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Abstract

Background: Retrospective comparisons between imaging modalities commonly are confounded by systematic differences between groups
between the characteristics of the patients undergoing different tests. Objective: To determine whether contrast-enhanced magnetic resonance
imaging (CEMRI) discriminates malignant breast lesions better than digital mammography (DM) after the offsetting of baseline imbalances with
the use of propensity score matching (PSM). Materials and Methods: Records of 480 women evaluated for suspicious breast lesions between

2020 and 2024 were reviewed retrospectively. Of these, 300 underwent DM and 180 underwent CEMRI. Propensity scores were estimated based
on age, body mass index (BMI), lesion size, breast density, parity, and family history. One-to-one nearest-neighbor matching with a caliper of 0.2
standard deviations of the logit propensity score yielded 160 matched pairs. Diagnostic accuracy, confirmed by histopathology, was compared
using McNemar's test. Results: Before matching, patients undergoing CEMRI were younger (mean age, 44.2 years vs 52.1 years; P < 0.001), had
lower BMI (24.8 vs 26.5; P = 0.008), denser breasts (64.1% vs 38.7%; P = 0.002), lower parity (1.8 vs 2.1; P = 0.03), and higher family history
prevalence (25.6% vs 14.3%; P = 0.01). After matching, covariates were balanced (all standardized mean differences < 0.1; Rubin's B = 18.3;
Rubin's R = 1.1). CEMRI demonstrated higher sensitivity (94.4% vs 83.1%; P = 0.01) with comparable specificity (86.9% vs 87.5%; P = 0.73).
Conclusion: After PSM correction for the patients' characteristics, CEMRI exhibited increased sensitivity in malignancy detection compared with
DM in favor of deploying CEMRI in dense-breast or at-risk populations.

Kevywords: Propensity score matching, breast imaging, diagnostic accuracy, digital mammography, contrast-enhanced MRI, benign lesions,
malignant lesion.

Introduction lesions. Although beneficial in this respect, CEMRI also comes at
increased costs, longer test times, and risk of false positive, which
may result in unwarranted interventions. Comparsions between DM

and CEMRI are commonly plagued by the basis of selection because

Breast cancer continues to be the most prominent cause of morbidity
and mortality in female populations across the globe. Detection at an

early stage with imaging modalities plays a determinant role in
enhancing outcomes. Digital mammography (DM) is the established
screening device because of ease of availability, affordability, and
proven efficacy in large-scale screening programs in populations.
But it shows limitations in sensitivity in the subgroup of densely
breasted women or in the younger age groups where the overlapping
fibroglandular tissue may hide the lesions. This results in false
negatives and thus contributes to the risk of missed diagnoses with
higher mortality in the patients (Ma et al., 2024) (Jung et al., 2021).
Contrast-enhanced magnetic resonance imaging (CEMRI) provides
increased sensitivity in the detection of malignancies by utilizing
dynamic contrast kinetics to distinguish benign and malignant
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the referred cases for CEMRI tend to include higher risk features
like dense breasts or history of breast cancer in the family. In order
to compensate for such shortcomings and offer -effective
alternatives, newer technologies like contrast-enhanced
mammography and abbreviated breast MRI are also studied for
supplemental breast cancer screening with the intention to harness
the strengths of increased detection with increased practicality
(Lawson et al., 2023).

The propensity score matching (PSM) adjusts such biases in
the observational data by making baseline between-group covariates
balanced in an effort to approximate the randomized controlled trial
setting. The technique has in the past been applied in several of the
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medical specialties to enhance the validity of the retrospective
analysis. The present study employs the PSM in order to contrast the
diagnostic performance between DM and CEMRI in differentiating
benign and malignant breast lesions by adjusting major confounders.
The CEMRI is also expected to maintain increased sensitivity
following the balancing of the patient characteristics.

Material and methods

Research Design and Population

A retrospective cohort study was conducted using medical records
from 480 female patients aged 25 to 70 years who presented with
suspicious breast lesions at a tertiary care hospital between January
1, 2020, and December 31, 2024. Patients were identified through
the hospital’s radiology and pathology databases, with inclusion
criteria requiring histopathological confirmation of lesion status
following imaging. The cohort was stratified into two groups: 300
patients underwent DM as the primary imaging modality, while 180
underwent CEMRI. Exclusion criteria encompassed incomplete
medical records, prior breast surgery, neoadjuvant therapy, or
imaging performed outside the study period. Demographic and
clinical data were extracted from electronic health records, ensuring
data integrity through double-entry verification by trained
personnel.

Covariates for Propensity Score Estimation

Propensity scores were computed with multivariable logistic
regression in order to approximate the chance of CEMRI use in
relation to DM. Covariates were selected based on their clinical
relevance in the determination of imaging modality choice and
lesion detection: age (continuous, years), BMI (continuous, kg/m?),
lesion size (continuous, mm, measured at ultrasound or MRI), breast
density (binary, dense [American College of Radiology grades 3—4]
vs non-dense [1-2], verified by blinded radiologists for outcome),
number of livebirths (parity) (continuous), and history of breast
cancer in the first-degree relatives (binary, yes/no, based on history
in the first-degree relatives by interview). Missing data, which
appeared in fewer than 2% of cases (e.g., BMI in 6 patients), had the
missing values imputed with mean substitution in order to maintain
sample size, with sensitivity analysis serving to quantify the impact
of imputation.

Matching Procedure

The Propensity score matching involved a one-to-one nearest-
neighbor algorithm without replacement applied in the R software
(version 4.3.1) with the Matchlt package. A caliper width of 0.2
standard deviations of the logit-transformation of the propensity
score was used to ensure accurate matching with minimal bias. This
gave us 160 matched pairs (320 patients in total), with 140 DM and
20 CEMRI cases excluded because of an inability to match them
with appropriate cases. Balance determination used standardized
mean differences (SMDs), with less than 0.1 set as the threshold for
adequate balance of covariates. Other balance diagnostics involved
Rubin's B (target < 25%) and Rubin's R (target 0.5-2), computed to
assess balance in the entire sample. Visual validation involved the
use of propensity score density histograms, Love plots of the SMDs
for the specific covariates, and quantile-quantum (QQ) plots in order
to examine distributional similarity.

Table 1: Baseline Characteristics Before and After Matching

Outcome Measures and Data Analysis Statistics

The primary outcome was diagnostic accuracy for malignancy,
defined as the ability to correctly identify histopathology-confirmed
malignant lesions. Secondary outcomes included sensitivity
(proportion of true positives among all malignant cases), specificity
(proportion of true negatives among all benign cases), positive
predictive value (PPV, proportion of true positives among positive
tests), and negative predictive value (NPV, proportion of true
negatives among negative tests). Histopathological diagnosis,
obtained via biopsy or surgical excision, served as the reference
standard, performed independently of imaging interpretation.
Diagnostic performance metrics were computed for each modality
within the matched cohort and compared using McNemar's test for
paired proportions, accounting for the matched design. Statistical
significance was set at P < 0.05, with all analyses conducted using
R software, ensuring reproducibility through documented scripts.

Ethical Concerns

Permission to access the data was obtained from the institutional
review board prior to data access, and an informed consent waiver
was given because the research was retrospective and de-identified.

Results

Baseline Characteristics and Balance Assessment
Before matching, there were large imbalances in several covariates,
reflecting selection biases in modality choice in assigning imaging.
Of particular note, the CEMRI group contained younger patients
(44.2 £ 7.9 years vs 52.1 + 9.8 years; P < 0.001), with lower BMI
(24.8 + 3.9 kg/m? vs 26.5 + 4.2 kg/m?; P = 0.008), higher incidence
of dense breasts (64.1% vs 38.7%; P = 0.002), with lower parity (1.8
+ 1.0 vs 2.1 £ 1.2; P = 0.03), and higher family history for breast
cancer (25.6% vs 14.3%; P = 0.01). The size of lesions did not
significantly differ (18.2 = 9.1 mm vs 17.8 £ 8.3 mm; P = 0.72).
These imbalances reflect the inappropriate predominant usage of
CEMRI in higher risk profiles and may have biased upwards
unadjusted performance measures.

After PSM, 160 matched sets were created, excluding 140
DM and 20 CEMRI cases in order to attain balance. After matching,
all the covariates exhibited perfect equilibration with SMDs between
0.01 and 0.03 (all <0.1). Rubin's B was 18.3 (< 25%), and Rubin's
R was 1.1 (within 0.5-2), also affirming the overall balance
sufficiency. The overlap in the propensity score distributions
significantly improved after matching, as displayed in the density
histograms (Figure 1), in which the pre-matching separations (e.g.,
DM with peaks at the lower scores at 0.1-0.2 and CEMRI at 0.4—
0.5) were dissolved into closely matched distributions. The Love
plot (Figure 2) also revealed the same with the pre-matching SMDs
(red crosses) widely deviating from zero (e.g., age SMD = 0.3, breast
density =~ 0.4) converted to near-zero values after matching (green
pluses). The QQ plots (Figure 3) also verified the better matching
with the points after matching (green) following the 45-degree
reference line closely in contrast with the deviated trajectory (red)
before matching. These qualitative and quantitative measures
confirm the PSM process in reducing confounding and allowing
approximations of causal inferences concerning modality impacts.

Variable Before Matching: MRI (n=180) P-value After Matching: DM MRI (n=160) SMD
DM (n=300) (n=160)

Mean age (years) 52.1+9.8 442+79 <0.001 46.1 £ 8.4 459+8.1 0.02
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Mean BMI (kg/m?) 26.5+4.2 24.8+3.9 0.008 254+4.0 253+39 0.03
Dense breasts (%) 38.7 64.1 0.002 52.5 53.1 0.01
Mean lesion size (mm) 17.8£8.3 18.2+9.1 0.72 18.0£8.5 18.1 £8.7 0.01
Mean parity 2.1+1.2 1.8+ 1.0 0.03 1.9+1.1 1.9+1.0 0.02
Family history (%) 14.3 25.6 0.01 18.1 18.8 0.02

Diagnostic Performance

Unadjusted comparisons revealed apparent superiority of CEMRI
with 94.8% compared with 78.5% sensitivity for DM, with increased
NPV (94.1% compared with 86.5%). Specificity and PPV were
similar (85.6% compared with 88.0% and 89.0% compared with
80.2%, respectively). But such comparisons must be biased by.

For the matched cohort, CEMRI showed significantly
increased sensitivity (94.4% compared with 83.1%; McNemar's y* =
6.53, P = 0.01), which represented an absolute improvement of
11.3% and the relative risk reduction of false negatives of
approximately 13.5%. Specificity did not significantly differ (86.9%

and 89.0% for DM. The subsequent post-matching results indicate
that the increased detection with CEMRI of malignancies is
attributed to its inbuilt imaging features rather than with the choice
of the patients with an approximated number needed to image (NNI)
of approximately 9 in order to identify one more true positive in

comparison with DM.

Generally, PSM inferences indicate effective minimization
of bias through the convergence of the distributions and measures of
the covariates. Intersections indicate that though CEMRI outshines

in the aspect of sensitivity—realistically preventing missed
diagnoses in 11 additional cases out of 100 malignancies—the

compared with 87.5%; y*> = 0.12; P = 0.73), with the PPV and NPV specificity balance indicates an avoidance of excessive false
of CEMRI at 88.1% and 93.7%, respectively, compared with 82.0% positives in balanced populations.
Table 2. Diagnostic Performance Before and After Matching
Metric Before Matching After Matching
Sensitivity (%) DM: 78.5 / MRI: 94.8 DM: 83.1 / MRI: 94.4
Specificity (%) DM: 88.0 / MRI: 85.6 DM: 87.5/ MRI: 86.9
PPV (%) DM: 80.2 / MRI: 89.0 DM: 82.0 / MRI: 88.1
NPV (%) DM: 86.5/ MRI: 94.1 DM: 89.0 / MRI: 93.7
McNemar’s test (Sensitivity) P =0.005 P=0.01
Table 3. Summary of Statistical Tests
Test Statistic P-value Interpretation
Age difference before vs after t=6.02 — 0.38 <0.001 — 0.71 Balanced post-matching
Rubin’s B 18.3 — <25 — good
Rubin’s R 1.1 — 0.5-2 — good
McNemar’s y? (sensitivity) 6.53 0.01 MRI more sensitive post-matching
¥ (specificity) 0.12 0.73 Similar specificity
Propensity Score Distribution: Before vs After Matching
. Cantrol (After Matching) . Control (Before Matching) E] Treated (After Matching) Treated (Before Matching)
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Figure 1: Propensity Score Distribution: Before vs After Matching
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Love Plot: Covariate Balance Before and After Matching
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Figure 2: Love Plot: Covariate Balance Before and After Matching
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Figure 3: QQ Plot (Before Matching) / QQ Plot (After Matching)

Discussion

Propensity matching (PSM) successfully controlled

confounding in this retrospective comparison and permitted

SCore

balanced comparison between digital mammography (DM) and
contrast-enhanced magnetic resonance imaging (CEMRI) in
differentiating benign and malignant breast lesions. The pre-
matching data displayed significant imbalances in baseline
characteristics with the CEMRI group having young age, low BMI,
higher breast density, low parity, and higher prevalence of family
history, all of which are related to higher malignancy risk and
imaging choice determinants. Such imbalances logically underpin
the unadjusted sensitivity superiority of CEMRI (94.8% compared
with 78.5% for DM). After matching, the balance of the covariates—
evinced by standardized mean differences (SMDs) in the region of
<0.1, Rubin's B at 18.3, and Rubin's R at 1.1—established the
efficacy of PSM in obviating bias and enabled the attribution of
CEMRI's persistent superiority in terms of sensitivity (94.4%
compared with 83.1%, P = 0.01) to the imaging rather than the
choosing characteristics of the patients. This supports the idea that

CEMRI provides an objectively superior diagnostic yield in the
detection of breast cancer, irrespective of inherent risk profiles in the
patients (Matias et al., 2023) (Kim et al., 2024). This increased
diagnostic efficacy of CEMRI is highly essential given that the
efficacy of conventional mammography in this regard is severely
compromised by dense breast tissue, which is quite prevalent (Liu et
al., 2020). The contrast-enhanced mammography and MRI provide
alternatives to the conventional mammography with evidence
showing CEM's comparability with MRI in the assessment of breast
lesions with different sensitivities and specificities (Matias et al.,
2023) (Acar & Orgiig, 2024).

It was in fact observed in one study that contrast-enhanced
mammography has comparable performance characteristics with
MRI and better performance characteristics compared with MG.
Specifically, CEM and MRI have comparable sensitivity and NPVs
and both exceed MG in each of these measures (Yiizkan S et al,
2021). CEM is a replacement for US and MRI and can be used to
provide contrast material-enhanced information and conventional
mammograms in parallel. A CEM test is shorter than MRI, and the
modalities also have comparable measures of sensitivity to identify
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lesions. CEM is also less expensive than MRI (Ghaderi KF et al,
2019).

The 11.3% absolute improvement in sensitivity post-
matching, corresponding to a 13.5% relative reduction in false
negatives, highlights CEMRI's superior detection of malignant
lesions. This finding is particularly relevant in dense-breast
populations, where DM's sensitivity is compromised by tissue
overlap. The number needed to image (NNI) of approximately 9 to
identify an additional true positive underscores a clinically
significant benefit. However, the lack of difference in specificity
(86.9% vs 87.5%, P = 0.73) suggests that CEMRI's increased
sensitivity does not come at the cost of excessive false positives,
maintaining a balanced diagnostic profile in the matched cohort.
This sustained performance in specificity, alongside enhanced
sensitivity, positions CEMRI as a valuable tool for accurately
distinguishing malignant from benign lesions without unduly
increasing unnecessary biopsies or patient anxiety. Furthermore, the
comparable negative predictive values between the modalities
(95.2% for CEMRI vs. 92.1% for DM, P = 0.12) suggest that both
are similarly effective at ruling out disease when a lesion is not
identified, although CEMRI's higher sensitivity contributes to a
more robust exclusion of malignancy in symptomatic cases. In
contrast, contrast-enhanced mammography, while demonstrating a
similar sensitivity profile to MRI and potentially higher specificity,
often requires additional workup compared to MRI (Comert et al.,
2022; Elder et al., 2022). Conversely, CEM has been found to have
comparable sensitivity to MRI while potentially offering higher
specificity, making it an attractive alternative, particularly when
integrated with 2D/3D mammography for comprehensive screening
in a single acquisition (Elder et al., 2022). Such combined method
taking the best of CEM and conventional mammography has proved
to be superior in terms of higher sensitivity and higher specificity
compared to the latter in isolation, showing increased AUC for
combined CEM examinations with respect to standard low-energy
images (Neeter et al., 2021). Improved sensitivity and elevated NPV
for CEM render it the better modality with respect to FFDM,
particularly in dense parenchymal breast conditions where CEM
obviates the shortcomings of FFDM and it was also concluded that
CEM outdoes FFDM in assessing the extent of disease, detection of
satellite lesions in addition to exclusion of doubtful findings (Popat
P et al, 2024).

Clinical applications involve the possibility of CEMRI
improving early detection in risk groups, such as dense breasts or
positive family history, in which conventional mammography is
unhelpful. The equivalency in specificity makes it feasible to
introduce it into risk-stratified screening protocols with the potential
to decrease unwarranted interventions and improve global
diagnostic yield. These findings confirm the usefulness of PSM as a
methodological tool in the analysis of observational research, with
the model providing a basis to extract modality effects out of
confounder variables. Indeed, in an analysis of the BI-RADS
features to attempt to classify three levels of HER2 expression it was
observed that the ML models would be able to attain satisfactory
classification performance, and that breast MRI may be used to
assist in the measurement of HER2, in order to distinguish the
patients with HER2-zero who do not qualify for targeted therapy,
from the patients with HER2-low who may require the new
antibody-drug conjugate (Zhou J et al, 2025).

Conclusion

Contrast-enhanced MRI (CEMRI) exhibited significantly increased
sensitivity in distinguishing malignant from benign breast lesions in

comparison with digital mammography, even with propensity score
matching reducing baseline inequalities. This implies superior
diagnostic accuracy among high-risk or dense-breast populations
with the use of CEMRI. The future of breast imaging extends beyond
the current results with the combination of the diagnostic process
with the incorporation of artificial intelligence (Al) and machine
learning (ML) to create algorithms that utilize the power of the
imaging biomarkers imperceptible with conventional detection
techniques to improve the characterization of lesions and automate
malignancy risk with near-human error rates. The combination of
the models with propensity-adjusted clinical information may
improve personalized risk stratification and customize screening
intervals.

Future work must endeavor multicenter, Al-enhanced
longitudinal cohorts to confirm cross-population generalizability
and to examine long-term prognostic significance. In addition,
integrating federated learning architectures can preserve data
confidentiality while permitting extensive model training across
institutions. This intersection of CEMRI accuracy with the precision
of propensity-based fairness and interpretability with the power of
Al foretells the revolutionary move toward intelligent, personalized
breast cancer diagnostic.
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