560-567. https://doi.org/10.1111/apm.
13253

Ozeri SP (2020) The relationship between tumor budding and
survival in colorectal carcinomas. Rev Assoc Med Bras 66:236.
https://doi.org/10.1590/1806-9282.66.2.236

Kristensen MP, Korsgaard U, Timm S, Hansen TF, Zlobec I,
Hager H et al (2024) The prognostic value of tumor budding in a
thoroughly characterized stage II colon cancer population in the
context of a national screening program. Hum Pathol. https://doi.
org/10.1016/j.humpath.2024.02.010

Punt CJA, Buyse M, Kohne CH, Hohenberger P, Labianca R,
Schmoll HJ et al (2007) Endpoints in adjuvant treatment trials: a
systematic review of the literature in colon cancer and proposed
definitions for future trials. J Natl Cancer Inst 99:998-1003.
https://doi.org/10.1093/jnci/djm024

Puppa G, Senore C, Sheahan K, Vieth M, Lugli A, Zlobec I et al
(2012) Diagnostic reproducibility of tumour budding in colorectal
cancer: a multicentre, multinational study using virtual micros-
copy. Histopathology 61:562-575. https://doi.org/10.1111/j.1365-
2559.2012.04270.x

Bokhorst JM, Blank A, Lugli A, Zlobec I, Dawson H, Vieth M
et al (2020) Assessment of individual tumor buds using keratin
immunohistochemistry: moderate interobserver agreement sug-
gests a role for machine learning. Mod Pathol 33:825-833. https://
doi.org/10.1038/s41379-019-0434-2

Cyr DP, Pun C, Shivji S, Mitrovic B, Duan K, Tomin R et al
(2023) Tumor budding assessment in colorectal carcinoma. Am
J Surg Pathol 00:1-15. https://doi.org/10.1097/pas.0000000000
002166

Haddad TS, van den Dobbelsteen L, Oztiirk SK, Geene R, Nijman
1J, Verrijp K et al (2023) Pseudobudding : ruptured glands do not
represent true tumor buds. J Pathol 261:19-27. https://doi.org/10.
1002/path.6146

Fisher NC, Loughrey MB, Coleman HG, Gelbard MD, Bankhead
P, Dunne PD (2022) Development of a semi-automated method
for tumour budding assessment in colorectal cancer and compari-
son with manual methods. Histopathology 80:485-500. https://
doi.org/10.1111/his.14574

Bokhorst JM, Nagtegaal ID, Zlobec I, Dawson H, Sheahan K,
Simmer F et al (2023) Semi-supervised learning to automate
tumor bud detection in cytokeratin-stained whole-slide images
of colorectal cancer. Cancers (Basel) 15:1-14. https://doi.org/10.
3390/cancers15072079

Publisher's Note Springer Nature remains neutral with regard to
jurisdictional claims in published maps and institutional affiliations.

@ Springer


https://doi.org/10.1200/JCO.21.02538
https://doi.org/10.1200/JCO.21.02538
https://doi.org/10.1007/s00428-018-2341-1
https://doi.org/10.1007/s00428-018-2341-1
https://doi.org/10.1007/s00428-015-1740-9
https://doi.org/10.1016/j.anndiagpath.2019.151420
https://doi.org/10.1016/j.anndiagpath.2019.151420
https://doi.org/10.1111/pin.12374
https://doi.org/10.1111/his.13900
https://doi.org/10.1111/his.13900
https://doi.org/10.1111/j.1365-2559.2012.04270.x
https://doi.org/10.1111/j.1365-2559.2012.04270.x
https://doi.org/10.1007/s00428-021-03059-9
https://doi.org/10.3390/diagnostics10090730
https://doi.org/10.3390/diagnostics10090730
https://doi.org/10.1111/j.1365-2559.2005.02161.x
https://doi.org/10.1016/j.humpath.2012.07.026
https://doi.org/10.1111/his.13164
https://doi.org/10.1007/s00384-018-3076-9
https://doi.org/10.1038/modpathol.2012.155
https://doi.org/10.1007/s00428-021-03090-w
https://doi.org/10.1111/apm.13253
https://doi.org/10.1111/apm.13253
https://doi.org/10.1590/1806-9282.66.2.236
https://doi.org/10.1016/j.humpath.2024.02.010
https://doi.org/10.1016/j.humpath.2024.02.010
https://doi.org/10.1093/jnci/djm024
https://doi.org/10.1111/j.1365-2559.2012.04270.x
https://doi.org/10.1111/j.1365-2559.2012.04270.x
https://doi.org/10.1038/s41379-019-0434-2
https://doi.org/10.1038/s41379-019-0434-2
https://doi.org/10.1097/pas.0000000000002166
https://doi.org/10.1097/pas.0000000000002166
https://doi.org/10.1002/path.6146
https://doi.org/10.1002/path.6146
https://doi.org/10.1111/his.14574
https://doi.org/10.1111/his.14574
https://doi.org/10.3390/cancers15072079
https://doi.org/10.3390/cancers15072079

	Immunohistochemical analysis of tumor budding in stage II colon cancer: exploring zero budding as a prognostic marker
	Abstract
	Introduction
	Materials and methods
	Ethical statement
	Patients and tissue
	Immunohistochemistry
	Evaluation of tumor budding
	Intra- and interobserver agreement
	Statistics

	Results
	Patient characteristics and clinicopathological data
	Tumor budding assessment by H&E and IHC
	Intra- and interobserver variability in the four-tiered grading system
	Tumor budding cut-off determination
	Characteristics of the Bd0 tumors
	IHC-based Bd0 adds prognostic value

	Discussion
	Acknowledgements 
	References


