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Prognosis for thoracic aortic aneurysms is significantly worse for women than
men, with a higher mortality rate observed among female patients. The
increasing use of magnetic resonance breast imaging (MRI) offers a unique
opportunity for simultaneous detection of both breast cancer and thoracic
aortic aneurysms. We retrospectively validate a fully-automated artificial
neural network (ANN) pipeline on 5057 breast MRI examinations from public
(Duke University Hospital/EA1141 trial) and in-house (Erlangen University
Hospital) data. The ANN, benchmarked against 3D-ground-truth segmenta-
tions, clinical reports, and a multireader panel, demonstrates high technical
robustness (dice/cIDice 0.88-0.91/0.97-0.99) across different vendors and
field strengths. The ANN improves aneurysm detection rates by 3.5-fold
compared with routine clinical readings, highlighting its potential to improve
early diagnosis and patient outcomes. Notably, a higher odds ratio (OR =2.29,
CI:[0.55,9.61]) for thoracic aortic aneurysms is observed in women with breast
cancer or breast cancer history, suggesting potential further benefits from
integrated simultaneous assessment for cancer and aortic aneurysms.

With a reported incidence of about 5-10/100.000 patient years' and a Thoracic aortic aneurysms are often “silent killers”, with screening
prevalence of 0.16-0.34%?, thoracic aortic disease manifesting as thor- only offered to high-risk groups such as first-degree relatives of
acic aortic aneurysm is rare compared to the more frequent abdominal  patients with diagnosed thoracic aortic disease’. An increasing inci-
aortic aneurysms’. Screening programs using ultrasound (US) have been  dence of thoracic aortic aneurysms in the general population has been
implemented only for abdominal aortic aneurysms and only inmen,asa  suggested®, though reports vary’. While they are rarer in women than
screening program is considered unlikely to be cost-effective in women*. men, women are three times more likely to develop rupture or
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dissection. Women are also about 40% more likely to die of a thoracic
aortic aneurysm® and have higher hospital mortality® compared to
men. Of special relevance, rupture and dissection seem to occur at a
smaller aneurysm size in women’. Early detection of thoracic aortic
aneurysms has been suggested to allow stratified preventive medical
and lifestyle interventions’, surveillance with follow-up imaging to
monitor potential progression, and planning of interventions. Notably,
emergency status has been suggested as a highly relevant predictor of
death associated to surgery’. This highlights the need to reduce the
risk of aortic dissection and rupture, especially considering that rup-
tures are reportedly associated with mortality rates >90%"'°. Breast
magnetic resonance imaging (MRI) use has been increasing by
approximately 5-12% per year’, covering a spectrum of clinical
indications. Screening based on individual risk factors commonly
includes breast MRI™'*, MRI has been demonstrated to offer superior
sensitivity, particularly in women with dense and extremely dense
breast tissue, allowing to reduce interval cancer rate” ™ and prompting
the European society of breast imaging (EUSOBI) to suggest its sup-
plemental use in women with extremely dense breast'®. Breast MRI
examinations - regardless of indication - routinely include gadolinium-
based contrast agents (GBCA) enhanced (CE) acquisitions”'®. Intrinsi-
cally, breast MRI provides anatomical coverage extending into the
mediastinal thorax, enabling evaluation of the large thoracic vessels,
depending on the chosen field of view (FOV).

Due to the substantial and growing healthcare burden® of thor-
acic aortic aneurysms and the potential for safer treatment if they are
detected early, we conceptualized using routine breast MRI examina-
tions for automated detection of thoracic aortic aneurysms through
artificial neural networks (ANNs). This approach could leverage rou-
tine imaging examinations to enable effortless screening for a rare
disease without requiring any additional medical appointments or
procedures for the patient.

In this multi-center study, we present a scalable, fully automated
approach for secondary use of breast MRI examinations for thoracic
aortic aneurysm screening using an ANN that can be implemented in a
clinical routine-ready software infrastructure.

Results

Our study evaluated the developed ANN approach for background
screening of thoracic aortic aneurysms in n=5057 breast MRI exam-
inations acquired at different institutions, with MRI devices covering
all major MRI manufacturers and clinical field strengths for indepen-
dent testing (Erlangen test dataset: n=3232, DUKE: n=922, and
EA1141: n=903). Characteristics of the different trials and analysis
pathway are given in Fig. 1 and Supplementary Fig. 1, respectively,
while cohort demographics and MRI acquisition techniques are given
in Table 1, Supplementary Table 1, and Supplementary Table 2.

Performance of the ANN to screen for thoracic aortic aneurysms
Automated ascending (AA) and descending thoracic aorta (DA)
assessment and detection of aneurysms by the ANN. Average
ascending maximum aortic diameters were determined by the ANN to
be 2.97 cm (Cl: [2.96, 2.99]) for the Erlangen test set, 2.84 cm (CI: [2.82,
2.85]) for Duke, and 2.98 cm (Cl: [2.97, 3.00]) for the EA1141 trial data.
Correspondingly, the average maximum descending aortic diameter
was 2.22 cm (CI: [2.21, 2.24]) for the Erlangen test set, 2.21 cm (CI: [2.20,
2.23]) for Duke, and 2.22 cm (CI: [2.21, 2.23]) for the EA1141 data. Fig-
ure 2 presents the distribution of the calculated diameters. Analytical
results can be found in Table 2.

The ANN demonstrated a 0.28% flagging frequency (9/3232) for
potential aortic aneurysms according to the AHA definitions within the
Erlangen test dataset. Case-by-case review by the radiologist panel
demonstrated, that the ANN revealed n=8 examinations (0.24%)
belonging to n=7 patients (7/2258, patient prevalence 0.31%) with
thoracic aortic aneurysms, amongst n= 6 in the AA (mean diameter:

48 mm, range: 45-59 mm) and n =2 in the DA (mean diameter: 36 mm,
range: 35-37 mm). The ANN had flagged one case due to incorrect
segmentation, which was determined during panel review. For the
EA1141 examinations the algorithm flagged n =3 cases of potential AA
aneurysms (mean diameter: 48 mm, range 46-52mm) for n=2
patients. For the Duke dataset, the ANN indicated n=2 cases of
aneurysms (n =1in the AA with 45 mm and n =1in the DA with 35 mm).
All those Duke and EA1141 cases were verified true positive, and the
ANN did not create any aneurysm flagging due to mis-segmentation or
mis-classification.

Evaluating the positive predictive value (PPV) for cases which were
called by the ANN in the independent datasets depending on different
thresholds resulted in the following PPVs: For the AA the PPV1 at 20.8%
(10/48), PPV2 at 55% (10/18) and PPV3 at 100% (10/10). For the DA, the
PPV1 was 6.6% (3/45), PPV2 50% (3/6) and PPV3 75% (3/4).

Analysis of all diameter cases flagged by the ANN (for PPV1, PPV2
and PPV3) compared to manual control segmentations indicated a
mean submillimeter deviation of 0.524 mm (+ 0.9 mm, p < 0.001) for
the ANN compared to the mean human diameter assessments. Using
the visual independent evaluation by the radiologist panel, the NPV (at
PPV1) was found to be 100% for the ANN (which demonstrated a mean
variation of 0.3 mm in between the two readers, p < 0.001).

Analytical results are presented in Table 3. Example predictions
can be found both for the Erlangen test dataset and the EA1141 and
DUKE datasets in Supplementary Figs. 2 and 3.

Automated risk analysis of the thoracic ascending aorta. The Aortic
Size Index (ASI) and the Aortic Height Index (AHI) are meant to
adjust the AA diameter using the patient’s Body Size Area (BSA) and
height, respectively, and apply only for ascending thoracic aorta
(AA) diameters > 3.5 cm. There were n =383 such examinations (AA
diameter >3.5cm) with corresponding height/weight available in
the three independent test datasets (Erlangen test dataset: n =325,
Duke: n=6, EA1141: n=52). Of those, n=38 examinations were
classified as elevated risk with a 7% predicted annual risk of com-
plications (AHI > 2.43). Included in those n = 38 examinations, only 2
patients were classified with an elevated ASI risk of 8% (ASI>2.75),
highlighting a difference between the two risk models. All n=10
predicted AA aneurysms were classified as elevated risk (using AHI).
There were n=9 patients with AA diameter < 4.0 cm, which would
typically fall below the dilatation threshold, classified as elevated
risk (Fig. 3).

Improvement of detection rate by the ANN over human clinical
routine assessments

Analysis of the clinical radiologist reports, which were established
during clinical routine in the independent Erlangen test dataset
revealed a clinical reporting rate for thoracic aneurysmatic aortic dis-
ease (both dilatation and aneurysm) of 0.06%, corresponding to a total
of 2/3232 examinations, and a patient-level reporting prevalence of
0.09% (2/2258 patients). As of the n=2 clinically reported cases,
written reports were held descriptive, reporting an “extended” aorta.
All those reports of thoracic AA abnormalities (ascending aorta dia-
meter for case 1: 45 mm, case 2: 61 mm) were confirmed by the panel
board as thoracic AA aneurysms.

The ANN detected cases included all human-described thoracic
aneurysmatic aortic disease cases from clinical routine (2/2 patients/
examinations, sensitivity of detecting clinically reported patients/
cases: 100%). The additional n=6 examinations of n=>5 patients with
thoracic aortic aneurysms revealed by the ANN thus resulted in a 3.5-
fold improvement of the relative detection rate (RDR) on the patient
level (n =7 patients with thoracic aorta aneurysms revealed by the ANN
instead of n=2 by clinical routine), when compared to real-world
human routine readings in the n = 2258 patients from the Erlangen test
dataset.
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Higher prevalence of thoracic aortic aneurysms in women with
breast cancer or breast cancer history

In the Erlangen test set, the average maximum (of each patient) dia-
meter of the AA was 3.04 cm in women with breast cancer and 2.96 cm
in healthy patients. The DA average maximum diameter was 2.27 cm
and 2.21 cm, respectively. The Mann-Whitney U test showed the dif-
ference to be significant (p < 0.001 for both AA and DA), and similarly,
the Kolmogorov-Smirnov test showed the distributions to be sig-
nificantly different (p <0.002 for both AA and DA). Examinations of
women with breast cancer presented a higher average maximum dia-
meter and a higher odds ratio of presenting with a thoracic aortic
aneurysm (OR=2.14, Cl: [0.51, 8.97]). The effect slightly increased
when women with a history of breast cancer were also considered
(OR=2.29, CI: [0.55,9.61]) and slightly reduced when patients with
current breast cancer were excluded and only history of breast cancer
was analyzed (OR=1.91, CI: [0.32,11.48]). The distributions are pre-
sented in Supplementary Fig. 4.

Performance analysis of the ANN for volumetric segmentation
of the thoracic aorta

Dice coefficient and clDice. During training, using the Erlangen
training set, the ANN achieved a Dice or 0.95 and a cIDice of 1.00.
Applying the ANN to the independent test datasets, the agreement
between thoracic aorta segmentation masks predicted by the ANN and
the ground truth segmentations revealed a Dice coefficient and cen-
terline Dice (cIDice) of 0.91 (CI: [0.90, 0.92]) / 0.99 (CI: [0.98, 0.99]) for
the Erlangen test dataset, 0.88 (Cl: [0.87, 0.90]) / 0.97 (CI: [0.95, 0.98])
for Duke and of 0.91 (CI: [0.89, 0.92]) / 0.99 (CI: [0.99, 1.00]) for the
EA1141 dataset, respectively. ANNs trained with a different number of
training samples (n=24,48,72) performed similarly (Supplemen-
tary Fig. 5).

Missegmentations and error causes. Manual assessment of all ANN-
derived segmentations in the independent test datasets revealed an
error rate of the ANN pipeline of 0.56% for the Erlangen test dataset,
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Erlangen Test Dataset
(n=3232) o . )
Radiologists clinical reading
reports

Application of trained ANN with
algorithmic diameter calculation

| ! |

Manual diameter measurements
(AA/DA)

3D aorta segmentations
Predicted segmentations & AA/DA (ground truth) n = 28

diameter calculations

Thoracic AA Thoracic AA Thoracic DA
Aneurysm Dilatation Aneurysm
(=4.5cm) (= 4.0cm) (=3.5cm)

TE?;ZEOaA Aortic Height Aortic Surface

ilatati
(= 3.0cm) Index (AHI) Index (ASI)

4. Statistical evaluation ] i |

Panel review of all
cases by two
radiologists

Quantitative analysis of
3D segmentations
(ground truth vs. ANN)

Comparison of ANN detection rate to
to routine clinical reporting rate

Comparison to prevalence data and
presence of breast cancer

Fig. 1| Depiction of the study workflow indicating the steps of training,
independent testing and statistical evaluation as well as the integration of the
developed artificial neural network (ANN) in a pipeline creating PDF reports.
The first step conducted was training of the ANN (1. Network training), followed by
independent testing in the Erlangen test dataset (2. Independent testing) and
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multicentric independent testing in additional public datasets (3. Independent
multi-institutional testing). Results were statistically evaluated (4. Statistical eva-
luation) and an integrated pipeline for processing and reporting was established
(5. Integrated pipeline & reporting), allowing for creating reports of the analysis.
AA Ascending Aorta, DA Descending Aorta.

Nature Communications | (2025)16:5299


www.nature.com/naturecommunications

Article

https://doi.org/10.1038/s41467-025-59694-2

4.56% for the Duke dataset, and 1.55% for EA1141. Details and causes for
the errors of the ANN are given in Supplementary Table 3.

Predicted and ground-truth diameter measurements. The agree-
ment between the predicted and ground truth maximum diameter
assessments for the thoracic ascending aorta (AA) and descending
aorta (DA) revealed no significant difference using a t-test with paired
samples (AA: p =0.08/p = 0.71/p = 0.12 for the Erlangen test set, Duke,
and EA1141 respectively and DA: p=0.09/p=0.20/p = 0.10). Figure 4
presents analytical results for segmentation performance. Further,
n=1060 random manual diameter measurements were performed as
control (in n =560 breast MRI examinations). The mean variation was
1.52 (CI: [1.45, 1.58]) mm between the ANN pipeline results and the
manual measurements of the radiologists for the Erlangen test set
(n=357 AA measurements, n=358 DA measurements, in n=360
examinations), with the inter-rater mean variation being 1.61 (Cl: [1.50,
1.72]) mm. For Duke (n=77 AA measurements, n=79 DA measure-
ments, in n=100 examinations), the mean variation was 1.52 (CI: [1.39,
1.65]) mm and the inter-rater 1.69 (Cl: [1.47, 1.91]) mm. For EA1141
(n=98 AA measurements, n =71 DA measurements, in n=100 exam-
inations), the mean variation was 1.52 (Cl: [1.32, 1.72]) mm and the inter-
rater 1.72 (CI: [1.48, 1.95]) mm. Figure 5 presents analytical results for
diameter measurement differences.

Robustness on repeated breast MRI examinations. In addition, as a
secondary and indirect measure of performance for the segmenta-
tions, we calculated the diameter agreement between consecutive
examinations of the same patient (Fig. 6). The assumption is that
despite variations in aorta diameter being possible between different
examinations of the same patient (due to natural changes that come
with age, environmental and lifestyle factors, or aortic disease), the
calculated diameter should not typically see extreme variations
between visits. 2893/3382 (85.5%) of calculated AA/DA/arch diameter
pairs were found to be within 2 mm of each other. Significance testing

was performed using a ¢ test with paired samples, with the hypothesis
that there is no difference between repeat measurements of the same
patient and the paired samples representing diameter measurements
of two repeat examinations of the same patient. Testing indicated a
difference only for the AA. Specifically, (i) for the Erlangen test set,
p=0.011 for AA measurements, p=0.876 for DA, p=0.598 for the
aortic arch (ii) for EA1141, p = 0.017 for AA, p=0.749 for DA, p = 0.349
for the aortic arch.

Stability across different post-GBCA-administration timepoints.
Assessing the stability of the ANN segmentation process across dif-
ferent timepoints after GBCA injection has demonstrated a vastly
unchanged DICE coefficient with the ground truth, compared to using
the first timepoint (Fig. 7). Specifically, dice of 0.89 (Cl: [0.89, 0.90])
for acquisitions belonging to the second timepoint post-GBCA-
administration, dice of 0.89 (CI: [0.88, 0.89]) for the third timepoint,
0.88 (CI: [0.87, 0.88]) for the fourth, and 0.87 (CI: [0.86, 0.87]) for the
fifth. The average absolute diameter difference was in the
0.9-1.2 mm range.

Adequacy of the plane categorization process. For estimating the
adequacy of selecting different segments of the thoracic aorta
(ascending, arch, descending), the manual evaluation of maximal dis-
tance in between the anatomic supra-aortic branches and the auto-
matically selected section indicated a mean absolute difference of
8.8 mm and 10.8 mm for the ascending/arch and the arch/descending
position.

Additive burden of clarification examinations and associated costs.
Clinical application of the ANN will cause a varying number of false-
positive findings depending on the thresholds chosen. For esti-
mating the associated burden of patients undergoing clarification
examinations it was found that for each aneurysm detected in
between n=1 and n=15 patients might undergo additive imaging

Table 1| Patient demographics and acquisition characteristics

In-house dataset (training) Erlangen test dataset DUKE EA1141

Breast MRI examinations 96 3232 922 903
Patients 96 2258 922 480
Average age (years) 47.9 (96%) 49.5 (3232%) 52.9 (5407 55.3 (820%)
Average weight (kg) 65.2 (96%) 70.1(3232?) 76.4 (810%) 70.9 (825°)
Average height (m) 1.66 (96%) 1.67 (32327 1.66 (164°) 1.67 (497°)
Average Body Mass Index (BMI; kg/m?) 23.6 (967 25.3 (3232%) 27.8 (163?) 25.6 (497°)
Average Body Surface Area (Du Bois) 1.72 (96°) 1.78 (3232%) 1.84 (163%) 1.82 (497°)
Number of women with breast cancer 7 (96%) 685 (3127%) 922 (922%) N/A
BIRADS classification (if available)

BIRADS O or not available 16 238° - N/A

BIRADS 1 0] 23 = N/A

BIRADS 2 63 1878 = N/A

BIRADS 3 7 226 = N/A

BIRADS 4 3 287 = N/A

BIRADS 5 1 156 = N/A

BIRADS 6 6 424 922° N/A
MRI scanner magnetic field strength

3.0T 95 2913 454 297

15T 0 315 468 606

0.55T 1 4 (0] (0]

*Number of examinations with variable(s) needed available.

®DUKE dataset consists of a cohort of women undergoing pre-operative breast MRI with known breast cancer. BI-RADS Breast Imaging Reporting And Documentation System, T Tesla, MRI Magnetic

Resonance Imaging, kg kilogram, m meter, N/A not available
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Fig. 2 | Aortic diameter assessments by the ANN. Histograms of the calculated
thoracic aorta diameters using the proposed methodology for the three evaluation
datasets (n = 5057 examinations in total). The dilatation (ectasia) threshold is set at
40 mm for the ascending aorta (AA) and 30 mm for the descending aorta (DA).
Aneurysm threshold is set at 45 mm and 35 mm, respectively, as per the AHA2022

guidelines and values from the Framingham Heart Study. The floating subplots
visualize aneurysm findings (in the 45-65 mm AA range and the 35-55mm DA
range), and each box corresponds to a single examination. Anonymized source
data is provided as a source data file.

examinations (CE-CT or TTE), causing in between $246.13 and
$6960 costs per detected aneurysm. Details on the analysis are
given in Supplementary Table 4.

Discussion
In this study, we show that fully-automated ANN assessments of the
thoracic aorta could be a valuable supplemental screening tool for the
presence of aortic aneurysms in routine breast MRI examinations that
does not require additional effort. The large-scale, multi-center data
analysis demonstrated both a favorable technical robustness and high
clinical relevance of the proposed ANN pipeline.

The ANN approach reliably detected thoracic aortic aneurysms
including a considerable number not detected during clinical routine -

with a 3.5-fold improved detection rate (increasing detected aneur-
ysms from n=2 to n=7 in our cohort). The approach uses existing
imaging data and, consequently, does not cause an additive burden to
the patient or the healthcare system for screening. This could facilitate
effortless supplemental screening for a rare yet clinically devastating
disease that is otherwise not efficiently accessible, with particular
relevance for women.

The ANN additionally revealed robust technical performance in
three independent, multi-center, multi-vendor, and multi-field
strength test datasets. The variety of test datasets highlights the
practical impact, as the ANN was tested across the full spectrum of
breast MRI indications (including high-risk screening, screening of
women with dense breast, staging, and follow-ups).
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Table 2 | Calculated thoracic aorta diameter results on the independent test sets

Erlangen test dataset Duke EATIA Overall
Breast MRI examinations (n) 3232 922 903 5057
Patients (n) 2258 922 480 3660
Aortic diameters determined (average maximum diameter, cm)?
Ascending thoracic aorta (AA) 2.97 (SD 0.39) 2.84 (SD 0.41) 2.98 (SD 0.37) 2.95 (SD 0.39)
AA (women with breast cancer) 3.04 (SD 0.37) 2.84 (SD 0.41) N/A N/A
AA (women without breast cancer) 2.96 (SD 0.39) - (BC-only) N/A N/A

Descending thoracic aorta (DA) 2.22(SD 0.29) 2.21(SD 0.27) 2.22 (SD 0.25) 2.22 (SD 0.28)
DA (women with breast cancer) 2.27 (SD 0.28) 2.21(SD 0.27) N/A N/A
DA (women without breast cancer) 2.21(SD 0.29) - (BC-only) N/A N/A

“Diameter is given as the maximum perpendicular diameter of the respective thoracic aortic organ section (ascending/descending). AA ascending thoracic aorta, DA descending thoracic aorta,

cm centimeter, SD standard deviation, N/A data not available.

Table 3 | Results overview of aneurysm detection on the independent test datasets

Erlangen test dataset Duke EAT141 Overall

Breast MRI examinations (n) 3232 922 903 5057
Patients (n) 2258 922 480 3660
Examination level detected thoracic aortic aneurysms (% of breast MRI examinations)

Aneurysms (ANN predicted) 9 (0.28%) 2 (0.22%) 3 (0.33%) 14 (0.28%)

Ascending thoracic aorta (AA) 6/9 1/2 3/3 10/14

Descending thoracic aorta (DA) 3/9 1/2 0/3 414
Recall rate (RR) / Positive predictive value (PPV)

RR/PPV 1 - Ascending thoracic aorta (AA) 1.2% [/ 15% 0.22% [/ 50% 0.66% / 50% 20.8%

RR/PPV 2 - Ascending thoracic aorta (AA) 0.4% | 46.2% 0.108% / 50% 0.44% | 75% 55.5%

RR/PPV 3 - Ascending thoracic aorta (AA) 0.187% / 100% 0.108% / 100% 0.33% / 100% 100%

RR/PPV 1 - Descending thoracic aorta (DA) 1.08% / 5.7% 0.22% [ 12.5% 0.22% | 0% 6.67%

RR/PPV 2 - Descending thoracic aorta (DA) 0.155% [ 40% 0.108% / 100% N/A N/A

RR/PPV 3 - Descending thoracic aorta (DA) 0.093% / 66.7% 0.108% / 100% N/A N/A

Aneurysms (panel verified?) 8/9 (89%) 2/2 (100%) 3/3 (100%) 13/14 (92.8%)

Aneurysms (detected in clinical routine readings) 2 (0.06%) N/A N/A N/A

Negative predictive value of ANN analysis 100% 100% 100% 100%
Odds ratio for thoracic aortic aneurysm in the Erlangen test dataset

Odds ratio (OR) for women with breast cancer 2.14, Cl: [0.51, 8.97] N/A N/A N/A

QOdds ratio (OR) for women with breast cancer and/or breast cancer  2.29, Cl: [0.55,9.61] N/A N/A N/A

history
Patient-level prevalence for thoracic aortic aneurysms

ANN derived prevalence (panel verified?) 0.31% (7/2258) 0.22% (2/922) 0.42% (2/480) 0.30% (11/3660)

Clinical routine report prevalence 0.09% (2/2258) N/A N/A N/A

“Examinations flagged as aneurysm by the ANN were considered as incorrect when a deviation of > 2 mm from the mean manual aortic diameter assessments of the radiologist panel was found and
the deviation caused a re-categorization of pathological findings (i.e., dilatation vs. aneurysm) or the panel unambiguously suggested a different category for the pathological findings (i.e., dilatation
vs. aneurysm or correct diameter assessment but wrong automatic selection of threshold for ascending or descending part of the thoracic aorta) independent of the deviation of diameter
measurement. Amongst the Erlangen test dataset, one case was reclassified: n =1 case of mis-segmentation. The negative predictive value of ANN analysis (PPV1 thresholds) was derived based on
visual assessments by a radiologist panel. AA ascending thoracic aorta, DA descending thoracic aorta, cm centimeter, Cl confidence interval, N/A data not available.

Our cohort revealed a higher prevalence of thoracic aortic
aneurysms and larger aortic diameters in former and current breast
cancer patients. However, due to the retrospective study design and
the origin of the data, this finding might be biased by the selection of
patients. Further, given that the confidence intervals are wide due to
the low prevalence of aneurysms, no definite conclusions can be drawn
regarding potential underlying causes for this finding.

Our study demonstrated that current visual reading strategies
during clinical routine could benefit from the ANN screening support.
This might be due to the focus of breast MRI examinations on onco-
logic targets, the sometimes-challenging assessment of the thoracic
aorta in axial slices, and search satisfaction bias. This is further
aggravated by emerging indices beyond aortic diameters (aortic

height index and/or aortic surface index) with more complex calcula-
tions that must be performed separately.

The ANN is capable of running fully automatically in the back-
ground in a clinical routine workflow, providing a structured report
(see Supplementary Fig. 6). This workflow integration does not require
modification of any examination or assessment steps and the ANN
demonstrated slightly lower measurement variation compared to two
radiologists performing >1000 control measurements, suggesting
potential for clinical integration. Even though organ segmentation
tasks have been previously studied, including with the nnUnet utilized
in our study, our approach aimed to apply such a technique for sec-
ondary data use and to organ structures that are not of focus of the
examination. This out-of-the-box approach could thus be regarded as a
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[0.99-1.00], respectively. The third column contains scatterplots between the AA/
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(Erlangen: AA £=1.62, p=0.118, effect size = 0.31; DA t=1.63, p=0.115, effect

size = 0.31, DUKE: AA t=0.52, p=0.612, effect size =0.12; DA t=-133, p=0.198,
effect size =-0.30, EA1141 t=1.58, p = 0.130, effect size = 0.35; DA t=-1.71,
p=0.104, effect size =— 0.38). There were n =28 in-house ground truth segmen-
tations used for this comparison, alongside n =20 Duke and n =20 EA1141 seg-
mentations, randomly selected with the only condition that the whole aorta is
visible on the image. The strongly colored shading represents the +2 mm range,
while the lightly colored shading is the + 5 mm range, meant to show cases where a
ground truth aneurysm gets completely missed in a simulated clinical environment
(as it would fall below the dilatation threshold that gets presented to the clinician in
a potential clinical integration). AA Ascending Aorta, DA Descending Aorta.
Anonymized source data is provided as a source data file.
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fourth columns are scatterplots of the manually derived measurements of the two
radiologists. Noise at most + 0.2 mm was added to the radiologist measurement for
this visualization only, to avoid overlapping dots from the integer measurements.
The strongly colored shading represents the + 2 mm range, while the lightly colored
shading is the + 5 mm range. Anonymized source data is provided as a source
data file.

potential blueprint use case that can be applied on a broad variety of
other (rare and non-rare) clinical targets. Secondary data use of large-
scale imaging applications (e.g., in lung cancer screening) could stra-
tegically facilitate the detection of rare diseases that would otherwise
be difficult to achieve in a cost-efficient manner. In our case, breast MRI
was selected specifically because it is an established imaging modality
in breast cancer imaging and is emerging as a viable supplemental
screening tool in population-based breast cancer screening for women
with (extremely) dense breast tissue. Breast MRI was recently sug-
gested to be integrated into screening for women with extremely
dense breast tissue by the European Society of Breast Imaging
(EUSOBI)™.

The ANN achieved a high Dice coefficient (0.88-0.91) over dif-
ferent sites, vendors, all currently established clinical MRI field
strengths (0.55-3T), and different acquisition protocols, as well as
contrast agents used during the examination. It exceeded previously

reported Dice coefficients for aortic assessments in non-dedicated
thoracic MRI, e.g., without ECG-gating (0.85)%°, while studies using
dedicated ECG-gated MRI reported similar or even higher Dice coef-
ficients, yet in smaller sample sizes (0.91-0.95)*"%. It also achieved a
comparably, slightly lower deviation from manual measurements
(- 0.52 mm vs. 0.9 mm)*°.

Data on the prevalence of thoracic aortic aneurysms is limited.
Girotti et al. reported an incidence of thoracic aortic dilatation in low
dose computed tomography (LDCT) lung cancer screening of 4% and
thoracic aortic aneurysms of 0.25%*, which is in the range of
0.16-0.34% reported for thoracic aortic aneurysms by Kuzmik et al.2.
The ANN derived prevalence of thoracic aortic aneurysms in
our patient cohort (0.31/0.22/0.42%) aligns with existing literature.
However, to our knowledge, our study is the largest to report
specific prevalence data for women based on volumetric aortic
assessments.
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ground truth aneurysm gets completely missed in a simulated clinical environment
(as it would fall below the ectasia threshold that gets presented to the clinician in a
potential clinical integration). Statistical testing was performed without correction
using a two-sided t-test with paired samples (Erlangen: AA t = - 2.55, p = 0.011, effect
size=-0.08; DA t=0.16, p = 0.876, effect size = 0.01; arch t=-0.53, p=0.598,
effect size =-0.02, EA1141: AA t=-2.39, p = 0.017, effect size=- 0.12; DAt =-0.32,
p=0.749, effect size=-0.02; arch t=-0.94, p = 0.349, effect size = - 0.05). The
last column presents the respective Bland-Altman plots. AA Ascending Aorta, DA
Descending Aorta. Anonymized source data is provided as a source data file.

Uncovering the overrepresentation of women with breast cancer
among cases with thoracic aortic aneurysms is of potential high clinical
relevance. In the literature, patients with lung cancer have been shown
to have a higher rate of abdominal aortic aneurysms?, as have prostate
cancer patients®. Moreover, some studies suggest that certain onco-
logic therapies may potentially contribute to aneurysm growth rates,
though conflicting reports exist”. This highlights the clinical relevance
of our approach in addressing a relevant clinical target group with an
effortless support tool for clinicians. While the absolute diameter dif-
ferences were too small to derive direct clinical implications, a recent
study on lung cancer screening participants reported aortic assess-
ments to be the second most prognostically relevant factor for pre-
dicting 10-year mortality?s.

The ANN measurements demonstrated promising consistency
across different timepoints after GBCA injection as well as promising
longitudinal consistency of ANN across repeat examinations. However,
variations were also present. Few studies have investigated the natural
course of thoracic aortic aneurysms and dilatation, with the recom-
mendations on monitoring being an ongoing discussion®®. In this
regard, despite being tempting, using the ANN for monitoring disease
progression might be limited due to the low growth rates (0.1-0.3 mm/
year”) and the limited image resolution of MRI.

The present study has the limitations of only including retro-
spective data; thus, we cannot draw direct conclusions about the
prospective clinical application. However, the Erlangen test set com-
prised a consecutive 5-year cohort of patients, and we enriched the test
data with multi-vendor public datasets. Further, it is possible that in a
prospective clinical study (in which the radiologists would be aware

that in parallel to them an Al is searching for aortic diseases) a diag-
nostic awareness bias might potentially be introduced, limiting real
world insights, compared to our evaluation in which the radiologist’s
reports from clinical routine were used as real-world indicators of
reporting frequency of aortic diseases.

Our study has several other limitations. Underreporting data was
based solely on the Erlangen independent test, as clinical reports from
the external test datasets are not publicly available. While we aimed to
reflect the variety of acquisition settings, vendors, and field-strengths
in the independent test sets, some MRI machines/settings/protocols
might be insufficiently represented, and, consequently, general-
izability across all potential settings cannot be fully assessed. In some
cases, parts of the aorta, e.g., upper arch, were not fully covered/
depicted by the chosen field of view (FOV) or due to the image quality
of the breast MR examination, which may restrict the method’s
applicability, depending on acquisition settings and imaging hardware.
Moreover, more sophisticated approaches might allow for further
refinement of the ANN, however the chosen nnU-Net approach has
demonstrated superior performance in several open challenges®. No
testing was performed on artificially noisy or perturbed images, the
training data was limited, and no explainability methods® were used,
which could shed light on which areas the model considers important
for producing the segmentations. Further, the dual-use approach of
the study meant that the MRI examinations were not optimized toward
aortic vessel assessment. We, therefore, included a variation threshold
of 2mm in order to account for potential overestimations as pre-
viously suggested®. This limitation is important as abnormalities
(either dilation or aneurysms) close to the thresholds could otherwise
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Fig. 7 | Reproducibility of aortic segmentations on breast MRI for different
timepoints after GBCA-administration in the Erlangen test set. DICE coefficient
reproducibility over the different timepoints after GBCA administration (T1-
weighted sequence) for the n = 28 cases with in-house ground truth segmentations.
Box plots (box: 25th-75th percentile, i.e., Q1-Q3; whiskers extending up to 1.5 times
the interquartile range; outliers marked) for timepoints 2, 3, 4, and 5, demonstrate
stable medians [Q1-Q3] of 0.90 [0.88-0.91], 0.89 [0.87-0.91], 0.89 [0.87-0.90],

Mean diameter (mm) Mean diameter (mm)

0.88 [0.86-0.90], respectively. The average variation of the diameter (mm) (as
measured for the full n=3232 Erlangen test set) for ascending and descending
thoracic aorta was in the range of 0.9-1.1mm and 0.9-1.2 mm (exact values are
present directly on the figure), respectively. The colored area in the Bland-Altman
plots represents the 95% prediction interval. Anonymized source data is provided
as a source data file.

potentially go unnoticed due to the pulsation effects close to the heart.
Given the encouraging results, future work might investigate as well
imaging techniques that overcome the non-ECG imaging limitations by
adapting cardiac MRI techniques for breast MRI. This might be
achieved by adding ultrafast cine SSFP sequences to the breast MRI
protocol®®, which could allow for self-gating without ECG leads. This
could be beneficial as ECG-leads are associated with some challenges
such as preparation time, costs, inaccuracies associated to artifacts
caused by the MRI hardware**** and could be especially cumbersome
in prone-positioned breast MRI examinations.

Depending on the thresholds chosen for recalls, some patients
will undergo additive examinations due to a false positive call of the
ANN. This might cause additive burden and costs, e.g., due to additive
ultrasound or computed tomography examinations. Our analysis
indicated additive costs in the range of $246.13 to $6,960 per detected
aneurysm, which is, however, considerably lower when compared to
e.g., the costs per detected cancer in high-risk women invited to
undergo breast MRI (with approximately $35,085 [£28,284] per
detected cancer’®). These costs might be considered from a health
economics perspective when selecting thresholds in the future, in
order to balancing re-calls and false positives for the ANN, which goes
beyond the scope of this manuscript. No long-term follow-ups of the
patients with thoracic AA and AD were available, and we cannot assess
the clinical course of the disease in those patients. Lastly, we focused
only on using the most robust and established routine acquisition
technique in breast MRI'¥,

In conclusion our study demonstrated fully-automatic back-
ground screening for aortic aneurysms using breast MRI examinations,
indicating hidden potential for dual use of the acquisitions.

Methods

Study design and participants

The study was approved by the institutional review board (IRB) of the
Friedrich-Alexander-University Erlangen-Nurnberg, Germany, waiving
the need for informed consent, as working with deidentified retro-
spective data from clinical routine examinations only. The multi-
centric, retrospective study included a total of n=5153 datasets as
follows: n=3328 breast MRI examinations originated from patients
examined at the Erlangen University Hospital (Erlangen, Germany) and
additive data originated from two independent large-scale trials:
n=922 breast MRI studies were included from the “Duke-Breast-Can-
cer-MRI” data set (referred to as “DUKE” in this study)®® and n=903
breast MRI studies from the multicentric EA1141 trial*®, with the latter
trial reporting to having included over n =50 independent study-sites.

Training dataset

A training dataset was derived from a non-consecutive cohort of n =96
adult patients (aged > 18 years) with clinical indication for breast MRI
examined at the Erlangen University Hospital (Erlangen training data-
set). Data were acquired between 2015 and 2020. The Erlangen training
dataset was ensembled in a manner that represents variations in breast
MRI examinations and different enhancement patterns of the aorta.
Specifically, cases with and without full coverage of the aortic arch,
different ages and MRI scanner generations were included in the
training dataset.

Independent testing datasets
For independent testing of the ANN after the final development, three
independent datasets were established as the following: A consecutive
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independent cohort (excluding n =217 examinations belonging to the
ensembled n =96 patients whose examinations were included in the
training dataset) of n=3232 examinations (n=2258 adult patients)
undergoing breast MRI from 2015-2020 at the Erlangen University
Hospital - the Erlangen test dataset. Two additional multisite inde-
pendent testing datasets comprising of the aforementioned DUKE and
EA1141 datasets were evaluated as provided by the cancer imaging
archive*®, including additional n=1825 independent breast MRI
examinations and comprising all major MRI manufacturers (Philips,
Best, The Netherlands; Siemens Healthineers, Erlangen Germany; GE-
Healthcare, USA) and MRI devices from different clinically routine field
strengths (1.5T and 3T) and scanner generations, as described in
Table 1 and Supplementary Table 1.

Herein, the datasets reflect the diverse settings breast MRI is
performed in. The Erlangen test dataset includes the clinical routine
variety of current indications for breast MRI (high-risk screening, (pre-
operative) staging, follow-up, surveillance) over a longitudinal cohort
spanning 5 years. The DUKE dataset includes breast cancer patients
with known disease only, while the EA1141 dataset includes a cohort of
women with dense breasts undergoing breast MRI screening.

All breast MRI examinations were conducted on routine MRI
scanners, commonly including a multiparametric breast MRI protocol
which comprises dynamic contrast enhanced (DCE) T1-weighted (T1w)
acquisitions before and after intravenous administration of GBCA, with
varying additive sequences (namely, T2-weighted and/or diffusion
weighted imaging [DWI]) being acquired in the different institutions.
Details of the acquisition protocols for the Erlangen dataset are pro-
vided in the supplemental material, while the respective protocols for
the multi-site trials can be accessed through the Cancer Imaging
Archive and/or provided at the given reference (DUKE data set® and
EA1141 trial’®). No data was excluded from the analysis based on an
assessment of image quality of organ coverage, although n=50
examinations were excluded from the EA1141 (n = 22 examinations for
technical issues and n =28 because they were acquired with an ultra-
fast approach outside the scope of our study).

Data preparation

From the varying breast MRI datasets, the Tlw-contrast-enhanced
sequences reflecting an early phase (until approximately ~120 sec. after
GBCA-injection, as far as derivable for the external datasets) were used
for further processing. This approach was selected in order to max-
imize the applicability of this study across acquisition protocols,
especially giving the increasing role of abbreviated breast MRI
approaches, which can only include a single timepoint (commonly up
to two minutes) after contrast agent application. The Tlw contrast-
enhanced sequence is the core of breast MRI and reflects a broad
applicability of the thoracic aortic disease screening approach, ranging
from abbreviated breast MRI protocols currently assessed for breast
screening'®*' to full multiparametric diagnostic breast MRI protocols".
For further assessment of the robustness of the ANN towards the
variance of acquisition timepoints after contrast agent injection, the
Erlangen test data was further explored. The dynamic contrast-
enhanced (DCE) sequence in the breast MRI protocol is composed of
five individual T1-weighted acquisitions after GBCA-injection, which
were individually provided to the ANN pipeline.

Preprocessing

The study workflow is depicted in Fig. 1. The only training pre-
processing step performed was minimal and consisted only of
resampling early (commonly 1st timepoint after injection of GBCA,
in some trials the abbreviated protocol was not further specified)
post-contrast DCE-MRI acquisition to a NIfTI image with spacing
(0.85mm, 0.85mm, 1.5 mm). The image array was also flipped if
necessary to the same orientation as the training data, i.e., ensuring
that the origin direction vector is always positive and the

corresponding patient position is the same, using only image meta-
information (origin and direction).

Segmentation of the thoracic aorta

The preparation of the image data included a volumetric aortic seg-
mentation for both the training and the independent test data sets
using the aforementioned GBCA-enhanced T1-weighted sequences
during the arterial contrast phase by experienced trained research
personnel (medical student, JG, providing segmentations in breast MRI
for one year) under the supervision of a board-certified radiologist
with a focus on oncologic imaging and breast MRI and 10 years of
experience (SB).

The segmentation was performed using the axial slices and
additional planes reconstructed by the annotation software tool (Slicer
5.03*). The following steps and guidelines were used: Using the draw
function of the software tool, segmentation of the aorta was per-
formed adopting the recommendations given for aortic assessment
in imaging, resulting in the inner edge-to-inner edge (I-I) technique***
to be leading as suggested to most closely match the routine leading
edge-to-leading edge (L-L) method from echocardiography. The con-
tours of the thoracic aorta were outlined in a slice-by-slice manner
following from the aortic root (commonly the bulbus/sinotubular
junction, depending on image acquisition) to the lowest visible part of
the descending thoracic aorta (commonly at the diaphragm). In some
cases, parts of the aorta, e.g., the upper arch, were not fully covered/
depicted by the chosen field of view (FOV), or depending on the image
quality of the breast MR examination.

Training of the ANN

The architecture of the ANN was a Convolutional Neural Network
(CNN), based on the award-winning nnU-Net segmentation
framework®. nnU-Net works by “fingerprinting” the training dataset
properties, being able to self-configure itself for preprocessing, train-
ing, and postprocessing based on the corresponding task. A combined
loss was utilized, as the summation of dice and binary cross-entropy
losses™. The underlying network architecture is a U-Net architecture
with plain convolutions for feature extraction, trained using stochastic
gradient descent. We utilized the high image resolution 3D config-
uration (with rules derived for non-CT anisotropic data with median
image size 447 x445x120 and spacing 0.85x 0.85x1.5mm), with
z-score normalization, 1000 epochs, 250 iterations per epoch, 50
validation iterations per epoch, initial learning rate 0.01, weight decay
3*107%, batch size 2, and patch size 56 x 192 x 224 (determined by nnU-
Net'’s self-configuring process). We additionally included the following
augmentations to aid adaptation over a wide range of MR data from
different MRI scanners and institutions: (i) rician noise augmentation
(probability 30%) which can potentially mimic the noise found in MRI
data more appropriately than gaussian noise®, (i) random MRI spike
artifacts (probability 10%) which can be caused by some mal-
functioning MRI machines resulting in sharp disruptions in the image,
(iii) random MRI bias field artifacts (probability 10%) which can mimic
variations in image intensity caused by non-uniformities in the mag-
netic field, resulting in uneven brightness or contrast, (iv) random MRI
ghosting artifacts (probability 10%) which are false image artifacts
alongside the true image occurring due to motion or faulty scanners,
and (v) random MRI motion artifacts (probability 10%) which can
manifest as blurring in the image due to patient movement*®. Images
were resampled using third-order spline and segmentations with linear
interpolation, utilizing nearest neighbor for out-of-plane areas. The
model was trained on an NVIDIA V100 32GB on a system with 32 cores
and 256GB of RAM.

Calculating the aortic diameter
Additional preprocessing. As a first step to the calculation, the pro-
vided segmentation is resampled to isotropic spacing (using its

Nature Communications | (2025)16:5299


www.nature.com/naturecommunications

Article

https://doi.org/10.1038/s41467-025-59694-2

original minimum spacing in all dimensions, i.e., 0.85 mm on the pre-
process images). Each axial slice is processed if needed to keep only
the two largest segmentation components, which are most likely to
belong to the aorta. Binary closing and hole-filling operations are also
performed on the segmentation.

Centerline determination. A mirroring operation is performed on the
segmentation in the z-direction, which helps extend the resultant
centerline to the edge. The centerline is calculated with the skeleto-
nization operation*’, and centerline points that have overlap with the
original segmentation (excluding the mirrored parts) are kept. The
Dijkstra algorithm is applied to ensure that a single continuous line is
kept*®. Finally, to reduce processing overhead, we remove centerline
points that are within 2 mm of other points. This process is repeated
for each unconnected segment of the segmentation. For small seg-
mentation parts of height <25 mm, typically resulting from the aortic
arch being outside the field-of-view and the ascending aorta being a
separate segment, a simpler process is followed instead, where the
segmentation is eroded only in the x and y dimensions, until a cen-
terline remains.

Plane selection. In order to define a plane for each centerline point, a
normal vector needs to be calculated. For each point, we calculate the
normal vectors defined by the current and the previous point, along-
side the one defined by the current and the next point, and average
them at each dimension (point order is dictated by the Dijkstra algo-
rithm). This process is repeated for the 3 previous and 3 next centerline
points (if they are within 1c¢m), and the final normal is averaged across
all calculated normal vectors. For each defined plane, 27 different small
variations are tested (by shifting the normal vectors by [-15%, O, + 15%]
at each direction), and the combination that leads to a segmentation
with the highest circularity is kept. If no combination resulted in an
acceptable circularity, then the plane is discarded (circularity thresh-
old: 85% or 75% if the plane normal in the z-direction is < 0.5, to account
for the less circular shapes in the z-direction due to the larger slice
thickness).

Plane categorization. To categorize planes into thoracic AA/DA/
arch, we first attempt to categorize points based on other points. If
a centerline point has other points more than 3 cm to its right in
the y-direction, then it is part of the AA, and the reverse for DA.
Similarly, if it has points more than 12 cm above it in the z-direc-
tion, then it is part of the DA. Then in a second round, points that
are close to already categorized points, or roughly the same z-axis
line, or in-between categorized points, with similar normal vec-
tors, inherit their neighbor’s category. In a third round, the normal
vectors are checked, and if the (normalized) normal vector is < 0.4
in the z-direction then it is part of the aortic arch, while a y-
direction value of >0.3 indicates AA and <-0.3 indicates DA.
Finally, an additional round of inheriting a similar neighbor’s
category is performed.

Plane categorization appropriateness was assessed by selecting a
subset of n =50 cases in which the anatomic landmarks (supra-aortic
branches) were visible. Manual assessment of the mean distance in
between the anatomic landmarks and the automatic plane categor-
ization were conducted as follows. For the beginning of the aortic arch
(adjacent to the ascending aorta), the start of the brachiocephalic
artery branch was marked in the open-source software 3D Slicer
(Version 5.6.2) by choosing the point on the upper part of the aorta
where the brachiocephalic artery starts leaving the aorta. From this
point, the nearest centerline point of the aorta was selected. The dis-
tance between the selected centerline point and the first centerline
point categorized as aortic arch (adjacent to ascending aorta) was
calculated. Analogously, for the end of the aortic arch (adjacent to the
descending aorta), the end of the left subclavian artery branch was

marked, and the distance between the respective centerline point and
the last aortic arch centerline point was calculated.

Diameter calculation. With a known category, point, and normal
vector, the segmentation array can be rotated accordingly, and the
diameter on the new defined slice can be calculated. In order to
account for the non-ECG triggered nature of breast MRI examinations
the diameters calculated were considered with a 2 mm threshold of
variance, as previously reported.

Definition of cut-off values for determining presence of aortic
disease (dilatation and aneurysms)

Using the determined aortic diameter we quantitatively assessed the
presence of thoracic aortic dilatation and thoracic aortic aneurysm
separately for the ascending and descending thoracic aorta. Defini-
tions of enlarged diameters of the thoracic aorta were selected
according to international guidelines and literature as the following.

Ascending thoracic aorta (AA). Given the sharp increase in risk of
dissection relative to a control aortic diameter of <3.4cm for (i) a
diameter of 4.0 cm to 4.4 cm, associated with an 89-fold increased risk,
and (ii) a diameter of >4.5 cm, associated with a 6000-fold increased
risk, as per the AHA 2022 guidelines women-specific cut-off values’, we
used these thresholds accordingly in our study: thoracic ascending
aortic dilation (AA dilatation) at 4.0-4.4 cm’ and thoracic ascending
aortic aneurysm (AA aneurysm) at an aortic diameter >4.5 cn’.

Descending thoracic aorta (DA). For the descending thoracic aorta
(DA) presence of dilatation was defined as 3.0-3.4 cm and thoracic
descending aortic (DA) aneurysm was defined as >3.5 cm following the
data from the Framingham Heart Study*’ with an average diameter of
23.1+2.6 mm reported for the diameter of women and with dilatation
being considered at diameters adding to 2 standard deviations to the
mean diameter and aneurysm being defined at 150% of the vessel in
concordance with the American college of radiology (ACR) Incidental
Finding Committee*.

Risk analysis
Risk assessment of the thoracic ascending aortic diseases was per-
formed using the aortic height index (AHI) and the Aortic Surface
Index (ASI), as per the more recently suggested individual adjusted
nomogram data for the ascending thoracic aorta, which were calcu-
lated as in literature®.

Aortic Surface Index (ASI; cm/m?)°:

Aortic Diameter (cm)
Body Surface Area (m?)

@

Body Surface Area (BSA) herein was calculated using the Du Bois
formula®.
Aortic Height Index (AHI; cm/m)>:

Aortic Diameter (cm)
Height (m)

2

We utilized the same thresholds, denoted annual risk of compli-
cations, as reported in literature®. Specifically, AHI>2.43 marks an
elevation in risk from 4% to 7%, while ASI>2.75 marks an elevation in
risk from 4% to 8%’".

Evaluation of the ANN

Evaluation of the ANN took place using n=5057 multi-vendor breast
MRI examinations for independent testing, corresponding to n =3660
patients, from 3 independent sources spanning trials that involved
n>50 sites. In order to evaluate the utility and applicability of the
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system, different experiments were performed covering (i) the ability
to fully automatically segment and assess aortic disease (dilatation and
aneurysms) in breast MRI using an ANN, (ii) comparison to prevalence
data and to clinical reporting frequency, and (iii) investigating poten-
tial effects of breast cancer on thoracic aortic disease.

Technical assessments of the ANN using volumetric segmenta-
tions. For evaluation of segmentation performance n=68 manual
volumetric segmentations were produced in the independent test
datasets (n =28 for the Erlangen test dataset, n =20 for DUKE, n=20
for EA1141) belonging to random examinations, using the same process
described before. Segmentation performance was evaluated using the
Dice coefficient, which is the gold standard for segmentation perfor-
mance assessment’**>**, Further, centerline Dice (cIDice) evaluation is
performed, due to its applicability in problems with tubular
structures®*, in order to gauge the ability of the segmentation to
annotate large parts of the aorta and follow its centerline, instead of
being performant at a part of it and worse in others. As an additional
indirect measure of performance, consecutive examinations belong-
ing to a single patient were identified, and each pair of diameter
assessments were plotted. The assumption is that despite variations in
aorta diameter being possible between different examinations of the
same patient (due to natural changes that come with age, environ-
mental and lifestyle factors, or aortic disease), the calculated diameter
shouldn’t typically see extreme variations between visits. According to
the literature, the expected rate of change due to age alone is not
drastic, typically reported as <2 mm/decade’*”’, which should also
accommodate for changes due to systole/diastole. As such, the rate of
repeat measurements that fall within 2 mm of each other is also used as
an indirect measure of performance and stability. Significance testing
was performed between the two sets of diameters at different time
points.

Evaluation across different timepoints after GBCA-administration.
The ANN pipeline performance was evaluated in the Erlangen test
datasets on all different timepoints after GBCA-administration (time-
point 1-4) to assess in influence of timing on the DICE coefficients and
the determined diameters of the thoracic aorta.

Visual assessments using a panel review. All examinations of the
three independent test datasets were reviewed case-by-case by the
expert panel consisting of two board-certified radiologists (SB with >10
years of experience in oncologic imaging and breast MRI and DH with
>15 years of experience in breast MRI and general radiology). The
datasets were shown to the reader, and they were required to assess a)
the anatomical appropriateness of the ANN-derived segmentation and
b) the appropriateness of the plane selection/categorization for the
diameter determination. The reading was done independently by both
readers, followed by a subsequent consensus reading for all cases in
which the two readers provided diverging ratings. In case of the ANN
providing erroneous results (e.g., segmenting the wrong organ or
selecting the ascending aorta threshold in the descending aorta), the
type of error was noted for further descriptive analysis of the fre-
quency of error types.

Evaluation using manual diameter measurements. All cases for
which ANN indicated at least reaching dilatation or aneurysm thresh-
olds for the ascending or descending aorta (n=93), a manual mea-
surement of the aortic diameters was performed independently by the
expert panel consisting of the same two board certified radiologists
(SB with >10 years of experience in oncologic imaging and breast MRI
and DH with >15 years of experience in breast MRI and general
radiology).

Further, the panel was asked to individually and independently
determine the diameter in a randomly chosen subset of n=1060

ascending or descending aortas in n=560 patients for control pur-
poses. The manual diameters were registered and compared to the
ANN-derived diameters. The imaging data was loaded into the 3D Sli-
cer software (3D Slicer, Version 5.03 32) and by using the diameter
assessment function of the open-source tool the diameters were
manually measured using the inner edge-to-inner edge (I-])
approach®**,

Prevalence assessment. The ANN provided measurements and
assessments were compared to prevalence as reported in the lit-
erature. For the Erlangen test set, the prevalence of thoracic aortic
aneurysms and dilatation was additively compared to the clinical
reporting frequency. The data was statistically analyzed by com-
paring the prevalence calculated by the true positive thoracic
aortic aneurysms and dilatation cases provided by the ANN to the
thoracic aortic aneurysms and dilatation cases indicated by clin-
ical routine reporting. The data was statistically evaluated to
assess the effectiveness of the ANN by calculating the decreased or
increased detection rate of thoracic aortic aneurysms in compar-
ison to the current clinical real-world reference standard defined
as the human routine reading®. In order to evaluate over- or
underreporting of thoracic aortic aneurysms and dilatations in
breast MRI by the ANN, the Erlangen test dataset was further
explored with regard to the following tasks to determine pre-
valence during clinical routine:

* Clinical radiologists’ reports were crawled with regards to the
words “aneurysm” (OR) “aorta” (OR) “ectasia” (OR) “extension”
(OR) “dilatation” (OR) “aneurysmatic” (OR) “dilated” (OR)
“widened” in order to determine under- or over-reporting of
aortic disease as compared to the automated assessments. Search
was performed in German, reflecting the language used at the
hospital where the Erlangen test dataset originated.

All cases with thoracic aortic aneurysms described in radiologists’
clinical reports were additively re-evaluated by two radiologists.

Lastly, for the Erlangen test set, which includes both patients with
breast cancer and patients with benign findings, potential variations of
aortic diameter between these two patient cohorts were examined.
Significance testing was performed for the two sets of measurements
and their distributions. The odds ratio of discovering an aneurysm
between the malignant and benign cohorts is also reported, utilizing
only aneurysms verified by the radiologist panel.

Risk assessment and threshold variations. For the examinations with
height/weight available, the ones with predicted AA diameter of
>35 mm were used for risk evaluation, as the literature defines AHI/ASI
for AA diameters above this threshold®. The number of examinations
with elevated risk were identified, and cases with high risk but not an
aneurysm classification were examined by the radiologist panel.

Additively different positive predictive value (PPV) thresholds
were evaluated: PPV 1 was assessed for presenting all findings
exceeding dilatation thresholds to the radiologists for review
(ascending aorta=40 mm, descending aorta=30 mm)’; PPV 2 was
assessed presenting all findings that exceeded AHA guideline aneur-
ysm thresholds with an additive two millimeter security range (43 mm
for the ascending aorta, 33 mm for the descending aorta) and PPV 3
was assessed presenting those cases exceeding the AHA aneurysm
definitions® only.

Using the different PPV thresholds, we also calculated how many
additive imaging examinations and costs are needed for clarification of
findings indicated by the application of the ANN pipeline. This was
performed considering either the use of contrast enhanced computed
tomography (CT) (assuming $246.13 according to ref. 59) or trans-
thoracic ultrasound (assuming costs of $464 according to ref. 60) in
the clarification process.
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Statistics. Confidence intervals used in this study pertain to 95%
confidence intervals. Statistical tests between sets of calculated dia-
meters from the same patients were performed using a t-test with
paired samples®’. Tests between sets of calculated diameters from
different patients were performed using the Mann-Whitney U test®%,
The Kolmogorov-Smirnov test was used to compare distributions®.
Significance was determined at p <0.05.

Reporting summary
Further information on research design is available in the Nature
Portfolio Reporting Summary linked to this article.

Data availability

The Erlangen breast MRI datasets originate from clinical routine,
protected by national privacy laws and hence are not publicly available
or shareable with third parties due to the retrospective nature of the
study performed and the associated IRB approval for the study limiting
the data use. The additive external and publicly available datasets (at
the time of the study) used in the study are the following, with the
detailed regulatory and licensing information to be found under the
respective source. The external datasets and their (future) availability
and conditions of availability are not under the control of the authors
of this study. At the time the study was conducted, the accessibility was
as follows: The EA1141 breast MRI datasets were accessible (at the time
of the study) via The Cancer Imaging Archive®. The dataset was
accessed via the Cancer Imaging Archive homepage. The data was
accessible at the time of the study under the CC BY 4.0 license. The
Duke-Breast-Cancer-MRI breast MRI datasets were accessible (at the
time of the study) via The Cancer Imaging Archive®. The dataset was
accessed via the Cancer Imaging Archive homepage. The data was
accessible at the time of the study under the CC BY-NC 4.0 license.-
Source data of the figures are provided. Source data are provided in
this paper.

Code availability

The code can be accessed under the “CC BY-NC 4.0” license®* as the
following: Bounias, D. MIC-DKFZ/aorta-aneurysm-assessment: 2025-
04-08 (2025-04-08), https://doi.org/10.5281/zenod0.15180322.
(Zenodo, 2025).
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