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Abstract

Background
Tumor-infiltrating lymphocytes (TILs) are associated with treatment response and prognosis in triple-
negative breast cancer (TNBC), but their assessment requires tissue sampling. We investigated whether
routine pretreatment imaging findings, particularly intratumoral and peritumoral apparent diffusion
coefficient (ADC) measurements on 3-T breast MRI, were associated with stromal TIL levels and
evaluated an exploratory MRI-based model.

Methods
This single-center retrospective study included 79 consecutive women with primary TNBC assessed
between November 2016 and October 2023. High TIL status was defined as stromal TILs ≥ 10% in
pretreatment biopsy specimens. Mammographic, ultrasonographic, MRI, and ¹⁸F-fluorodeoxyglucose
PET/CT findings were analyzed when available. A prespecified MRI-based logistic regression model
included intratumoral ADC, peritumoral ADC, and MRI margin. Discrimination was assessed by receiver
operating characteristic analysis and internally validated using 1,000 bootstrap resamples. Associations
with pathological complete response (pCR) were explored.

Results
High TIL status was present in 57 of 79 participants (72.2%). Among 76 participants with MRI, higher
intratumoral ADC (adjusted odds ratio [OR], 6.96; 95% confidence interval [CI], 2.47–19.67; p < 0.001) and
lower peritumoral ADC (adjusted OR, 0.27; 95% CI, 0.11–0.66; p = 0.004) were independently associated
with high TIL status. The exploratory MRI-based model had an apparent area under the curve (AUC) of
0.934 (95% CI, 0.879–0.989) and an optimism-corrected AUC of 0.914. Intratumoral ADC alone had an
AUC of 0.856 (95% CI, 0.768–0.944). The associations remained consistent after adjustment for the MRI
system and in the analysis restricted to the predominant Ingenia 3.0T system. In exploratory analyses,
pCR was more frequent in participants with high versus low TIL status (58.1% vs. 7.7%; p = 0.001) and in
those with high versus low intratumoral ADC (57.1% vs. 8.3%; p = 0.003).

Conclusions
Routine intratumoral and peritumoral ADC measurements were associated with high stromal TIL status
in this single-center TNBC cohort. The exploratory MRI-based model showed good discrimination after
bootstrap correction. External multicenter evaluation is required before clinical use.
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Breast cancer is the most commonly diagnosed malignancy among women, with an estimated
2.3 million new cases occurring globally each year [1]. Among its subtypes, triple-negative breast cancer
(TNBC) accounts for 10–20% of cases and is defined by the lack of estrogen receptor (ER) and
progesterone receptor (PgR) expression and the absence of human epidermal growth factor receptor 2
(HER2) amplification [2]. Unlike other subtypes, TNBC does not respond to endocrine or HER2-targeted
therapies, resulting in limited treatment options and a generally poor prognosis. Although chemotherapy
remains the cornerstone of TNBC treatment, the recent development of immune checkpoint inhibitors
has renewed interest in identifying reliable immunological biomarkers.

Tumor-infiltrating lymphocytes (TILs), as a key component of the tumor immune microenvironment, have
been recognized as both prognostic and predictive biomarkers in breast cancer. TILs are particularly
prominent in highly proliferative tumors such as TNBC and HER2-positive breast cancer [3]. Higher
stromal TIL levels have also been associated with improved response to immune checkpoint inhibitor–
based therapy in TNBC, suggesting a potential role as a treatment-response biomarker [4, 5].

High TIL levels have been associated with improved therapeutic response, higher pathological complete
response (pCR) rates, and better prognosis in both TNBC and HER2-positive breast cancer [2, 6, 7].
However, accurately evaluating TILs remains challenging due to the complexity of the tumor
microenvironment, which includes diverse populations of immune and stromal cells [8, 9]. Therefore,
there is a need for more reliable and clinically practical methods to assess TILs.

Currently, the gold standard for TIL evaluation depends on histopathological analysis of biopsy or
surgical specimens. However, this approach is inherently invasive and limited by tumor heterogeneity
and sampling error. Noninvasive imaging techniques may offer a more comprehensive assessment of
the tumor microenvironment. Among these, diffusion-weighted magnetic resonance imaging (DWI)
enables calculation of the apparent diffusion coefficient (ADC), which reflects tissue cellularity and may
correlate with immune-related features such as TIL infiltration. Compared with more complex
approaches such as radiomics or deep learning, ADC provides a simple, quantitative, and reproducible
parameter that is widely available in clinical practice.

Previous imaging studies have explored associations between TIL levels and various parameters,
including an ultrasonography-based TIL score [10] and MRI-based radiomics models [11–13].
Standardized recommendations for TIL assessment have also been extended to residual disease after
neoadjuvant therapy and carcinoma in situ [14]. More recently, Gigli et al. reported that conventional MRI
features, particularly ADC values and enhancement characteristics, were associated with TIL levels in
breast cancer [15]; however, their study analyzed a mixed-subtype cohort with relatively few TNBC cases.
Many of these methods remain experimental, lack external validation, or require multimodal integration
that is not routinely feasible. Moreover, subtype-specific evidence in TNBC remains limited despite the
strong clinical relevance of TILs in this subtype. Furthermore, in daily clinical practice, not all participants
undergo the same preoperative imaging examinations, making the clinical utility of a multimodality
approach uncertain.
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Therefore, this retrospective study aimed to assess whether routinely acquired intratumoral and
peritumoral ADC measurements on pretreatment 3-T breast MRI were associated with high stromal TIL
levels in primary TNBC and to evaluate the discrimination and internal validity of an exploratory MRI-
based model. We also examined associations between other imaging findings from mammography,
ultrasonography, and PET/CT and TIL status. Finally, we explored associations of TIL status and
intratumoral ADC with pCR.

Methods

Participants and Data Collection
This single-center retrospective study was approved by the institutional review board (approval number:
5069). Study details were disclosed on the institutional bulletin board, allowing participants the
opportunity to opt out.

Eligible participants were women with primary TNBC. Participants were consecutively identified from the
institutional breast cancer registry. Among 1,192 patients with breast cancer assessed between
November 2016 and October 2023, 94 had primary TNBC. Fifteen were excluded because pretreatment
biopsy specimens were unavailable, leaving 79 participants for the final analysis (Fig. 1). All included
participants had pretreatment biopsy specimens adequate for TIL assessment and underwent both
mammography and ultrasonography. Contrast-enhanced MRI and ¹⁸F-FDG PET/CT were not mandatory
and were analyzed when available. Of the 79 participants, 76 underwent pretreatment MRI and 63
underwent ¹⁸F-FDG PET/CT. TNBC diagnosis was confirmed by immunohistochemical (IHC) analysis of
ER, PgR, and HER2 expression. ER and PgR statuses were assessed by IHC, with positivity defined as
nuclear staining in ≥ 1% of tumor cells in accordance with American Society of Clinical Oncology and the
College of American Pathologists guidelines. HER2 status was determined by IHC and further evaluated
using fluorescence in situ hybridization in cases with equivocal IHC (2+) results. Tumors negative for
both hormone receptors and HER2 were classified as TNBC. The Ki-67 labeling index was measured
using IHC with the MIB-1 antibody, and the percentage of positively stained tumor nuclei was recorded.
Histological grade and lymphatic and venous invasion status were obtained from routine pathological
reports based on pretreatment biopsy specimens collected before systemic therapy. Histological grade
was recorded according to the Nottingham histological grading system. Lymphovascular invasion was
considered present when either lymphatic or venous invasion was recorded. Germline BRCA1/2 mutation
status was assessed via next-generation sequencing of peripheral blood samples, performed at a
certified clinical genetics laboratory when clinically indicated or with participant consent.

TIL Evaluation
TIL levels were assessed using hematoxylin and eosin-stained slides prepared from pretreatment biopsy
specimens. The evaluation followed the criteria established by the International Immuno-Oncology
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Biomarker Working Group (2017), which quantifies TILs as the percentage of tumor stroma occupied by
lymphocytes. For this study, a threshold of ≥ 10% defined the high-TIL group, while cases with < 10% TILs
were classified as the low-TIL group [7, 9, 14]. All TIL assessments were performed by a board-certified
surgical pathologist with extensive experience in breast pathology, following standardized criteria
established by the International Immuno-Oncology Biomarker Working Group.

Pathological Complete Response Assessment
Among participants who received neoadjuvant systemic therapy and had available surgical pathology,
pathological complete response (pCR) was evaluated as an exploratory clinical outcome. pCR was
defined as the absence of residual invasive carcinoma in the breast and axillary lymph nodes (ypT0/is
ypN0) [16].

Imaging Protocols

Mammography Protocol
Mammographic images were acquired in craniocaudal and mediolateral oblique projections using a
Senographe Essential system (GE Healthcare, Milwaukee, WI, USA). Spot compression and magnification
views were obtained when necessary.

Ultrasonography Protocol
Bilateral whole-breast ultrasonography was performed using high-frequency (8–10 MHz) probes (HI
VISION Ascendus; Hitachi-Aloka Medical, Mitaka, Tokyo, Japan). Lesions were assessed in at least two
orthogonal planes: transverse and longitudinal.

MRI Protocol
Participants who underwent breast MRI were examined in the prone position using one of two 3.0-T
systems: a Vantage Titan system (Toshiba Medical Systems, Ohtawara, Japan) with a 16-channel
phased-array breast coil or an Ingenia 3.0T system (Philips Healthcare, Best, the Netherlands) with a
SENSE Breast 7M coil. MRI examinations were performed as part of routine pretreatment evaluation, and
menstrual cycle timing was not systematically controlled.

For the Vantage Titan system, T2-weighted imaging (T2WI) was performed with a repetition time/echo
time (TR/TE) of 4,600/60 ms, a field of view (FOV) of 250 × 350 mm, a slice thickness/gap of 3.0/0.6
mm, a matrix size of 256 × 512, and a flip angle of 90°. Dynamic contrast-enhanced T1-weighted imaging
(DCE-T1WI) was performed with a TR/TE of 5.5/2.5 ms, an FOV of 250 × 350 mm, a slice thickness of
1.0 mm, a matrix size of 242 × 304, and a flip angle of 15°. Diffusion-weighted imaging (DWI) was
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performed with a TR/TE of 10,045/84 ms, an FOV of 250 × 320 mm, a slice thickness of 3.0 mm, a matrix
size of 104 × 103, and a flip angle of 90°, using b values of 0, 1000, and 2000 s/mm².

For the Ingenia 3.0T system, T2WI was performed with a TR/TE of 5,585/58 ms, an FOV of 250 × 320
mm, a slice thickness/gap of 3.0/0.6 mm, a matrix size of 336 × 316, and a flip angle of 90°. DCE-T1WI
was performed with a TR/TE of 3.4/1.66 ms, an FOV of 250 × 320 mm, a slice thickness of 2.0 mm, a
matrix size of 323 × 311, and a flip angle of 15°. DWI was performed with a TR/TE of 10,045/84 ms, an
FOV of 250 × 320 mm, a slice thickness of 3.0 mm, a matrix size of 104 × 134, and a flip angle of 90°,
using b values of 0, 1000, and 2000 s/mm².

Contrast-enhanced imaging was performed after a bolus injection of gadoteridol (Bracco-Eisai) or
gadoterate meglumine (Guerbet) at 0.2 mL/kg body weight, followed by a 20-mL saline flush. For both
systems, ADC maps were automatically generated on the respective MRI systems using vendor-provided
software with monoexponential fitting of signal intensities acquired at all three b values (0, 1000, and
2000 s/mm²). The system software versions were SM = V2.50*R007 for the Vantage Titan and 5.6.1 for
the Ingenia 3.0T. The ADC maps were subsequently exported to an institutional image-viewing
workstation for ROI placement and ADC measurements.

18 F-FDG PET/CT Protocol

Preoperative 18F-FDG PET/CT was performed when deemed necessary by the attending physician.

Images were acquired using dedicated 18F-FDG PET/CT scanners (Biograph Sensation 16, Biograph
mCT-s (64) 4R, Biograph Vision 600; Siemens, Erlangen, Germany). Image reconstruction was performed
using an ordered-subset expectation-maximization algorithm, with four iterations and five subsets for
the Biograph Vision 600, and two iterations and 21 subsets for the Biograph mCT 64. Gaussian filters
were applied for post-processing (4.0-mm filter for the Biograph Vision 600; 6.0-mm filter for the
Biograph mCT 64). After confirming that blood glucose levels were < 200 mg/dL, participants were
injected with 3.9 ± 0.2 MBq/kg of 18F-FDG, with a mean injection activity of 219.5 ± 46.5 MBq and a scan
time of 78.3 ± 9.6 min post-injection. The maximum standardized uptake value (SUVmax) was measured

using EQ PET software (Siemens, Oxford, UK).

Data Analysis
Qualitative imaging features were independently evaluated by two readers: the first author, a breast
surgeon (Reader 1), and a coauthor, a radiologist (Reader 2), with 18 and 19 years of experience in breast
imaging, respectively. Disagreements regarding qualitative imaging findings were resolved by
consensus. The independent double reading of the mammograms (MMG) was performed retrospectively
by two qualified individuals certified by the Central Organization for Quality Assurance of Breast Cancer
Screening in Japan. For MMG and ultrasonographic data analysis, all tumors were retrospectively
evaluated according to the American College of Radiology Breast Imaging Reporting and Data System
(BI-RADS) Fifth Edition categories. For MRI data analysis, morphology, internal enhancement
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characteristics, internal architecture, and time-signal intensity curve patterns were evaluated on the most
representative cross-sectional images, including T2WI and post-contrast enhanced T1WI, selected based
on the largest tumor extent. In addition to tumor morphological characteristics assessed by BI-RADS,
intratumoral and peritumoral ADC values were evaluated on the ADC maps. Three circular ROIs were
placed in each of the intratumoral and peritumoral regions. Each ROI was approximately 5 mm in
diameter and included at least three voxels. Intratumoral ROIs were manually placed in solid tumor
regions, carefully avoiding necrosis, hemorrhage, and cystic degeneration. The peritumoral region was
defined as a 5-mm-wide band immediately outside the tumor margin. Peritumoral ROIs were positioned
entirely within this band while avoiding overlap with the tumor, adjacent adipose tissue, blood vessels,
skin, and pectoral muscle to minimize partial-volume effects.

For each ROI, the mean ADC value was recorded, and the median of the three ROI mean values was used
as the representative intratumoral or peritumoral ADC value. ADC measurements used in the main
analyses were performed by Reader 1. To assess interobserver reproducibility, Reader 2 independently
repeated intratumoral and peritumoral ADC measurements in the first 35 consecutive participants with
evaluable MRI, without access to Reader 1’s measurements. 18F-FDG PET/CT images were reviewed by
two board-certified nuclear medicine physicians, who manually placed a spherical volume of interest
over the entire tumor to determine the SUVmax.

To minimize bias, both readers were blinded to participants’ clinical data and TIL status, and Reader 2
was also blinded to Reader 1’s ADC measurements.

Statistical Analysis
Participants were divided into high- and low-TIL groups. Descriptive statistics are presented as the mean 
± standard deviation for continuous variables and as counts and percentages for categorical variables.
Associations of individual clinical and imaging variables with high TIL status were evaluated using
univariable logistic regression, and odds ratios (ORs) with 95% confidence intervals (CIs) were reported.
Fisher’s exact test was used for categorical comparisons where indicated, including comparisons of
lymphovascular invasion and MRI system according to TIL status. Continuous variables were compared
using unpaired t tests or Mann–Whitney U tests, as appropriate. In an exploratory analysis, intratumoral
and peritumoral ADC values were compared according to lymphovascular invasion status using the
Mann–Whitney U test. Interobserver reproducibility of intratumoral and peritumoral ADC measurements
was evaluated using intraclass correlation coefficients (ICCs) with 95% CIs based on a two-way random-
effects, absolute-agreement, single-measurement model.

Multivariable logistic regression analysis was performed to identify variables independently associated
with high TIL status. Candidate variables were selected a priori based on biological plausibility, previous
literature, clinical relevance, and model stability rather than solely on univariable statistical significance.
The primary MRI-based model included intratumoral ADC, peritumoral ADC, and MRI margin. Two
additional multivariable models were examined: a histological grade–adjusted model including
intratumoral ADC, peritumoral ADC, and histological grade, and an exploratory PET/CT model including
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intratumoral ADC, peritumoral ADC, and SUVmax. To assess potential scanner-related heterogeneity, the
primary model was repeated with MRI system included as an additional categorical covariate. The
primary model was also repeated after restricting the analysis to participants examined using the
predominant Ingenia 3.0T system. Multicollinearity was assessed before model fitting. ORs for ADC
values were expressed per 0.1 × 10⁻³ mm²/s increase.

Receiver operating characteristic (ROC) analysis was performed to assess the ability of intratumoral
ADC alone and the predicted probabilities from the primary MRI-based model to discriminate between
high and low TIL status. The apparent areas under the ROC curve (AUCs) of the primary MRI-based
model and intratumoral ADC alone were compared using DeLong’s test for correlated ROC curves. The
Youden index was used to determine the optimal cutoff value for maximizing sensitivity and specificity.
Internal validation of the primary MRI-based model was performed using 1,000 bootstrap resamples. In
each bootstrap sample, the model was refitted, and its AUC was calculated both in the bootstrap sample
and after application of the bootstrap-fitted model to the original cohort. Optimism was defined as the
difference between these two AUCs. The mean optimism across the 1,000 resamples was subtracted
from the apparent AUC of the model to obtain the optimism-corrected AUC. No imputation was
performed. Each modality-specific analysis and multivariable model was based on participants with
complete data for all variables included in that analysis.

For exploratory clinical outcome analyses, pCR rates were compared between TIL groups defined using
the 10% and 50% cutoffs using Fisher’s exact test. Additional exploratory analyses were performed to
evaluate the association between intratumoral ADC and pCR using Fisher’s exact test for the ROC-
derived ADC cutoff and an unpaired t test for continuous ADC values. Survival outcomes were not
analyzed because the number of recurrence and survival events was insufficient for reliable statistical
evaluation. All statistical tests were two-sided, and p values < 0.05 were considered statistically
significant. Analyses were performed using Python version 3.12.13 with NumPy version 2.3.5, pandas
version 2.2.3, SciPy version 1.17.0, and scikit-learn version 1.8.0. DeLong’s test and bootstrap internal
validation were implemented using custom Python code.

Results
After applying the inclusion and exclusion criteria, 79 participants with TNBC were included in the final
analysis (Fig. 1). The demographic and tumor characteristics of these participants are summarized in
Table 1.
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Table 1
Participant and tumor characteristics (N = 79)

Age     N (%)

  64 ± 12.9    

Family history Presence   17 21.5

  Absence   62 78.5

BRCA pathogenic mutation Presence   11 13.9

  Absence   30 38.0

  Unknown   38 48.1

Body mass index   23 ± 3.6    

Menopausal Pre   19 24.1

  Post   60 75.9

Clinical T stage T1a   0 0.0

  T1b   9 11.4

  T1c   22 27.8

  T2   45 57.0

  T3   3 3.8

Clinical N stage N0   51 64.6

  N1   28 35.4

Clinical stage �   30 38.0

  ⅡA   24 30.4

  ⅡB   22 27.8

  ⅢA   3 3.8

Histological grade 1   15 19.0

  2   24 30.4

  3   30 38.0

  Unknown   10 12.7

Ki-67 index < 20%   28 35.4

  ≥ 20%   51 64.6
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Age     N (%)

  64 ± 12.9    

TILs < 10%   22 27.8

  ≥ 10%   57 72.2

pCR status (N = 56) Non-pCR   30 53.6

  pCR   26 46.4

Pretreatment imaging Mammography   79 100.0

  Ultrasonography 79 100.0

  MRI   76 96.2

  18F-FDG PET/CT 63 79.7

Values are presented as mean ± standard deviation or n (%). Percentages for pCR status were
calculated among evaluable cases (N = 56). All other percentages were calculated using the total
cohort (N = 79).

Note. BRCA; breast cancer susceptibility gene, pCR; pathological complete response, TIL; tumor-
infiltrating lymphocytes, MRI; magnetic resonance imaging, PET/CT; positron emission
tomography/computed tomography.

Among the 79 participants included in the study, 57 (72.2%) were classified as having high TIL levels,
whereas 22 (27.8%) were categorized as having low TIL levels. TIL levels ≥ 50% were observed in 22
participants (27.8%). All tested tumors were negative for ER, PgR, and HER2 expression. All participants
underwent MMG and ultrasonography, and the corresponding images were reviewed. Additionally, 76
(96.2%) participants underwent pretreatment MRI, and 63 (79.7%) underwent 18F-FDG PET/CT. Imaging-
based analyses were performed using the available data for each modality. pCR was evaluable in 56
participants who underwent neoadjuvant systemic therapy and had available surgical pathology; among
these, 26 participants (46.4%) achieved pCR.

The associations of clinical factors and imaging findings with TIL status are summarized in Tables 2 and
3.
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Table 2
Univariable associations of clinical and imaging findings with high TIL status (≥ 10%)

Clinical factor   Odds ratio (95%
CI)

p value

Age 0.99 (0.95–1.03) 0.57

  BRCA pathogenic mutation (N = 41) 5.79 (0.65–51.51) 0.12

  Body mass index 1.12 (0.96–1.30) 0.14

  Menopausal state 1.61 (0.47–5.52) 0.45

  Clinical T 1.08 (0.56–2.09) 0.81

  Clinical N 0.72 (0.26–1.99) 0.53

  Clinical Stage 1.04 (0.60–1.79) 0.90

  Ki-67 1.81 (0.66–4.95) 0.25

  Histological grade 1.88 (0.96–3.67) 0.07

  Lymphovascular invasion, presence vs
absence(N = 69)

1.05(0.31–3.52) 1.00

Mammography (N = 79) Background breast parenchyma 1.63 (0.75–3.55) 0.22

  Presence of mass 1.28 (0.47–3.51) 0.63

  Presence of focal asymmetry 0.64 (0.20–2.01) 0.44

  Presence of calcification 2.03 (0.09–43.91) 1.00

  Presence of distortion 1.63 (0.32–8.37) 0.56

Ultrasonography (N = 
79)

Shape 0.69 (0.22–2.18) 0.53

  Margin 0.68 (0.20–2.36) 0.55

  Internal echogenicity 0.63 (0.30–1.34) 0.23

  Posterior echo 1.24 (0.62–2.48) 0.55

DCE-MRI (N = 76) Shape 0.29 (0.08–1.12) 0.07

  Margin 0.25 (0.07–0.96) 0.04

  Rim enhancement 0.33 (0.11–1.04) 0.06

  Intratumoral T2WI high SI area 0.88 (0.32–2.45) 0.80

  Peritumoral edema 1.20 (0.40–3.62) 0.75

  Intratumoral ADC 4.40 (2.04–9.47) < 0.01
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Clinical factor   Odds ratio (95%
CI)

p value

Age 0.99 (0.95–1.03) 0.57

  Peritumoral ADC 0.54 (0.34–0.86) < 0.01

18F-FDG PET/CT (N = 
63)

SUVmax 1.36 (1.13–1.64) < 0.01

Note. TILs; Tumor-Infiltrating Lymphocytes, DCE-MRI; Dynamic contrast-enhanced MRI,

T2WI; T2-weighted image, ADC; apparent diffusion coefficient, SUVmax; the maximum standardized
uptake value. Odds ratios for ADC values are expressed per 0.1 × 10− 3 mm2/s increase.

Table 3
Multivariable logistic regression models for high TIL status (≥ 10%)

Model Variable Adjusted odds ratio
(95% CI)

p value

Model 1: MRI-based model Intratumoral ADC 6.96 (2.47–19.67) < 0.001

  Peritumoral ADC 0.27 (0.11–0.66) 0.004

  MRI margin, not circumscribed
vs circumscribed

0.46 (0.08–2.71) 0.394

Model 2: Histological grade–
adjusted model

Intratumoral ADC 6.69 (2.31–19.37) < 0.001

  Peritumoral ADC 0.33 (0.13–0.80) 0.014

  Histological grade 1.84 (0.68–4.98) 0.228

Model 3: PET/CT exploratory
model

Intratumoral ADC 11.74 (2.32–59.37) 0.003

  Peritumoral ADC 0.29 (0.10–0.83) 0.021

  SUVmax 1.55 (1.06–2.27) 0.024

Note. ADC; apparent diffusion coefficient, CI; confidence interval, MRI; magnetic resonance imaging,
PET/CT; positron emission tomography/computed tomography, SUVmax; maximum standardized
uptake value, TIL; tumor-infiltrating lymphocyte.

Odds ratios for ADC values are expressed per 0.1 × 10− 3 mm2/s increase. Each model was analyzed
using complete cases for the included variables. Model 1 included 76 participants, Model 2 included
66 participants, and Model 3 included 60 participants. Model 3 was considered exploratory because
SUVmax was available only in participants who underwent 18F-FDG PET/CT, and three participants
with SUVmax data lacked evaluable ADC measurements.
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No statistically significant difference in Ki-67 expression was observed between the high- and low-TIL
groups. Although histological grade was not significantly associated with TIL status, higher grades
tended to be more frequent in the high-TIL group (OR 1.88, 95% CI 0.96–3.67, p = 0.07). Other clinical
characteristics, including participant age, menopausal status, BRCA1/2 mutation status, clinical stage,
and TNM classification, showed no significant differences between the two groups. Lymphovascular
invasion was evaluable in 69 participants and was present in 53. It was not associated with high TIL
status (OR 1.05, 95% CI 0.31–3.52; p = 1.00).

No statistically significant differences were found in the imaging features obtained with MMG or
ultrasonography. However, MRI-derived features revealed significant associations with high TIL levels.
MRI margin was significantly associated with TIL status (OR 0.25, 95% CI 0.07–0.96, p = 0.04). Higher
intratumoral ADC values (OR 4.40, 95% CI 2.04–9.47, p < 0.01) were significantly associated with the
high-TIL group, whereas lower peritumoral ADC values (OR 0.54, 95% CI 0.34–0.86, p < 0.01) were also
significantly associated with high TIL levels. In an exploratory analysis of the 66 participants with both
MRI and lymphovascular invasion data, neither intratumoral nor peritumoral ADC differed significantly
according to lymphovascular invasion status (p = 0.708 and p = 0.354, respectively). Regarding 18F-FDG
PET/CT, SUVmax was significantly associated with high TIL levels (OR 1.36, 95% CI 1.13–1.64, p < 0.01).

Interobserver agreement was high for both ADC parameters. The ICC was 0.891 (95% CI, 0.797–0.943)
for intratumoral ADC and 0.823 (95% CI, 0.676–0.907) for peritumoral ADC.

Multivariable logistic regression analysis was performed using three prespecified models (Table 3). In
the primary MRI-based model, which included 76 participants, higher intratumoral ADC values remained
independently associated with high TIL levels after adjustment for peritumoral ADC and MRI margin
(adjusted OR 6.96, 95% CI 2.47–19.67, p < 0.001). Lower peritumoral ADC values were also
independently associated with high TIL levels (adjusted OR 0.27, 95% CI 0.11–0.66, p = 0.004), whereas
MRI margin was not significant (adjusted OR 0.46, 95% CI 0.08–2.71, p = 0.394).

In the histological grade–adjusted model, which included 66 participants with complete data, the
associations of intratumoral ADC (adjusted OR 6.69, 95% CI 2.31–19.37, p < 0.001) and peritumoral ADC
(adjusted OR 0.33, 95% CI 0.13–0.80, p = 0.014) with high TIL levels remained significant, whereas
histological grade was not significant.

In the exploratory PET/CT model, which included 60 participants with complete data, intratumoral ADC
(adjusted OR 11.74, 95% CI 2.32–59.37, p = 0.003), peritumoral ADC (adjusted OR 0.29, 95% CI 0.10–
0.83, p = 0.021), and SUVmax (adjusted OR 1.55, 95% CI 1.06–2.27, p = 0.024) were significantly
associated with high TIL levels.

Of the 76 participants who underwent MRI, 67 (88.2%) were examined using the Ingenia 3.0T system and
9 (11.8%) using the Vantage Titan system. The proportion of participants with high TIL levels did not
differ significantly between the Ingenia and Vantage Titan systems (50/67 [74.6%] vs. 6/9 [66.7%],
respectively; p = 0.691). In the scanner-adjusted sensitivity analysis, higher intratumoral ADC (adjusted
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OR 8.59, 95% CI 2.85–25.94; p < 0.001) and lower peritumoral ADC (adjusted OR 0.26, 95% CI 0.10–0.67;
p = 0.005) remained independently associated with high TIL levels. Similar findings were observed in the
analysis restricted to participants examined using the Ingenia 3.0T system: higher intratumoral ADC
(adjusted OR 6.93, 95% CI 2.30–20.91; p < 0.001) and lower peritumoral ADC (adjusted OR 0.29, 95% CI
0.12–0.72; p = 0.008) remained independently associated with high TIL levels.

ROC analysis was performed to assess how well intratumoral ADC values and the predicted probabilities
from the primary MRI-based model discriminated between high and low TIL status (Fig. 2). The primary
MRI-based model, which included intratumoral ADC, peritumoral ADC, and MRI margin, showed an
apparent AUC of 0.934 (95% CI, 0.879–0.989). Bootstrap internal validation demonstrated a mean
optimism of 0.020, yielding an optimism-corrected AUC of 0.914. Intratumoral ADC alone showed an
AUC of 0.856 (95% CI, 0.768–0.944). The apparent AUC of the primary model was higher than that of
intratumoral ADC alone, with an AUC difference of 0.078 (DeLong p = 0.030). When a cutoff value of 0.85
× 10⁻³ mm²/s was applied, the sensitivity and specificity of intratumoral ADC were 83.9% and 80.0%,
respectively.

Exploratory analysis of treatment response was performed in participants with evaluable pCR data after
neoadjuvant treatment (Table 4). High TIL levels were significantly associated with pCR using both the
10% and 50% cutoffs. Using the 10% cutoff, pCR was achieved in 25 of 43 participants (58.1%) in the
high-TIL group, compared with 1 of 13 participants (7.7%) in the low-TIL group (Fisher’s exact p = 0.001).
Using the 50% cutoff, pCR was achieved in 15 of 19 participants (78.9%) in the high-TIL group and 11 of
37 participants (29.7%) in the low-TIL group (Fisher’s exact p < 0.001).

Table 4
Associations of TIL status and intratumoral ADC with pathological complete response

Variable Group Non-pCR pCR pCR rate p value

TILs 10% cutoff Low TIL 12 1 7.7% 0.001

  High TIL 18 25 58.1%

TILs 50% cutoff Low TIL 26 11 29.7% < 0.001

  High TIL 4 15 78.9%

Intratumoral ADC cutoff Low ADC < 0.85 11 1 8.3% 0.003

  High ADC ≥ 0.85 18 24 57.1%

Note. pCR; pathological complete response, TIL; tumor-infiltrating lymphocyte, ADC; apparent
diffusion coefficient. p values were calculated using Fisher’s exact test.

The intratumoral ADC cutoff of 0.85 × 10⁻³ mm²/s was derived from ROC analysis for distinguishing
high from low TIL status. Analyses of TIL cutoffs were performed in 56 participants with evaluable
pCR data, whereas analysis of the intratumoral ADC cutoff was performed in 54 participants with
both evaluable pCR and ADC data.
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Using the ROC-derived intratumoral ADC cutoff of 0.85 × 10⁻³ mm²/s for distinguishing high from low TIL
status, high intratumoral ADC values were also significantly associated with pCR. pCR was achieved in
24 of 42 participants (57.1%) in the high-ADC group, compared with 1 of 12 participants (8.3%) in the
low-ADC group (Fisher’s exact p = 0.003). Intratumoral ADC values were significantly higher in
participants who achieved pCR than in those who did not, with a mean difference of 0.139 × 10⁻³ mm²/s
(95% CI 0.080–0.198, p < 0.001).

Discussion
The results of this study demonstrated that higher intratumoral ADC and lower peritumoral ADC values
were independently associated with high stromal TIL status in TNBC. The exploratory primary MRI-based
model, which combined intratumoral ADC, peritumoral ADC, and MRI margin, showed good apparent
discrimination. After bootstrap correction, the model retained an AUC of 0.914, suggesting limited
optimism within the present cohort. However, this performance should not be interpreted as evidence of
clinical utility, and external multicenter validation remains necessary.

Previous studies have suggested that scoring ultrasonographic features may predict lymphocyte-
predominant breast cancer (LPBC) [10]. However, in this study, no significant correlation was observed
between ultrasonographic findings and TIL levels. The objective and quantitative evaluation of hand-held
ultrasound images is inherently challenging, and their use as a standalone tool for TIL assessment may
be limited. Given these constraints, imaging modalities that offer greater reproducibility and
quantification—such as DWI—are preferable. In this study, the quantitative parameters derived from
intratumoral and peritumoral ADC values were independently associated with TIL status.

Furthermore, previous research has reported that the SUVmax on 18F-FDG PET/CT may be useful for
predicting TIL levels in TNBC and HER2-positive breast cancer [17, 18]. Consistent with these reports, our
study observed a significant association between SUVmax and TIL levels in the univariable analysis, and
SUVmax also remained significant in the exploratory PET/CT model. However, because PET/CT was

performed only in a subset of participants, these findings should be interpreted as exploratory.
Importantly, the associations of intratumoral and peritumoral ADC values with high TIL levels remained
consistent even after accounting for SUVmax. These findings suggest that DWI-derived ADC
measurements may provide accessible quantitative imaging correlates of tumor immune activity. The
differing associations of SUVmax and ADC values with TIL status also highlight the complementary roles
of PET and MRI and support further investigation of multimodal imaging approaches for tumor
characterization.

Elevated TIL levels have been shown to be useful for predicting treatment response and prognosis in
TNBC and HER2-positive breast cancer [2, 6, 7, 19]. However, there is a limited number of studies
investigating the correlation between imaging parameters and TIL levels, particularly within these
subtypes. Previous studies have also reported associations between ADC values and TIL levels, although
the direction and strength of these associations have varied across studies [20–22]. Recently, Gigli et al.
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reported that MRI features, including ADC values and enhancement characteristics, may predict TIL
levels in breast cancer [15]. However, their study analyzed a mixed-subtype cohort, including luminal,
HER2-positive, and TNBC cases, with relatively few TNBC cases. Therefore, their findings may not be
sufficient to establish the relationship between MRI findings and TIL levels specifically in TNBC. In
contrast, our study focused exclusively on participants with TNBC and demonstrated a clear association
between DWI-derived ADC parameters and high TIL levels, reinforcing the clinical relevance of ADC in
this specific context.

Although high tumor cellularity generally decreases ADC, ADC reflects the combined effects of
malignant and immune cell density, extracellular water, stromal architecture, and necrosis. In TNBC,
lymphocytic infiltration and accompanying stromal or interstitial changes may increase intratumoral
tissue heterogeneity and extracellular water, potentially contributing to higher intratumoral ADC.
Conversely, a compact immune-stromal reaction at the invasive front may contribute to lower
peritumoral ADC. In the present cohort, lymphovascular invasion was not associated with TIL status or
either ADC parameter, suggesting that lymphovascular invasion alone did not explain the observed ADC
pattern. Importantly, both the imaging and pathological assessments, including TIL and lymphovascular
invasion evaluations, were performed before systemic therapy, thereby minimizing temporal discordance
caused by treatment-related changes. Because tumor cellularity, necrosis, and stromal fibrosis were not
quantitatively assessed, these biological mechanisms remain hypothetical.

In HER2-positive breast cancer, histological grade, tumor cellularity, and peritumoral edema on T2WI
have been independently associated with high TIL levels [23]. Lee et al. also reported that ADC values
were not significant in multivariable analysis for HER2-positive cases but showed a trend in which lower
ADC values correlated with higher TIL levels. The opposite direction of the ADC association reported by
Lee et al. may reflect subtype-specific differences in tumor cellularity, stromal fibrosis, extracellular
matrix composition, and the spatial distribution of immune cells. These discrepancies suggest that
imaging correlates of TIL levels may differ across breast cancer subtypes. Future validation studies are
needed to determine whether pretreatment MRI features can provide reproducible information about TIL
levels in TNBC.

Importantly, the exploratory pCR analysis provided additional clinical context for the present findings.
High pathological TIL levels were significantly associated with pCR using both 10% and 50% cutoffs,
supporting the clinical relevance of TIL status in this TNBC cohort. Furthermore, high intratumoral ADC
values defined by the ROC-derived cutoff for distinguishing high from low TIL status were also
significantly associated with pCR. These findings indicate that intratumoral ADC was associated with
both pathological TIL status and treatment response in this cohort. However, because the pCR analysis
was exploratory and limited to participants with available response data after neoadjuvant treatment, the
results should be interpreted cautiously and validated in larger prospective cohorts. Because these
measurements were obtained from routinely generated ADC maps without radiomics or additional
imaging sequences, the approach may be feasible for evaluation in standard breast MRI workflows. Its
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incremental value for treatment selection and patient outcomes requires prospective multicenter
assessment.

This study had some limitations. First, it was conducted at a single institution, which may have limited
the generalizability of the findings. Second, TIL evaluation was performed by a single pathologist.
Although the use of pretreatment biopsy specimens ensured temporal correspondence with imaging,
biopsy specimens sample only a limited portion of the tumor and may not fully capture the spatial
heterogeneity of the tumor immune microenvironment. Although two 3.0-T MRI systems with different
acquisition protocols were used, the associations of intratumoral and peritumoral ADC with high TIL
status remained consistent after adjustment for the MRI system and in the analysis restricted to the
predominant Ingenia 3.0T system. Nevertheless, the small number of participants examined using the
Vantage Titan system limited the precise assessment of device-specific effects. Menstrual cycle timing
was not systematically controlled and may have influenced enhancement-related MRI features. However,
a previous prospective study found no significant menstrual-phase-related differences in ADC values of
either breast cancers or normal fibroglandular tissue, suggesting that the effect on the ADC-based
findings was likely limited [24]. Third, as a retrospective study, this research was inherently prone to
selection and information biases. To address potential overfitting, we used prespecified multivariable
models, sensitivity analyses, and bootstrap internal validation. Nevertheless, the absence of external
validation limits the generalizability of the model. Lastly, the sample size was relatively small, with 79
participants included in the analysis. Survival outcomes were not analyzed because the number of
recurrence or survival events was insufficient for reliable statistical evaluation. Given the heterogeneity
of breast cancer, further studies with larger cohorts are warranted to validate our findings.

Conclusions
Intratumoral and peritumoral ADC measurements on routine pretreatment 3-T breast MRI were
independently associated with high stromal TIL status in this single-center TNBC cohort. An exploratory
MRI-based model showed good discrimination after bootstrap correction, and intratumoral ADC was
associated with pCR. These findings support external evaluation of routine ADC measurements as
accessible imaging correlates of the TNBC immune microenvironment; their clinical utility remains to be
established.
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Figure 1

Study flow diagram of participant selection

Flowchart illustrating the selection process of 79 participants with triple-negative breast cancer (TNBC).
Out of 1,192 participantsinitially assessed between November 2016 and October 2023, 1,098 were
excluded owing to subtype, diagnosis, or sex. Among 94 TNBC cases, 15 were excluded owing to lack of
pretreatment biopsy specimens.

ER, estrogen receptor; HER2, human epidermal growth factor receptor 2; DCIS, ductal carcinoma in situ.
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Figure 2

Receiver operating characteristic curves for high TIL status

Receiver operating characteristic (ROC) curves showing the discriminative performance of the primary
MRI-based model and intratumoral apparent diffusion coefficient (ADC) alone for distinguishing high
from low tumor-infiltrating lymphocyte (TIL) status. The primary model included intratumoral ADC,
peritumoral ADC, and MRI margin. Its apparent area under the curve (AUC) was 0.934 (95% confidence
interval [CI], 0.879–0.989), and the optimism-corrected AUC after bootstrap internal validation was
0.914. Intratumoral ADC alone had an AUC of 0.856 (95% CI, 0.768–0.944), with sensitivity of 83.9% and
specificity of 80.0% at a cutoff of 0.85 × 10⁻³ mm²/s. The difference in apparent AUCs was significant
(ΔAUC = 0.078; DeLong p = 0.030).

ADC, apparent diffusion coefficient; AUC, area under the curve; CI, confidence interval; MRI, magnetic
resonance imaging; TIL, tumor-infiltrating lymphocyte.
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