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ABSTRACT I "

Aim: To investigate the diagnostic value of minimum, mean, and maximum apparent diffusion coefficient (ADC) measurements from the rectal
tumor component closest to the mesorectal fascia (MRF) for predicting MRF involvement and to evaluate the influence of tumor mucin content
and patient age.

Method: This retrospective study included 129 patients with pathologically confirmed rectal cancer who underwent preoperative rectal magnetic
resonance imaging (MRI) between 2018 and 2025. ADC measurements were obtained from the tumor region closest to the MRF on diffusion-
weighted images, and minimum, mean, and maximum ADC values were recorded. Statistical analyses included group comparisons, receiver
operating characteristic curve analysis, and multivariable logistic regression.

Results: Patients with MRF involvement demonstrated significantly lower minimum, mean, and maximum ADC values than those without
involvement (all p<0.001). In multivariate analysis, minimum ADC emerged as the only independent predictor of MRF involvement. Receiver
operating characteristic curve analysis showed that minimum ADC had the highest diagnostic performance (area under the curve: 0.836). The
optimal cut-off value for minimum ADC was <0.95x10* mm?/s, yielding a sensitivity of 86.3%, specificity of 69.2%, positive predictive value of
64.7%, and negative predictive value of 88.5%. Subgroup analyses confirmed the robustness of minimum ADC across age and sex. Tumor mucin
content influenced ADC performance, with reduced discriminative ability in low-mucin tumors.

Conclusion: Targeted ADC measurements obtained from the tumor-MREF interface, particularly minimum ADC, provide valuable information for
predicting MRF involvement. Incorporating minimum ADC into routine rectal MRI assessment may improve preoperative risk stratification and
treatment planning.
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Introduction Although high-resolution T2-weighted MRI provides detailed
anatomical assessment, it has limitations in characterizing
tumor biology. This has led to increasing interest in diffusion-
weighted imaging (DWI) and its quantitative parameter, the
apparent diffusion coefficient (ADC).?

Rectal cancer remains a major health burden, and accurate
preoperative staging is essential for treatment planning.
Magnetic resonance imaging (MRI) is the standard modality for
local staging, particularly in assessing the relationship between
the tumor and the mesorectal fascia (MRF)—a key determinant
of circumferential resection margin status and prognosis.'
Tumor extension within <1 mm of the MRF is associated with

Tumor heterogeneity represents a major challenge in
imaging assessment. The tumor component closest to the
MRE is of particular clinical relevance, as it represents the

an increased risk of local recurrence.? region most directly related to potential margin involvement.
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However, the diagnostic value of ADC measurements
specifically obtained from this region remains insufficiently
investigated.*

Mucinous rectal adenocarcinoma, characterized by abundant
extracellular mucin pools, demonstrates distinct diffusion
properties compared with non-mucinous subtypes, resulting
in characteristically higher ADC values due to reduced
restriction of water molecule movement.>® However, whether
this histological subtype difference systematically influences
ADC-based assessment of MRF involvement—particularly
when measurements are confined to the tumor region closest
to the fascia—remains to be clarified.

This study aims to evaluate the diagnostic performance of
minimum, mean, and maximum ADC values obtained from
the tumor component closest to the MRF in predicting MRF
involvement. These three metrics are assessed separately
to capture distinct aspects of tumor diffusion behavior, as
each may reflect different underlying tissue characteristics,
including cellularity and mucin content. Additionally, the
influence of histological subtype (mucinous vs. non-mucinous)
and patient age on ADC measurements is investigated as a
secondary objective.

The institutional review board approved this retrospective
study and waived the requirement for informed consent.
The study was approved by the University of Health Sciences
Tirkiye, Adana City Training and Research Hospital Clinical
Research Ethics Committee (approval no.. 742, dated:
25.09.2025) and conducted in accordance with the principles
of the Declaration of Helsinki.

Patient Selection

This retrospective single-center study included patients
with histopathologically confirmed rectal adenocarcinoma
who underwent pretreatment high-resolution pelvic MRI,
including DWI and corresponding ADC maps, between
January 2018 and March 2025. MRF involvement and lymph
node status were determined based on histopathological
evaluation of total mesorectal excision specimens and served
as the reference standard. To minimize the potential impact
of interval tumor progression on the reference standard, only
patients whose pretreatment MRI was performed within 14
days before surgery were included. No neoadjuvant treatment
was administered between imaging and surgery in any included
patient. A total of 271 patients were initially identified. After
application of the inclusion and exclusion criteria, 142 patients
were excluded, resulting in a final cohort of 129 patients for
analysis.

Eligible patients were required to have sufficient image quality
to allow reliable assessment of the tumor-MRF relationship

and quantitative ADC measurements and to have undergone
imaging prior to any oncologic treatment.

if they
chemoradiotherapy or any other oncologic treatment before

Patients were excluded received neoadjuvant
MRI, had a history of pelvic surgery or radiotherapy that
could distort normal pelvic anatomy, had examinations with
significant motion artifacts or technical limitations precluding
accurate ADC analysis, had tumors with extensive nonsolid
components preventing reliable region-of-interest placement,

or had incomplete clinical or imaging data (Figure 1).

Rectal Magnetic Resonance Imaging Protocol

MRI was performed on a 3-T scanner (Philips Ingenia,
Eindhoven, Netherlands) using a phased-array superficial
body coil. T2-weighted sequences (axial, coronal, and sagittal)
were acquired with a matrix of 220x205, a field of view (FOV)
of 220 mm, a slice thickness of 3 mm, and a repetition time/
echo time (TR/TE) of 3,299/110 ms. Pre- and postcontrast
T1-weighted sequences used a matrix of 312x224, an FOV
of 250 mm, a slice thickness of 4 mm, and a TR/TE of 514/8
ms. Dynamic T1-weighted imaging was performed with
a matrix of 220x223, an FOV of 240 mm, and a TR/TE of
6.0/1.88 ms. DWI was acquired using b-values of 0 and 1,000
s/mm?. Oblique axial, sagittal, and coronal high-resolution T2-
weighted images were obtained parallel or orthogonal to the
tumor’s long axis. Contrast enhancement was performed with
0.1 mmol/kg gadobutrol (Gadovist, Bayer Schering Pharma,
Berlin, Germany) administered intravenously at 2 mL/s,
followed by a 15-mL saline flush.

Image Analysis and Measurement

Tumor mucin content was determined based on
histopathological evaluation and classified into three categories
based on the proportion of extracellular mucin, in accordance
with established histopathological definitions. Tumors with
<5% mucin were classified as having low mucin content (Type
1), those with 5-50% mucin as having intermediate mucin
content (Type 2), and those with >50% mucin as having
high mucin content (Type 3, corresponding to mucinous

adenocarcinoma).”®

Assessed for eligibility
(n=271)

Excluded (n = 142) Included in analysis
(n=129)

- Prior treatment (n = 45)

- History of pelvic surgery or radiotherapy (n = 13)

- Poor image quality (n = 33)

- Non-solid tumor (n = 21)

- Incomplete data (n = 30) Analyzed
(n=129)

Figure 1. Flow diagram of patient selection
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Diffusion-weighted imaging-derived ADC measurements
were performed on ADC maps using high-resolution axial
T2-weighted images as anatomical reference. For each tumor,
the region of interest (ROI) was placed on the solid tumor
component closest to the MRE, defined as the shortest distance
between the outer tumor margin and the MRF (Figure 2).
Regions of interest were manually drawn on at least three
consecutive axial slices covering the tumor region. Care was
taken to avoid areas of necrosis, hemorrhage, cystic change,
luminal contents, and susceptibility artifacts. In tumors with
mucinous components, ROIs were strictly positioned on the
solid tumor portions to minimize the confounding effect of
extracellular mucin on ADC measurements (Figure 3).
Region of interest sizes ranged between 20 and 50 mm?
depending on tumor size and morphology. For each
ROI, minimum, mean, and maximum ADC values were
automatically extracted, and the average of measurements
obtained from consecutive slices was used for statistical
analysis. ADC values were expressed in units of x10°? mm?/s.
On MRI, a tumor-MRF distance of <1 mm was considered
indicative of radiological MRF involvement, in accordance
with established criteria for circumferential resection margin
involvement.’ The distance between the tumor and the MRF
was measured on high-resolution axial T2-weighted images as
the shortest linear distance from the outermost tumor margin
to the MRE. Measurements were performed perpendicular to
the tumor surface at the level where the tumor was closest to

Figure 2. Axial high-resolution T2-weighted MRI of a 56-year-old female
patient showing a rectal tumor (arrow). The tumor-mesorectal fascia
relationship is demonstrated and used as a reference for ROI placement
on the solid tumor component for ADC measurements, avoiding non-
solid areas

MRI: Magnetic resonance imaging, ROI: Region of interest, ADC: Apparent
diffusion coefficient

the MREF, and the minimal distance was recorded in millimeters
for analysis.

Two radiologists with 4 and 11 years of experience in pelvic
MRI independently performed all ADC measurements, both
blinded to the histopathological results. In cases of discrepancy,
a consensus reading was performed.

Statistical Analysis

Descriptive statistics were expressed as mean, standard
deviation, median, minimum, maximum, frequency, and
percentage values. The distribution of variables was assessed
using the Kolmogorov-Smirnov and Shapiro-Wilk tests. Both
meantstandard deviation and median values were reported to
comprehensively describe the distribution of variables, given
that some parameters did not follow a normal distribution.
For normally distributed independent quantitative variables,
the Independent Samples t-test was used, whereas the Mann-
Whitney U test was applied for non-normally distributed
independent quantitative variables. Categorical variables were
analyzed using the chi-square test. Discriminative performance
and optimal cut-off values were evaluated using receiver
operating characteristic (ROC) curve analysis. The effects of
variables were assessed using univariate and multivariable
logistic regression analyses. Due to multicollinearity among
ADC parameters, only the most predictive variable (minimum
ADC) was included in the multivariable model. Optimal cut-
off values were determined using the Youden index. Positive
predictive value (PPV) and negative predictive value (NPV)

Figure 3. Axial apparent diffusion coefficient (ADC) map of the same
patient shown in Figure 2, demonstrating ROI placement on the solid
tumor component. Quantitative ADC measurements (minimum, mean,
and maximum) were obtained from this region

ROI: Region of interest
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were calculated based on the observed prevalence of MRF
involvement in the study cohort. All statistical analyses were
performed using SPSS Statistics (version 28.0).

Potential sources of bias, including selection bias and
measurement variability, were minimized through predefined
inclusion criteria and blinded image analysis. No significant
missing data were present for the variables included in the
analysis.

RESULTS

A total of 129 patients with rectal cancer were included in the
study. The patients’ ages ranged from 32 to 84 years, with a
median age of 64 years and a mean age of 63.5£11.6 years.
Of the study population, 51.2% (n=66) were younger than 65
years, whereas 48.8% (n=63) were aged 65 years or older. The
cohort consisted of 79 men (61.2%) and 50 women (38.8%).
The minimum ADC values measured from the tumor
component closest to the MRF ranged from 0.10 to 2.10x107
mm?/s, with a median of 0.90x10° mm?s and a mean of
0.98+0.42x10° mm?/s. Mean ADC values ranged from 0.30
to 3.00x10°* mm?*s, with a median of 1.30x10° mm?/s and a
mean of 1.32+0.50x10~* mm?/s. Maximum ADC values ranged
from 0.40 to 3.30x10° mm?/s, with a median of 1.70x107
mm?/s and a mean of 1.70+0.60x10° mm?/s (Table 1).
Regarding tumor characteristics, mucin content was graded as
Type 1 in 76 patients (58.9%), Type 2 in 46 patients (35.7%),
and Type 3 in 7 patients (5.4%). The distance between the
tumor and the MRF ranged from 1.0 to 26.5 mm, with a
median distance of 8.0 mm and a mean distance of 8.49+5.77

mm. MRF involvement was present in 51 patients (39.5%) and
absent in 78 patients (60.5%) (Table 1).

Comparative analysis between patients with and without
MREF involvement demonstrated no statistically significant
differences in age distribution or sex (p>0.05 for all). Similarly,
no significant differences were observed between the two
groups with respect to tumor mucin content or the distance
between the tumor and the MRF (p>0.05) (Table 2).

In contrast, DWI parameters showed significant differences
between groups. Patients with MRF involvement had
significantly lower minimum, mean, and maximum
ADC values than those without MRF involvement (all
p<0.001). Specifically, the mean minimum ADC value was
1.1740.39x10° mm?*/s in patients without MRF involvement
versus 0.70+0.31x10° mm?/s in those with involvement.
Corresponding mean ADC values were 1.51+0.49x10* mm?*/s
and 1.04+0.39x10° mm?/s, respectively, whereas maximum
ADC values were 1.88+0.57x10° mm?*/s and 1.43+0.55x10°*
mm?/s (Table 2).

ROC analysis demonstrated that minimum ADC had
the highest diagnostic performance for predicting MRF
involvement [area under the curve (AUC): 0.836]. Using
the Youden index, the optimal cut-off value for minimum
ADC was <0.95x10° mm?s, yielding a sensitivity of 86.3%,
specificity of 69.2%, PPV of 64.7%, and NPV of 88.5%. For
mean ADC, the optimal cut-off value was <1.30x10° mm?/s
(sensitivity: 82.4%, specificity: 59.0%, PPV: 56.8%, NPV:
83.6%), whereas for maximum ADC, the optimal cut-off value
was <1.70x10° mm?/s (sensitivity: 74.5%, specificity: 61.5%,
PPV: 55.9%, NPV: 78.7%) (Table 3 and Figure 4).

Table 1. Baseline demographic and MRI characteristics of the study cohort

Age (years) 32-84
Age <65 =

Age 265 -

Sex (Male) -

Sex (Female) -
Minimum ADC 0.10-2.10
Mean ADC 0.30-3.00
Maximum ADC 0.40-3.30
Mucin content in tumor - Type 1 =

Mucin content in tumor - Type 2 -

Mucin content in tumor - Type 3 -
Distance of tumor to MRF (mm)
Mesorectal fascia involvement (-) -

Mesorectal fascia involvement (+) -

55-73.5

0.70-1.30
0.95-1.60
1.20-2.10

64 63.5¢11.6
- 66 (51.2%)
- 63 (48.8%)
- 79 (61.2%)
- 50 (38.8%)
0.90 0.98+0.42
1.30 1.32+0.50
1.70 1.70+0.60
- 76 (58.9%)
- 46 (35.7%)
- 7 (5.4%)
8.49+5.77
- 78 (60.5%)
- 51 (39.5%)

MRI: Magnetic resonance imaging, MRF: Mesorectal fascia, SD: Standard deviation, IQR: Interquartile range, ADC: Apparent diffusion coefficient
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Table 2. Comparison of demographic and MRI characteristics according to mesorectal fascia involvement

Age (years) 64.7+11.4
Age <65 37 (47.4%)
Age 265 41 (52.6%)
Sex (Male) 49 (62.8%)
Sex (Female) 29 (37.2%)
Minimum ADC 1.17+0.39
Mean ADC 1.51+0.49
Maximum ADC 1.88+0.57
Mucin content in tumor - Type 1 47 (60.3%)
Mucin content in tumor - Type 2 26 (33.3%)
Mucin content in tumor - Type 3 5(6.4%)
Distance of tumor to MRF (mm) 8.3+5.8

65.0 61.6+11.7 62.0 0.095
- 29 (56.9%) - 0.295
- 22 (43.1%) -

- 30 (58.8%) - 0.649
- 21 (41.2%) -

1.10 0.70+0.31 0.69 <0.001
1.45 1.04+0.39 1.00 <0.001
1.90 1.43%0.55 1.40 <0.001
- 29 (56.9%) - 0.701
- 20 (39.2%) -

- 2 (3.9%) -

8.0 8.845.8 7.3 0.643

MREF: Mesorectal fascia, SD: Standard deviation, ADC: Apparent diffusion coefficient

Table 3. ROC curve analysis of ADC parameters

Minimum ADC  0.836 0.764-0.908
Mean ADC 0.786 0.705-0.866
Maximum ADC  0.717 0.626-0.809

<0.95 86.3% 69.2% 64.7% 88.5%
<1.30 82.4% 59.0% 56.8% 83.6%
<1.70 74.5% 61.5% 55.9% 78.7%

ADC: Apparent diftusion coefficient, ROC: Receiver operating characteristic, PPV: Positive predictive value NPV: Negative predictive value
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Figure 4. Receiver operating characteristic curves of minimum, average,
and maximum ADC values for predicting mesorectal fascia involvement.
Minimum ADC demonstrated the highest diagnostic performance
compared with mean and maximum ADC values

ADC: Apparent diffusion coefficient

In univariate logistic regression analysis, all three ADC-
derived parameters were statistically significant predictors
of the outcome. Minimum ADC demonstrated the
strongest association, with an odds ratio (OR) of 63.44
[95% confidence interval (CI): 13.01-309.26], followed by
mean ADC (OR=14.75; 95% CI: 4.72-46.09) and maximum
ADC (OR=4.42; 95% CI: 2.11-9.25). In multivariate logistic
regression analysis, minimum ADC was identified as the sole
independent predictor (OR=63.44; 95% CI: 13.01-309.26),
whereas mean and maximum ADC were not included in the
multivariate model because of multicollinearity with minimum
ADC (Table 4).

Discussion

In this study, we investigated the diagnostic value of ADC
measurements obtained from the tumor component closest
to the MRF in predicting MRF involvement in patients with
rectal cancer. Our results demonstrate that minimum, mean,
and maximum ADC values were significantly lower in patients
with MRF involvement than in those without involvement,
whereas demographic factors, tumor mucin content, and
tumor-MRF distance showed no significant differences
between groups. Among the diffusion parameters, minimum
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Table 4. Univariate and multivariate logistic regression analysis of ADC parameters and mesorectal fascia involvement

Minimum ADC 63.44 13.01-309.26 0.000 63.44 13.01-309.26 <0.001
Mean ADC 14.75 4.72-46.09 0.000 = = =
Maximum ADC 4.42 2.11-9.25 0.000 = = =

OR: Odds ratio, CI: Confidence interval, ADC: Apparent diffusion coefficient

ADC emerged as the strongest and only independent predictor
of MRF involvement in multivariate analysis.

Accurate preoperative assessment of MRF involvement is
a cornerstone of rectal cancer staging, as it directly affects
surgical planning, circumferential resection margin status,
and the need for neoadjuvant therapy.'>"" High-resolution T2-
weighted MRI is currently regarded as the standard technique
for evaluating the relationship between the tumor and the
MRE However, its accuracy may be limited in borderline cases
and in tumors with heterogeneous morphology.'>"* Therefore,
the integration of functional imaging parameters such as DWI
has gained increasing interest.

Diffusion-weighted MRI reflects tumor cellularity, extracellular
space restriction, and microstructural complexity, which are
key determinants of tumor aggressiveness.'*'> Lower ADC
values have consistently been associated with higher cellular
density, increased nuclear-to-cytoplasmic ratio, and more
aggressive tumor behavior.' In line with these concepts, our
findings demonstrate significantly reduced ADC values in
tumors with MRF involvement, supporting the hypothesis that
local invasive potential is associated with restricted diffusion.
Notably, minimum ADC values showed superior performance
compared with mean and maximum ADC values. Although
all three parameters were significant in univariate analysis,
only minimum ADC retained independent significance in
the multivariate logistic regression model. This finding is
consistent with previous studies suggesting that minimum
ADC better reflects the most aggressive tumor subregion,
capturing intratumoral heterogeneity more effectively than
mean ADC values.'”"* Mean ADC values may be influenced by
necrotic or less cellular tumor areas, whereas minimum ADC
highlights the region with the highest diffusion restriction,
which is more relevant to invasive behavior.

ROC analysis further supported the diagnostic value of ADC
measurements. Minimum ADC demonstrated the highest
discriminative ability for MRF involvement, with an AUC of
0.836, followed by mean ADC (AUC=0.786) and maximum
ADC (AUC=0.717). These results indicate that minimum
ADC provides good diagnostic accuracy and may serve as a
reliable imaging biomarker for predicting MRF involvement.
Comparable AUC values have been reported in previous DWI-

based studies assessing locally advanced rectal cancer and
adverse prognostic features.?*?!

An important observation in our study is the lack of significant
differences between MRF-positive and MRF-negative groups
regarding age, sex, tumor mucin content, and tumor-MRF
distance. Interestingly, tumor-MRF distance did not show a
statistically significant association with MRF involvement in
our study. Although this parameter is traditionally considered
a key morphologic predictor, its lack of significance may be
explained by several factors.’ First, distance measurements on
MRI may not fully capture microscopic tumor infiltration or
early MRF involvement. Second, tumor aggressiveness and
biological behavior—reflected by diffusion characteristics such
as ADC—may play a more critical role than purely anatomical
proximity. Finally, measurement variability and tumor
heterogeneity may also contribute to the limited discriminative
value of distance alone. These findings highlight the added
value of functional imaging parameters over conventional
morphologic assessment.

Subgroup analyses further strengthened the robustness of
minimum ADC as a predictive parameter. Minimum ADC
remained significantly effective in distinguishing MRF
involvement across age groups (<65 and =65 years) and both
sexes. These findings suggest that the predictive performance
of minimum ADC is consistent across clinically relevant
subpopulations, enhancing its potential generalizability in
routine clinical practice.

Tumor mucin content is known to influence ADC values due
to increased extracellular water content in mucinous tumors,
which typically results in higher ADC measurements.** In
our study, minimum ADC did not demonstrate significant
discriminative ability in tumors with low mucin content (Type
1), whereas it remained significant in tumors with moderate
to high mucin content (Types 2-3). This observation may
reflect increased intratumoral heterogeneity in higher-grade
mucinous tumors, where solid tumor components coexist
with mucinous areas, allowing minimum ADC to capture
biologically aggressive regions more effectively. In contrast,
low-mucin tumors may exhibit more homogeneous diffusion
characteristics, which could reduce the ability of minimum
ADC to differentiate invasive from noninvasive behavior in
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this subgroup. Clinicians should therefore exercise caution
when applying minimum ADC thresholds to tumors with
low mucin content, and additional imaging or histological
characterization may be necessary in these cases. These
findings are consistent with prior reports emphasizing the
need for careful ROI placement in solid tumor components
when evaluating ADC in mucinous rectal cancers.”

One of the key strengths of our study is the methodological
approach to ADC measurement. By focusing on the tumor
component closest to the MRF rather than sampling the entire
tumor volume, we aimed to specifically target the region most
relevant to local invasion. This targeted measurement strategy
likely contributes to the strong association between minimum
ADC and MRF involvement observed in our cohort and
represents an important methodological contribution to the
existing literature.

Study Limitations

Several limitations should be acknowledged. The retrospective
and single-center design may limit generalizability. Although
measurements were performed by two experienced
radiologists with consensus reading, formal interobserver
agreement analysis (e.g., intraclass correlation coefficient) was
not conducted, and the reproducibility of ADC measurements
could not be quantitatively assessed. Future prospective,
multicenter studies with standardized acquisition protocols
and volumetric ADC analysis are warranted to address these
methodological gaps.

Although histopathological data were available, detailed
pathological parameters such as tumor stage, grade, and
lymphovascular invasion were not included in the present
analysis, as the primary aim of the study was to evaluate
the relationship between ADC measurements and MRF
involvement. The multivariate model was primarily focused
on diffusion-related parameters, and other potentially relevant
clinicopathological variables such as tumor height, T stage,
nodal status, extramural vascular invasion, and tumor size
were not included. Inclusion of these variables in future studies
may further improve model performance. Future studies
incorporating comprehensive pathological correlations may
further enhance the clinical value of these findings.

Conclusion

ADC measurements obtained from the tumor component
closest to the MRE, particularly minimum ADC, may provide
useful information for predicting MRF involvement in rectal
cancer. Minimum ADC was identified as an independent
imaging parameter with good diagnostic performance.
These findings suggest that targeted ADC assessment could
complement conventional MRI evaluation and may contribute

to preoperative risk stratification and treatment planning.
Validation through prospective multicenter studies remains
necessary before routine clinical implementation.
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