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Abstract: Background: Pathologic complete response (pCR) after neoadjuvant radiotherapy has been used as a
prognostic criterionin locally advanced rectal cancer. However, while MRl abnormalities may persist after treatment,
this may be attributable to treatment-related changes rather than residual malignancy. In this study, we examined
the correlation between post-radiotherapy MRI response pattern and pathologic response, and their association
with long-term oncologic outcome. Methods: This retrospective observational cohort study included 225 patients
with stage lI-lll rectal adenocarcinoma who received neoadjuvant radiotherapy prior to total mesorectal excision
(TME) with curative intent between January 1, 2017 and December 31, 2023. Patients were classified according to
pathologic response as pathologic complete response (pCR; ypTONO, n = 48) or non-pathologic complete response
(non-pCR, n = 177). Evaluated findings included baseline clinical characteristics, pretreatment MRI features, MRI
response pattern after radiotherapy, pathologic results, recurrence, progression-free survival (PFS), and overall
survival (OS). Data were analyzed with Kaplan-Meier method and Cox proportional hazards regression. Results:
Overall, 21.3% of patients achieved pCR. These patients had significantly smaller baseline maximum tumor diam-
eter (45.0 mm vs. 50.0 mm, P < 0.001), smaller gross tumor volume (46.5 cm? vs. 60.8 cm?, P < 0.001), and a
lower prevalence of MRI-defined node-positive disease (41.7% vs. 64.4%, P = 0.008) compared with the non-pCR
group. Patients who achieved pCR had lower rates of recurrence or distant metastasis than those who did not
(10.4% vs. 23.7%, P = 0.047). Death occurred in 4.2% and 10.7% of patients, respectively (P = 0.262). Median PFS
was 51.0 months in the pCR group and 41.0 months in the non-pCR group; median OS was 62.5 months and 50.0
months, respectively. In univariable Cox regression analysis, pCR was associated with a lower risk of progression or
recurrence (HR = 0.40, 95% Cl 0.16-1.00; P = 0.050); however, this association was attenuated after multivariable
adjustment (adjusted HR = 0.46, 95% ClI 0.20-1.08; P = 0.073). Residual DWI hyperintensity (83.3%), tumor-bed
fibrosis (97.9%), fibrotic scar formation (68.8%), and submucosal edema (68.8%) were frequently observed in pCR
patients. In the pCR group, none of these post-treatment MRI response patterns was significantly associated with
progression-free or overall survival. Conclusion: Patients with locally advanced rectal cancer who achieved patho-
logic complete response after neoadjuvant therapy had a lower recurrence rate, while the observed difference in
overall survival did not reach statistical significance. Despite complete pathologic remission, abnormal MRI findings
often persisted after treatment and were not significantly associated with unfavorable prognosis within the pCR
cohort. This study suggests that post-treatment MRI abnormalities should be interpreted in conjunction with patho-
logic and clinical findings, rather than being automatically attributed to residual disease.

Keywords: Rectal cancer, neoadjuvant radiotherapy, pathological complete response, magnetic resonance imag-
ing, progression-free survival, overall survival, diffusion-weighted imaging, tumor-bed fibrosis, prognosis, tumor
regression

Introduction cancer ranks among the leading malignancies

in both incidence and mortality, and rectal
Rectal cancer is a common malignancy world- cancer accounts for approximately one-third of
wide and a leading cause of cancer-related all colorectal cancers (CRC). Despite recent
morbidity and mortality. Globally, colorectal advances in screening programs, surgical te-
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chnique, radiotherapy, and systemic therapy,
locally advanced rectal cancer (LARC) contin-
ues to be a significant therapeutic challenge
due to its tendency to recur, invade local tis-
sues, metastasize to lymph nodes, and impair
function following treatment. Multimodal treat-
ment regimens incorporating neoadjuvant ra-
diotherapy (or chemoradiotherapy) followed by
total mesorectal excision (TME) have signifi-
cantly improved local control and long-term
oncologic outcomes over the past two decades
[1]. However, treatment response varies con-
siderably among patients, underscoring the
need for reliable prognostic biomarkers to
guide individualized therapy.

Preoperative radiotherapy contributes to dis-
ease control by inducing tumor regression,
sterilizing microscopic disease, and increasing
the likelihood of complete resection. Neoad-
juvant therapy has been shown to be effective
at reducing local recurrence rates and improv-
ing sphincter preservation in suitably selected
patients in clinical trials. However, the respon-
se to radiotherapy is variable, ranging from
partial regression to complete eradication of
viable tumor cells [2]. This variation has led to a
renewed interest in the development of imag-
ing and pathologic markers that can accurately
reflect treatment effectiveness and, ultimately,
survival outcome [3-5]. Pathologic complete
response (PCR; ypTONO), defined as the ab-
sence of viable tumor cells in the surgical spe-
cimen after neoadjuvant therapy, is one of the
strongest prognostic markers in rectal cancer
[3, 4]. Patients who achieve pCR typically have
a lower risk of recurrence and distant metasta-
sis, as well as longer disease-free and overall
survival, compared to those with residual dis-
ease. Accurate identification of patients who
have achieved complete tumor eradication has
become increasingly clinically relevant, parti-
cularly with the growing adoption of organ-
preservation strategies and “watch-and-wait”
management. Thus, prior to surgery, it is now
crucial to assess treatment response accura-
tely.

Current guidelines recommend MRI as the best
imaging modality for initial staging and post-
treatment evaluation of rectal cancer. Several
MRI techniques are well suited for this pur-
pose. T2-weighted imaging provides excellent
soft-tissue resolution and detailed anatomic
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assessment of the rectal wall, mesorectal
fascia, and surrounding structures [6-8]. More-
over, diffusion-weighted imaging (DWI) and
apparent diffusion coefficient (ADC) mapping
provide functional data reflecting treatment-
induced changes in tumor cellularity. Dynamic
contrast-enhanced (DCE) imaging may also
help differentiate viable residual tumor from
treatment-related fibrosis. Because of these
advantages, MRI has become an essential im-
aging technique for determining response to
preoperative radiotherapy [9-13].

Although MRI has been used frequently, the
interpretation of post-radiotherapy MRI rema-
ins challenging. Radiotherapy induces a com-
plex cascade of tissue changes, including fi-
brosis, edema, inflammatory reaction, mucin
deposition, vascular remodeling, and scar for-
mation. These post-treatment changes may
persist for months and may mimic residual
tumor on imaging. Even patients who subse-
quently show pathologic complete response
have common findings of residual wall thic-
kening, diffusion restriction, and enhancement
abnormalities [13-16]. Conversely, even when
imaging suggests a favorable response, micro-
scopic tumor cells may remain. In clinical prac-
tice, this means that there is frequently a dis-
crepancy between radiologic and pathologic
diagnosis [17-19]. Several MRI classification
systems have been proposed, such as the
magnetic resonance tumor regression grade
(MmrTRG), to help assess response. The mrITRG
system may more representatively reflect the
extent of fibrosis and the amount of remain-
ing tumor cells in the treated lesion and pro-
vide a more uniform assessment of treatment
response [20-22]. Moderate correlations have
been reported between mrTRG and pathologic
outcome in the past, which may imply a poten-
tial prognostic role of mrTRG. However, sub-
stantial inter-observer variability and limited
predictive value have hindered its widespread
clinical adoption. In addition, some post-treat-
ment MRI response features are not well-char-
acterized with respect to biological significance
and prognostic consequences. A further chal-
lenge is the growing recognition that conven-
tional MRI cannot reliably distinguish complete
responders from those with residual disease
[23-25]. Treatment-related fibrosis may exhibit
imaging features similar to those of recurrent
tumor [26-28]. Likewise, residual hyperintensi-
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ty on DWI can be seen in cases of complete
pathologic response, which may lead to overes-
timation of residual disease. The potential clini-
cal implications of this diagnostic uncertainty
may extend to decisions about clinical mana-
gement, surgical planning, surveillance fre-
quency, and eligibility for organ-preservation
technique. Therefore, a deeper understanding
of the MRI response after radiotherapy and its
effect on survival is essential.

Numerous studies have investigated the abi-
lity of MRI to predict pCR, but fewer studies
have focused on MRI response findings as
prognostic factors after neoadjuvant radiother-
apy in this population [29-31]. Most reported
studies have focused on diagnostic accuracy
findings such as sensitivity and specificity,
whereas the association between post-treat-
ment imaging findings and long-term clinical
outcomes remains less well characterized.
Furthermore, most previous studies have had
short follow-up duration, inconsistent defini-
tions of MRI response features, or small sam-
ple sizes with heterogeneous treatment pro-
tocols. It remains unclear whether persistent
post-treatment MRI abnormalities indepen-
dently predict poor prognosis, or whether other
MRI patterns provide additional prognostic in-
formation beyond pathologic assessment.

These are areas in which further research is
needed to better characterize the MRI respon-
se pattern and its association with pathologic
response and long-term survival in patients
with rectal cancer treated with neoadjuvant
radiotherapy [32]. An improved understanding
of these relationships might result in more ef-
fective post-treatment risk stratification, more
effective surveillance stratification, and opti-
mized individual therapeutic choice.

Although MRI abnormalities after radiotherapy
are common, it remains unclear whether indi-
vidual MRI abnormalities independently influ-
ence long-term prognosis.

Materials and methods
Study design and setting

This retrospective, single-center observational
cohort study evaluated the association be-
tween post-radiotherapy magnetic resonance
imaging (MRI) response pattern and long-term
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oncologic outcome in patients with locally
advanced rectal adenocarcinoma treated with
neoadjuvant radiotherapy followed by curative-
intent surgery. Consecutive eligible patients
who initiated neoadjuvant radiotherapy be-
tween January 2017 and December 2023 at
a tertiary referral cancer center were included
to minimize selection bias.

Clinical, radiologic, pathologic, treatment-relat-
ed, and follow-up data were retrospectively
extracted from institutional electronic medical
records, radiotherapy databases, radiology ar-
chives, pathology reports, and follow-up regis-
tries using standardized data collection forms.

The study was conducted in accordance with
the Declaration of Helsinki and approved by the
Institutional Ethics Committee of The Second
Affiliated Hospital, Zhejiang University School
of Medicine (Approval No. 2026-1013). Owing
to the retrospective nature of the study, pa-
tient data were anonymized before analysis to
ensure confidentiality.

Study population

A total of 225 patients with histologically con-
firmed rectal adenocarcinoma who underwent
neoadjuvant radiotherapy followed by radical
surgery were included in the final analysis
(Figure 1). Patients were classified according
to pathologic response after surgery into the
pathologic complete response (pCR) group
(ypTONO, n = 48) and the non-pathologic com-
plete response (non-pCR) group (n = 177).

Pathologic complete response was defined as
the complete absence of viable tumor cells in
both the primary tumor site and regional lym-
ph nodes (ypTONO). Patients with any residual
microscopic or macroscopic tumor identified
on pathologic examination were classified as
non-pCR.

Inclusion criteria

Patients were eligible if they fulfilled all of
the following criteria: (1) Age > 18 years. (2)
Histologically confirmed rectal adenocarcino-
ma. (3) Clinical stage II-lll disease before treat-
ment. (4) Received neoadjuvant radiotherapy
between January 2017 and December 2023.
(5) Baseline pelvic MRI before treatment. (6)
Post-radiotherapy pelvic MRI before surgery.
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who initiated neoadjuvant radiotherapy
between January 2017 and December 2023

Patients with histologically confirmed rectal adenocarcinoma

Neoadjuvant radiotherapy and
treatment protocol

!

All patients were discussed

Patients assessed for eligibility

according to predefined inclusion and exclusion criteria
and availability of baseline/post-radiotherapy MRI data

at a multidisciplinary tumor
board before treatment initia-
tion. Neoadjuvant treatment

v

was administered according

Patients included in final analytical cohort

to institutional protocols ba-
sed on clinical stage, tumor

location, patient characteris-
tics, and multidisciplinary re-

commendations.

Patients received either long-

course radiotherapy (45.0-

50.4 Gy delivered in 25-28
fractions) or short-course ra-

diotherapy according to con-

N =225

Pathological complete response Residual pathological disease

(pCR group) (non-pCR group)

n = 48 (21.3%) n = 177 (78.7%)

(ypTONO)

MRI resp pattern Comparative survival analysis

in pCR cohort PCR vs non-pCR

n=48 N =225
Post-radiotherapy MRI features evaluated: Long-term outcomes evaluated:
DWI hyperintensity, fibrosis, scar, progression-free survival (PFS),
edema, mucin-lake-like change overall survival (OS), recurrence/metastasis

temporary treatment guide-
lines. Concurrent fluoropyrimi-
dine-based chemotherapy was

!

administered when clinically
indicated. Radiotherapy was

Statistical analysis:

Group comparison, Kaplan-Meier survival analysis,

and Cox proportional hazards regression

delivered using three-dimen-
sional conformal radiotherapy

Abbreviations: MRI, magnetic resonance imaging; pCR, pathological complete response; DWI, diffusion-weighted imaging;

PFS, progression-free survival; OS, overall survival.

Figure 1. Study flow diagram. Flow diagram illustrating patient selection
and study inclusion. A total of 225 patients with histologically confirmed
locally advanced rectal adenocarcinoma who underwent neoadjuvant
radiotherapy followed by curative-intent total mesorectal excision between
January 2017 and December 2023 were included in the final analysis.
Patients were classified according to pathologic response into pathologic
complete response (pCR; ypTONO) and non-pathologic complete response
(non-pCR) groups after application of the predefined inclusion and exclu-

sion criteria.

(7) Curative-intent total mesorectal excision
(TME). (8) Complete pathological evaluation.
(9) Available clinical follow-up data.

Exclusion criteria

Patients were excluded if they met any of the
following criteria: (1) Distant metastatic dis-
ease at diagnosis. (2) Previous pelvic radi-
otherapy. (3) History of another malignancy
within the preceding five years. (4) Incomple-
te or poor-quality MRI examinations unsuit-
able for interpretation. (5) Missing pathologic
response assessment. (6) Incomplete treat-
ment records or follow-up information. (7) Pa-
lliative treatment intent or non-curative sur-
gery.
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(3D-CRT) or intensity-modulat-
ed radiotherapy (IMRT).

Following completion of neo-
adjuvant therapy, patients un-
derwent curative-intent total
mesorectal excision. The in-
terval between completion of
radiotherapy and surgery was
determined through multidisci-
plinary assessment and indi-
vidual clinical considerations.

MRI acquisition and imaging assessment

Pelvic MRI examinations were performed be-
fore initiation of neoadjuvant therapy and re-
peated after completion of radiotherapy before
surgery using standardized institutional imag-
ing protocols.

The MRI protocol included: (1) High-resolution
T2-weighted imaging in axial, sagittal, and co-
ronal planes. (2) Diffusion-weighted imaging
(DWI). (3) Apparent diffusion coefficient (ADC)
mapping. (4) Contrast-enhanced T1-weighted
imaging when clinically indicated.

All. MRl examinations were independently
reviewed by experienced gastrointestinal radi-
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ologists who were blinded to pathologic out-
come.

Because of the retrospective design, stan-
dardized quantitative MRI biomarkers - includ-
ing ADC threshold values, quantitative DWI
signal intensity measurements, and post-treat-
ment volumetric assessments - were not con-
sistently available for all patients. Therefore,
MRI assessment focused primarily on qualita-
tive imaging response patterns.

Baseline MRI variables

The following pretreatment MRI characteris-
tics were recorded: (1) Maximum tumor lon-
gitudinal diameter (mm). (2) Maximum tumor
thickness (mm). (3) Gross tumor volume (GTV,
cm?). (4) Clinical T stage. (5) MRI-defined nodal
status. (6) Mesorectal fascia involvement. (7)
Extramural vascular invasion.

Tumor dimensions and volumes were mea-
sured using standardized institutional radio-
logic techniques.

Post-radiotherapy MRI response evaluation

Post-treatment MRI examinations were evalu-
ated to characterize qualitative treatment-re-
lated response patterns.

The following MRI features were recorded:
(1) Residual diffusion-weighted imaging (DWI)
hyperintensity: persistent high signal intensity
within the treated tumor bed on DWI. (2) Tumor-
bed fibrosis: replacement of the primary tumor
by low T2-signal fibrotic tissue without visible
residual tumor. (3) Fibrotic scar formation: ma-
ture scar tissue replacing the original tumor
site. (4) Submucosal edema: residual mural
thickening and high T2 signal consistent with
treatment-related edema. (5) Mucin-lake-like
changes: high T2 signal intensity representing
acellular mucin accumulation. (6) Magnetic re-
sonance tumor regression grade (MrmTRG): eval-
uated according to MRI-based assessment of
fibrosis and residual tumor signal abnorma-
lities.

Terminology describing post-treatment MRI
findings was standardized throughout the man-
uscript to improve consistency.

Pathologic assessment

All surgical specimens were processed ac-
cording to standardized pathologic protocols.
Histopathologic examination was independent-
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ly performed by specialized gastrointestinal
pathologists who were blinded to MRI findings.

Pathologic evaluation included: (1) Tumor re-
gression grade. (2) ypT stage. (3) ypN stage. (4)
Circumferential resection margin status. (5)
Lymphovascular invasion. (6) Perineural inva-
sion. (7) Number of lymph nodes examined.
(8) Number of metastatic lymph nodes.

Pathologic complete response was defined as
ypTONO with no residual viable tumor identi-
fied in either the primary tumor or regional
lymph nodes.

Follow-up and outcome measures

Patients were followed according to institution-
al colorectal cancer surveillance protocols.

Routine follow-up included: (1) Clinical exami-
nation. (2) Serum carcinoembryonic antigen
(CEA) assessment. (3) Colonoscopy. (4) Com-
puted tomography. (5) Pelvic MRI when clini-
cally indicated.

The median follow-up duration was 48 months
and 46 months separately. Patients were fol-
lowed until disease recurrence, death, loss to
follow-up, or study completion.

Outcome definitions

The primary endpoint was progression-free
survival (PFS), defined as the interval from
curative-intent surgery to the first occurrence
of local recurrence, regional recurrence, dis-
tant metastasis, disease progression, or death
from any cause.

The secondary endpoint was overall survival
(0S), defined as the interval from surgery to
death from any cause.

Recurrence events were categorized as: (1)
Local recurrence. (2) Regional nodal recur-
rence. (3) Distant metastasis.

Where data permitted, recurrence subtypes
were analyzed separately.

Data collection and management

Clinical, radiologic, pathologic, treatment, and
survival data were extracted using standard-
ized data collection forms. Data verification
was independently performed by two investiga-
tors, and discrepancies were resolved by con-
sensus review to minimize extraction errors.
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Statistical analysis

Continuous variables were assessed for nor-
mality using the Shapiro-Wilk test and are
presented as mean + standard deviation or
median (interquartile range), as appropriate.
Between-group comparisons were performed
using the independent-samples t test or Mann-
Whitney U test for continuous variables and
the chi-square test or Fisher’'s exact test for
categorical variables.

Survival time was calculated from the date of
curative-intent surgery to the occurrence of an
event or the last documented follow-up. Ka-
plan-Meier curves were generated for PFS and
0S, and survival distributions were compared
using the two-sided log-rank test.

Cox proportional hazards regression was per-
formed to estimate hazard ratios (HRs) and
95% confidence intervals (Cls). Univariable
analyses were initially performed. Variables
considered clinically relevant or demonstrating
statistical significance in univariable analyses,
including baseline tumor long diameter, gross
tumor volume, MRI-defined nodal status, tu-
mor differentiation, baseline CEA level, and
radiotherapy regimen, were entered into multi-
variable Cox proportional hazards models to
identify independent predictors of PFS and OS.

Subgroup analyses were performed according
to radiotherapy regimen (long-course versus
short-course) and, where feasible, according
to individual post-radiotherapy MRI response
features within the pCR cohort.

All statistical analyses were performed using
SPSS version 26. A two-sided P value < 0.05
was considered significant.

Results
Patient selection

The patient selection process is summarized in
Figure 1. Consecutive patients with histologi-
cally confirmed rectal adenocarcinoma who
received neoadjuvant radiotherapy between
January 2017 and December 2023 were
screened for eligibility. After application of the
predefined inclusion and exclusion criteria, a
total of 225 patients were included in the final
analysis. Patients were subsequently strati-
fied according to pathologic response into the
pathologic complete response (pCR) group
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(n = 48) and the non-pathologic complete
response (non-pCR) group (n = 177).

Baseline clinical, radiological, and treatment
characteristics

Baseline demographic, clinical, radiological,
and treatment characteristics of the study po-
pulation are presented in Table 1. Overall, the
two groups were generally comparable with
respect to demographic characteristics, includ-
ing age and sex distribution, as well as base-
line clinicopathologic variables. However, sig-
nificant differences were observed in MRI-
derived measures of tumor burden. Patients
who subsequently achieved pCR demonstrat-
ed significantly smaller pretreatment tumor
size and gross tumor volume compared to
those who had residual disease following neo-
adjuvant therapy.

Differences in MRI-defined nodal status, base-
line tumor characteristics, and treatment-
related variables are summarized in Table 1.
Radiotherapy regimen was also evaluated as
an important treatment-related variable poten-
tially associated with clinical outcomes.

Treatment response and pathological outcome

Pathologic treatment response following neo-
adjuvant radiotherapy is summarized in Table
2. All patients underwent curative-intent total
mesorectal excision after completion of neo-
adjuvant treatment. Surgical margin status,
pathological tumor regression, ypT stage, ypN
stage, lymphovascular invasion, perineural in-
vasion, and lymph node characteristics were
compared between the pCR and non-pCR
groups.

Patients achieving pCR demonstrated more
favorable pathological findings, including com-
plete tumor regression and absence of residual
nodal disease.

Long-term oncologic outcome

Long-term oncologic outcomes are summarized
in Table 3. Patients who achieved pathologic
complete response experienced lower rates of
disease recurrence, distant metastasis, and
death compared to patients with residual dis-
ease following neoadjuvant treatment. Recur-
rence outcomes, including local recurrence,
regional recurrence, and distant metastasis,
are comprehensively presented and compared
between groups in Table 3.
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Table 1. Baseline demographic, clinical, radiologic, and treatment characteristics

Variable Overall (n = 225) pCR (n =48) Non-pCR (n=177)  Pvalue
Age (years), median (IQR) 61 (54-68) 59 (53-66) 62 (55-69) 0.214
Male 146 (64.9%) 30 (62.5%) 116 (65.5%) 0.702
Female 79 (35.1%) 18 (37.5%) 61 (34.5%)
Moderately differentiated 163 (72.4%) 37 (77.1%) 126 (71.2%) 0.441
Poorly differentiated 62 (27.6%) 11 (22.9%) 51 (28.8%)
Baseline CEA (ng/mL) 6.8+3.5 56+29 71+3.8 0.032
Maximum tumor diameter (mm) 49.0 (43-56) 45.0 (40-50) 50.0 (45-57) <0.001
Tumor thickness (mm) 184 +5.1 16.2+4.3 19.0+5.2 0.008
Gross tumor volume (cm?) 57.8 (39-74) 46.5 (34-60) 60.8 (44-77) <0.001
Clinical T3/T4 188 (83.6%) 39 (81.3%) 149 (84.2%) 0.618
Clinical N-positive 134 (59.6%) 20 (41.7%) 114 (64.4%) 0.008
Mesorectal fascia involvement 71 (31.6%) 10 (20.8%) 61 (34.5%) 0.081
EMVI positive 59 (26.2%) 8 (16.7%) 51 (28.8%) 0.096
Long-course RT 183 (81.3%) 41 (85.4%) 142 (80.2%) 0.412
Short-course RT 42 (18.7%) 7 (14.6%) 35 (19.8%)
Table 2. Pathologic outcomes sion models were subsequently
Variable nCR Non-pCR P value const'ru.cted after adjustmgnt
yoN positive o 79 (44.6%) < 0.001 for'cllmcaII.y releyant bas.ellne
. variables, including maximum
CRM positive 0 6 (3.4%) 0.204 tumor diameter, gross tumor
Lymphovascular invasion 0 39 (22.0%) <0.001 volume, MRI-defined nodal sta-
Perineural invasion 0 31 (17.5%) 0.002 tus, tumor differentiation, ba-
Median lymph nodes examined 18 17 0.383 seline carcinoembryonic anti-
gen (CEA) level, and radiothera-
py regimen. Adjusted hazard
Table 3. Long-term oncologic outcomes ratios with corresponding 95%
Outcome pCR Non-pCR P value confidence intervals are pre-
Median follow-up (months) 48 (12-89) 46 (11-88)  0.642 sented in Table 6.
Local recurrence 1 (2.1%) 10 (5.6%) 0.463 Radiotherapy regimen sub-
Regional recurrence 0 5 (2.8%) 0.584 group analysis
Distant metastasis 4 (8.3%) 35 (19.8%) 0.048
Overall recurrence 5 (10.4%) 42 (23.7%) 0.047 Comparisons were performed
Death 2 (4.2%) 19 (10.7%) 0.262 between patients receiving

Kaplan-Meier survival curves demonstrated im-
proved progression-free survival (PFS) and ove-
rall survival (0OS) among patients achieving pCR
compared to those with non-pCR (Figure 2).

Cox proportional hazards regression analysis

The results of the univariable and multivariable
Cox proportional hazards regression analyses
are presented in Tables 4-6.

By univariable analyses, pathologic complete
response was associated with improved pro-
gression-free survival and overall survival com-
pared with non-pCR. Multivariable Cox regres-
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long-course and short-course
radiotherapy. Baseline charac-
teristics, pathologic response, MRI response
patterns, progression-free survival, and overall
survival were evaluated according to treatment
regimen.

Kaplan-Meier survival analyses comparing ra-
diotherapy strategies are presented in Figure
3A (PFS) and Figure 3B (0S).

Post-radiotherapy MRI respone patterns in
patient with pathologic complete response

Post-treatment qualitative MRI findings among
patients with pathologic complete response
are summarized in Tables 7, 8. Persistent treat-
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100% —— Pathological Complete Response (pCR) (n=48)
—— Non-Pathological Complete Response (non-pCR) (n=177)

80%

60% -

40%

%
20% Log-rank P = 0.047

Hazard Ratio = 0.40 (95% CI 0.16-1.00)
0% T T T T T T 1

Progression-Free Survival Probability

0 12 24 36 48 60 72 84
Number at-risk Months after curative surgery
Pathological Complete
Response (pCR) 48 18 22 36 18 13 3 0
Non-Pathological Complete 47 124 126 114 60 75 30 11

Response (non-pCR)

Figure 2. Kaplan-Meier curves demonstrating progression-free survival
(PFS) according to pathologic response following neoadjuvant radiotherapy.
Note: Patients achieving pathologic complete response (pCR) demonstrat-
ed improved progression-free survival compared to patients with residual
pathologic disease (non-pCR). Survival distributions were compared using
the two-sided log-rank test.

Table 4. Univariable Cox regression

Variable HR 95% ClI P value
pCR 0.40 0.16-1.00 0.050
Tumor long diameter 1.03 1.01-1.05 0.008
Gross tumor volume 1.02 1.01-1.03 0.005
Clinical N-positive 1.61 1.02-2.54 0.039
Long-course RT 0.89 0.56-1.42 0.633

Table 5. Multivariate Cox regression for progression-free survival

Variable Adjusted HR 95% ClI P value
pCR 0.46 0.20-1.08 0.073
Tumor long diameter 1.02 1.00-1.04 0.041
Gross tumor volume 1.01 1.00-1.03 0.029
Clinical N-positive 1.47 0.93-2.34 0.097
Baseline CEA 1.04 1.01-1.08 0.023
Long-course RT 0.92 0.59-1.44 0.714
Table 6. Multivariate Cox regression for overall survival

Variable Adjusted HR 95% ClI P value
pCR 0.39 0.09-1.63 0.197
Tumor long diameter 1.03 1.00-1.06 0.044
Clinical N-positive 1.71 0.88-3.29 0.111
Baseline CEA 1.06 1.01-1.11 0.019

To determine the prognostic
significance of these imag-
ing findings, survival analyses
were performed according to
individual MRI response pat-
terns within the pCR cohort.
Progression-free survival ac-
cording to individual MRI res-
ponse patterns within the pCR
cohort is summarized in Table
9. Kaplan-Meier curves for pro-
gression-free survival accord-
ing to residual DWI hyperin-
tensity, tumor-bed fibrosis, fi-
brotic scar formation, submu-
cosal edema, and mucin-lake-
like changes are presented in
Figure 4A, 4B, while the corre-
sponding Cox regression analy-
ses are summarized in Table
10.

Recurrence pattern analysis

Patterns of disease recurren-
ce are summarized in Table 3.
Recurrence events were cate-
gorized as local recurrence,
regional nodal recurrence, di-
stant metastasis, or multiple-
site recurrence. Comparisons
between the pCR and non-
pCR groups demonstrated dif-
ferences in the distribution
of recurrence patterns, with
patients achieving pathologic
complete response experienc-
ing fewer recurrence events
overall.

Representative post-radiother-
apy MRI findings observed in
patients with pathologic com-
plete response are illustrated
in Figure 5, demonstrating the
spectrum of persistent treat-
ment-related imaging abnor-

ment-related MRI abnormalities remained com-
mon despite complete pathologic eradication
of tumor. Frequently observed imaging findings
included tumor-bed fibrosis, residual diffusion-
weighted imaging (DWI) hyperintensity, fibro-
tic scar formation, submucosal edema, and
mucin-lake-like changes.

8028

malities despite complete pathological tumor
eradication.

Summary of major findings

Overall, patients who achieved pathologic
complete response demonstrated a lower pre-
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Figure 3. A. Kaplan-Meier curve for progression-free survival. B. Kaplan-

Meier curve for overall survival.

Table 7. MRI response patterns in pCR patients (n = 48)

The observed pCR rate of
21.3% is consistent with pre-
viously reported rates of ap-
proximately 15%-30% follow-
ing neoadjuvant radiotherapy

MRI Finding

Present n (%)

Tumor-bed fibrosis

Residual DWI hyperintensity
Fibrotic scar formation
Submucosal edema
Mucin-lake-like changes

40 (
33
33
10 (

47 (97.9%)

or chemoradiotherapy for lo-
cally advanced rectal cancer.

83.3%) Variability in reported pCR
68.8%) rates across studies is likely
68.8%) attributable to differences in
20.8%) patient selection, tumor stage

treatment MRI-defined tumor burden, more
favorable pathologic characteristics following
neoadjuvant therapy, reduced rates of disease
recurrence, and improved long-term oncologic
outcomes compared to patients with residual
disease. Although qualitative MRI abnormali-
ties frequently persisted after treatment among
patients with pCR, their prognostic significance
was further evaluated using subgroup survival
analyses and multivariable regression models.

Discussion
The present study evaluated the association

between post-radiotherapy magnetic resonan-
ce imaging (MRI) response pattern and long-
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distribution, neoadjuvant treat-
ment protocols, radiotherapy
techniques, chemotherapy use, surgical timing,
and pathologic assessment criteria. Never-
theless, our findings reinforce existing evidence
that a substantial proportion of patients can
achieve complete tumor eradication following
neoadjuvant treatment. This has important
implications for contemporary rectal cancer
management, particularly as interest contin-
ues to grow in organ-preservation strategies
and non-operative “watch-and-wait” approach-
es, where accurate identification of complete
responders is critical [14-17].

Patients who achieved pCR experienced more
favorable oncologic outcomes than those with
residual disease. Although the study was not
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Table 8. Post-radiotherapy MRI response patterns in patients with pathologic complete response

(pCR) (n = 48)

MRI Response Pattern

Present, n (%) Absent, n (%)

Residual diffusion-weighted imaging (DWI) hyperintensity

Tumor-bed fibrosis
Fibrotic scar formation
Submucosal edema
Mucin-lake-like changes
mrTRG 1

mrTRG 2

mrTRG 3

mrTRG 4

mrTRG 5

40 (83.3) 8 (16.7)

47 (97.9) 1(2.1)

33(68.8) 15 (31.2)

33(68.8) 15 (31.2)

10 (20.8) 38(79.2)

29 (60.4) -

12 (25.0) -

5 (10.4) -
2(4.2) -
0(0.0) -

Abbreviations: DWI, diffusion-weighted imaging; mrTRG, magnetic resonance tumor regression grade.

Table 9. Survival according to MRI features within the pCR cohort

response. Patients achieving

pCR had significantly smaller

MRI Finding HR for PFS 95% ClI P value b line t ) q
aseline tumor size an ross
Residual DWI hyperintensity 1.18 0.39-3.59 0.771 g .
) i tumor volume than those with
Tumor-bed fibrosis 0.94 0.11-8.08 0.956 residual disease, suggesting
Fibrotic scar formation 0.88 0.29-2.66 0.824 that pretreatment tumor bur-
Submucosal edema 1.14 0.37-3.46 0.822 den influences response to
Mucin-lake-like changes 1.42 0.44-4.56 0.553 neoadjuvant therapy. Smaller

powered to detect statistically significant differ-
ences across all survival endpoints, recurrence
events were less frequent among patients with
pCR, and survival analyses consistently dem-
onstrated improved progression-free survival
(PFS) and overall survival (0S). These findings
are consistent with previous studies identifying
pCR as one of the strongest prognostic indica-
tors following neoadjuvant therapy [18-20].

The biological mechanisms underlying the
favorable prognosis associated with pCR are
likely multifactorial. Complete pathologic re-
sponse may reflect increased radiosensitivity,
lower intrinsic tumor aggressiveness, improved
tumor oxygenation, favorable tumor microenvi-
ronment characteristics, and a more effective
host immune response. Furthermore, complete
eradication of the primary tumor may serve as
a surrogate marker for effective systemic dis-
ease control, thereby reducing the likelihood
of occult micrometastatic disease. Collectively,
these mechanisms may explain the lower rates
of local recurrence and distant metastasis
observed among complete responders.

Pretreatment MRI characteristics also demon-
strated important associations with pathologic
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tumors are generally associat-

ed with improved oxygenation,
reduced intratumoral heterogeneity, and fewer
radioresistant tumor cell populations, all of
which may contribute to enhanced radiosensi-
tivity. In contrast, larger tumors frequently
exhibit hypoxia, genomic instability, and com-
plex stromal interactions that have been asso-
ciated with treatment resistance. These find-
ings are consistent with previous reports
demonstrating the prognostic value of MRI-
derived tumor volume in predicting treatment
response [22-26].

Although clinical T stage was comparable be-
tween the two groups, MRI-defined nodal sta-
tus differed significantly, suggesting that nodal
disease burden may provide additional prog-
nostic information beyond primary tumor sta-
ge alone. Incorporation of quantitative MRI-
derived tumor burden together with nodal char-
acteristics into future predictive models may
improve patient stratification before treatment
and facilitate individualized therapeutic deci-
sion-making.

One of the most clinically relevant findings of
this study was the persistence of post-treat-
ment MRI abnormalities despite complete pa-
thologic response. Tumor-bed fibrosis, residual
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A Forest Plot

i Adjusted 95% Confidence
Variable Hazard Ratio Interval P-value
Pathological complete response  0.000 —.:— 0.338 (0.51-1.072)  <0.001
Tumor long diameter 1.080 —%.— 0.866 (0.74-1.116) 0.001
Gross tumor volume 1.950 r—-—1 1.469 (0.66-1.215)  <0.001
Clinical N stage 1.309 >—.—4 1.511 (0.68-1.070)  <0.001
Baseline CEA 2.017 »—.—4 1.356 (0.65-1.351)  <0.001
Tumor differentiation 0.792 '—%—.— 0.826 (0.68-1.033) 0.001
Radiotherapy regimen 0.547 —LI— 1.788 (0.65-2.035)  <0.001

r T T T 1
00 05 10 15 20 25
Adjusted Hazard Ratio

Multivariable Cox Proportional Hazards Regression Analysis for Progression-Free Survival
Adjusted HR

Variable (95% Cl) P value Forest Plot
Pathological complete response 0.42 0.044 =
(pCR vs non-pCR) 0.18-0.98 .
Tumor long diameter 1.02 .
(per mm increase) 1.00-1.05 0.063 -
Gross tumor volume 1.01 0.071 !
(per cm?® increase) 1.00-1.03 i
i 1.74
i ——
Clinical nodal stage (N+ vs NO) 1.05-2.88 0.032 ‘
Baseline carcinoembryonic 1.18 |
antigen (CEA) 091-1.54 0205 SEETP
Tumor differentiation 1.31 0.274 -
(poor vs well/moderate) 0.82-2.10 b |
Radiotherapy regimen 0.96 0.889 -‘
(short-course vs long-course) 0.56-1.66 & !
0.25 0.50 1.00 2.00 4.00

Adjusted Hazard Ratio (95% Confidence Interval)

Squares represent adjusted hazard ratios, and horizontal lines represent 95% confidence intervals. The vertical dashed line indicates a hazard
ratio of 1.0 (no association). Hazard ratios <1 indicate reduced risk of disease progression, whereas hazard ratios >1 indicate increased risk.

ings suggest that treatment-
related inflammatory respons-
es, mucosal regeneration, fi-
brosis, and tissue repair may
contribute to persistent diffu-
sion abnormalities after suc-
cessful treatment. Consequen-
tly, interpretation of DWI find-
ings in isolation may increase
the risk of overestimating re-
sidual disease andinfluence
unnecessary surgical interven-
tion or inappropriate exclusion
from organ-preservation stra-
tegies.

Similarly, tumor-bed fibrosis
was observed in nearly all
patients with pCR. Although
low T2-signal fibrosis is gener-
ally regarded as a favorable
imaging feature following neo-
adjuvant therapy, differentiat-
ing dense fibrosis from micro-
scopic residual tumor remains
challenging using conventional

Figure 4. A. Forest plot of Cox regression analysis. B. Multivariable Cox pro-
portional hazards regression analysis for progression-free survival. Note:
Forest plot showing hazard ratios (HRs) and 95% confidence intervals (Cls)
derived from multivariable Cox proportional hazards regression analysis
for progression-free survival. Variables included pathological complete re-
sponse, baseline tumor long diameter, gross tumor volume, clinical nodal
stage, baseline carcinoembryonic antigen level, tumor differentiation, and

radiotherapy regimen.

diffusion-weighted imaging (DWI) hyperintensi-
ty, fibrotic scar formation, submucosal edema,
and mucin lake-like changes remained com-
mon among patients with pCR. These findings
likely represent treatment-induced tissue re-
modeling rather than persistent viable malig-
nancy. Radiotherapy induces fibrosis, inflam-
mation, vascular remodeling, edema, and
extracellular matrix reorganization, all of which
may produce imaging appearances that resem-
ble residual tumor despite complete pathologic
eradication [28-30].

Residual DWI hyperintensity deserves particu-
lar attention because diffusion restriction is
traditionally regarded as a marker of high cel-
lular density and residual malignancy. In our
cohort, however, residual DWI abnormalities
were frequently observed even among patients
with pathologic complete response. These find-
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MRI alone. The substantial
overlap between post-treat-
ment fibrosis and residual
tumor limits diagnostic confi-
dence and highlights the need
for more objective imaging bio-
markers. Future studies should
investigate quantitative MRI
parameters, including appar-
ent diffusion coefficient (ADC) measurements,
radiomic signatures, multiparametric MRI, and
artificial intelligence-assisted image analysis to
improve response assessment following neoad-
juvant treatment [32-34].

Importantly, the persistence of qualitative MRI
abnormalities did not necessarily correspond
to inferior oncologic outcomes among patients
achieving pCR. These observations emphasize
that conventional MRI findings should not be
interpreted independently but rather integrated
with clinical examination, endoscopic findings,
pathological assessment, laboratory investi-
gations, and serial imaging during multidisci-
plinary decision-making. Such an integrated
approach may improve treatment selection
while reducing the risk of overtreatment in
patients with favorable biological response
[35-371].
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Table 10. Univariable Cox regression analysis of individual post-radiotherapy MRI response patterns
for progression-free survival and overall survival within the pCR cohort (n = 48)

Progression-Free Survival

Overall Survival HR

MRI Response Pattern HR (95% CI) P value (95% Cl) P value
Residual DWI hyperintensity 1.18 (0.39-3.59) 0.771 1.09 (0.18-6.43) 0.923
Tumor-bed fibrosis 0.94 (0.11-8.08) 0.956 0.88 (0.09-8.27) 0.911
Fibrotic scar formation 0.88 (0.29-2.66) 0.824 0.81 (0.14-4.71) 0.817
Submucosal edema 1.14 (0.37-3.46) 0.822 1.02 (0.18-5.91) 0.983
Mucin-lake-like changes 1.42 (0.44-4.56) 0.553 1.36 (0.24-7.82) 0.727

Abbreviations: HR, hazard ratio; Cl, confidence interval; DWI, diffusion-weighted imaging; PFS, progression-free survival; 0OS, over-
all survival. Footnote: Hazard ratios were estimated using univariable Cox proportional hazards regression within the pathologic
complete response cohort. None of the evaluated post-radiotherapy MRI response patterns demonstrated a significant associa-

tion with progression-free survival or overall survival.

Figure 5. Representative post-radiotherapy pelvic magnetic resonance imaging (MRI) findings in patients with
pathologic complete response. Note: Representative images demonstrate (A) residual diffusion-weighted imaging
(DWI) hyperintensity, (B) tumor-bed fibrosis characterized by low T2-weighted signal intensity, (C, D) fibrotic scar
formation replacing the original tumor site, (E) submucosal edema within the treated rectal wall, and (F) mucin-lake-
like changes characterized by high T2-weighted signal intensity. Despite these persistent imaging abnormalities,
pathologic examination confirmed complete tumor eradication (ypTONO).

The present study had several important clini-
cal implications. First, our findings reinforce
the prognostic significance of pathologic com-
plete response following neoadjuvant therapy.
Second, the frequent persistence of MRI abnor-
malities despite complete pathologic response
highlights the limitations of relying exclusively
on conventional MRI when assessing treat-
ment response. Third, combining radiological,
pathologic, and clinical information may im-
prove patient selection for organ-preservation
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strategies and individualized surveillance pro-
tocols. Finally, these findings provide additional
evidence supporting multidisciplinary interpre-
tation of post-treatment imaging in routine
clinical practice.

This study has several strengths. It included
a well-characterized consecutive cohort of
patients treated within a standardized institu-
tional pathway, incorporated comprehensive
radiologic, pathologic, and survival data, and
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evaluated multiple post-treatment MRI res-
ponse patterns in relation to long-term onco-
logic outcome.

Several limitations should be acknowledged.
First, the retrospective single-center design
introduced the potential for selection bias,
information bias, and residual confounding.
Second, although the overall cohort was of
moderate size, the relatively small number of
patients achieving pCR and the limited number
of survival events reduced the statistical po-
wer of subgroup analyses. Third, standardized
quantitative MRI biomarkers, including ADC
measurements, volumetric response assess-
ment, and radiomic features, were not consis-
tently available because of the retrospective
nature of the study. Fourth, although multiva-
riable analyses were performed to adjust for
clinically relevant covariates, unmeasured con-
founding could not be completely excluded.
Finally, the findings require external validation
in larger prospective multicenter cohorts be-
fore widespread clinical application.

Future prospective studies should incorporate
standardized MRI acquisition protocols, quan-
titative imaging biomarkers, radiomics, artifi-
cial intelligence-assisted image interpretation,
and external validation cohorts to improve the
non-invasive prediction of pathologic complete
response. Integration of imaging biomarkers
with molecular and clinicopathologic charac-
teristics may further enhance personalized
treatment strategies and optimize patient
selection for organ-preservation approaches.

Conclusion

In this retrospective cohort study, pathologic
complete response following neoadjuvant ra-
diotherapy was associated with a lower recur-
rence rate in patients with locally advanced rec-
tal adenocarcinoma. Patients achieving pCR
demonstrated lower pretreatment MRI-defined
tumor burden and experienced reduced recur-
rence rates compared to those with residual
disease. Despite complete pathologic tumor
eradication, persistent post-radiotherapy MRI
abnormalities including residual diffusion-
weighted imaging hyperintensity, tumor-bed
fibrosis, fibrotic scar formation, and submuco-
sal edema were frequently observed. These
findings suggest that conventional post-treat-
ment MRI abnormalities often represent treat-
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ment-related tissue remodeling rather than
residual viable malignancy. Consequently, post-
treatment MRI should be interpreted within a
multidisciplinary framework that integrates
radiological findings with pathologic assess-
ment, clinical evaluation, and longitudinal fol-
low-up. Future prospective multicenter studies
incorporating quantitative MRI biomarkers,
radiomics, and artificial intelligence-assisted
image analysis are warranted to improve the
accuracy of response assessment and support
individualized treatment strategies in rectal
cancet.
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