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Extended DataFig. 6 | Impact of thymic health onlong-termrisk of disease-
specific mortality and clinically relevant cardiovascular disease. Percentage
ofindividuals who died from a, any malignancy, b, adjusted for sex, age, and
smoking status. Percentage of individuals who died from ¢, pulmonary disease,
d,endocrine, metabolic, or nutritional disease; or e, digestive disease. Adjusted
analysesofc,d,e, see Fig.4g. Follow-up for allanalyses was 12 years. The insets
intheinverted Kaplan-Meier plots show the same dataon an expanded y-axis.
a-e, Cox proportional hazards regression was used to estimate HRs. In the
forest plot, the center of each box represents the estimated hazard ratio, and

the whiskers denote the corresponding 95% CI; arrowheads indicate

thatthe 95% Clextends beyond the visualized limits; shaded box size is
forvisualization only and does not encode statistical weight. The overall
contribution of thymic health to uni- or multivariable models was evaluated
using likelihood ratio tests (2 tests) comparing full models with nested models
excluding thymic health (typelll test, two-sided) with no adjustments for
multiple comparisons. Cl Confidence Interval, FHS Framingham Heart Study,
HR Hazard Ratio, NLST National Lung Screening Trial.



a Test-retest stability of continuous model predictions and three
predicted thymus grades using ICC and Cohen's Kappa respectively
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d Stability to input perturbation for automatic
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b Scatter plot of test-retest model predictions for the Ovs123 and 7vsrest prediction models
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Extended DataFig.7|Stability assessment through test-retest and input
variability analysis. a, Test-retest stability of the two prediction models
(QCmodeland 0 vs1grading) isanalyzed first throughintraclass correlation
coefficient for continuous measures (n = 31), followed by Cohen’s kappa for
grade stability. b, Test-retest predictions (n = 31) for both models are displayed
asascatter plottoshow their linearity. ¢, Sampling distribution for generating
input perturbations for the 50 perturbation trials, where for each scan (patient),
theseed pointis perturbed with adrawn sample. Although a 2D distributionis

Thymic Health Automatic QC Thymic Health

shown, the perturbations are performed in3 dimensions. Stability to input
variation/perturbation is shown through the concordance between predicted
scores across different trials for thed, FHS (n=2,581),and e, NLST (n=2,500)
cohorts. Thebox plots show the median (center line), interquartile range (25th-
75th percentiles; box), and whiskers extending to the minimum and maximum
valueswithin1.5x theinterquartile range. ICC Intraclass Correlation Coefficient,
FHS Framingham Heart Study, NLST National Lung Screening Trial, QC Quality
Control.
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Extended DataFig. 8| Explainability: Saliency Maps. Representative CTscans  thatthe model focuses on when makingits predictions. The saliency maps are
fromthe FHS cohortoverlaid with the generated occlusion-driven saliency displayed on the centralslice of the thymus, and the jet color scaleis used to
maps using the mostimportant feature, highlighting the regions of the thymus  indicate contributionintensity.



Extended Data Table 1| Study population clinical and epidemiological characteristics

Characteristics Pooled (%, range) FHS (%, range) NLST (%, range)

Number of participants (No. (%)) 27,612 (100.0%) 2,581 (100.0%) 25,031 (100%)
Sex (No. (%))

Male) 16,084 (58.3%) 1,241 (48.1%) 14,843 (59.3%)

Female 11,528 (41.7%) 1,340 (51.9%) 10,188 (40.7%)
Age (median [range]) 60 [32, 87] 56 [32, 87] 60 [55, 74]
Race (No. (%)) *

White 22,855 (91.3%)

Not white 2,082 (8.3%)
BMI (median [range]) 27.3[13.3, 65] 27.7 [16.3, 54.7] 27.3[13.3, 65]

Smoking status (No. (%))

No current smoker 15,431 (55.9%) 2,415 (93.6%) 13,016 (52%)

Current smoker 12,181 (44.1%) 166 (6.4%) 12,015 (48%)

+ Race data is not available for participants of the Framingham Heart Study (FHS). The FHS is a longitudinal community-based prospective cohort study. It started enrolling the original participants
in 1948 and has since been followed by consecutive enrollments of the Offspring cohort (children of the original participants and their spouses) in the 1970s and the Third-Generation (Gen 3)
cohort (children of the Offspring participants) from 2002-2005. All original participants are of White/European ancestry. Few exceptions might be spouses or adoptees. The degree of missing
data for Race and Smoking status is the difference between the summed values and the total number of participants in each cohort. The degree of missingness of BMI was n=4 for FHS and
n=83 for NLST. Percentages refer to the data after the exclusion of missing values. BMI Body mass index, FHS Framingham Heart Study, NLST National Lung Screening Trial.




nature portfolio

Corresponding author(s):  Prof. Hugo JWL Aerts, PhD

Last updated by author(s): Jan 26, 2026

Reporting Summary

Nature Portfolio wishes to improve the reproducibility of the work that we publish. This form provides structure for consistency and transparency
in reporting. For further information on Nature Portfolio policies, see our Editorial Policies and the Editorial Policy Checklist.

>
Q
Q
c
@
O
]
=
o
=
—
®
©O
]
=
S
(e}
wv
c
3
3
Q
<

Statistics

For all statistical analyses, confirm that the following items are present in the figure legend, table legend, main text, or Methods section.

Confirmed
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Q

The exact sample size (n) for each experimental group/condition, given as a discrete number and unit of measurement
|X| A statement on whether measurements were taken from distinct samples or whether the same sample was measured repeatedly

The statistical test(s) used AND whether they are one- or two-sided
N Only common tests should be described solely by name; describe more complex techniques in the Methods section.

A description of all covariates tested
|X| A description of any assumptions or corrections, such as tests of normality and adjustment for multiple comparisons

A full description of the statistical parameters including central tendency (e.g. means) or other basic estimates (e.g. regression coefficient)
2~ AND variation (e.g. standard deviation) or associated estimates of uncertainty (e.g. confidence intervals)

For null hypothesis testing, the test statistic (e.g. F, t, r) with confidence intervals, effect sizes, degrees of freedom and P value noted
N Give P values as exact values whenever suitable.

|:| For Bayesian analysis, information on the choice of priors and Markov chain Monte Carlo settings

|:| For hierarchical and complex designs, identification of the appropriate level for tests and full reporting of outcomes

XXX [0 [0 0001 ol

|:| Estimates of effect sizes (e.g. Cohen's d, Pearson's r), indicating how they were calculated

Our web collection on statistics for biologists contains articles on many of the points above.

Software and code

Policy information about availability of computer code

Data collection  No specific software was used to collect the data.

Data analysis All open source software;

Model design and implementation:
Python 3.8, Pytorch 2.0, and MONAI label;

Statistical analysis:
Python 3.8 and R 4.2.2.

R 4.2.2. attached packages:
broom_1.0.5
circlize_0.4.15
ComplexHeatmap_2.14.0
ggrepel_0.9.4
readxl_1.4.3

tidyr_1.3.0
forestplot_3.1.3
abind_1.4-5
checkmate_2.3.0
meta_6.5-0




survminer_0.4.9
ggpubr_0.6.0
ggplot2_3.4.4
survival_3.5-7
dplyr_1.1.4

Python 3.8. Libraries:
brotlipy==0.7.0
certifi==2023.5.7
cffi==1.15.0
charset-normalizer==2.0.4
cryptography==39.0.1
fire==0.4.0

idna==3.4
imageio==2.28.1
importlib-resources==5.12.0
lazy_loader==0.2
loguru==0.7.0
mkl-fft==1.3.1
mkl-random==1.2.2
mkl-service==2.4.0
monai==1.1.0
networkx==3.1
nibabel==5.1.0
nptyping==2.5.0
numpy==1.24.3
packaging==23.1
pandas==2.0.1
Pillow==9.4.0
pip==23.0.1
psutil==5.9.5
pycparser==2.21
pynrrd==1.0.0
pyOpenSSL==23.0.0
PySocks==1.7.1
python-dateutil==2.8.2
pytorch-ignite==0.4.12
pytz==2023.3
PyWavelets==1.4.1
PyYAML==6.0
requests==2.29.0
scikit-image==0.20.0
scipy==1.9.1
setuptools==66.0.0
SimplelTK==2.2.1
six==1.16.0
termcolor==2.3.0
tifffile==2023.4.12
torch==1.12.0
torchaudio==0.12.0
torchvision==0.13.0
tgdm==4.65.0
typing_extensions==4.5.0
tzdata==2023.3

urllib3==1.26.15
wheel==0.38.4
zipp==3.15.0

foundation-cancer-image-biomarker==0.0.1a22
imblearn==0.0

ipykernel==6.29.4

optuna-dashboard==0.15.1

pip-chill==1.0.3

wandb==0.17.0

The software used in the publication is available on GitHub for academic, non-commercial use in our GitHub (https://github.com/AIM-
Harvard/thymus_health_deeplearning_system.git). We provide package management through Python requirements to ensure exact

versioning of packages. Additionally, the Supplementary Information was expandaed to also include a list of the used packages (section 1.7.).

All statistical code and code to reproduce the figures will be available in the paper's respective Zenodo repository (https://doi.org/10.5281/
zeno0do.18306999).
Code is provided on an public GitHub repository (https://github.com/AIM-Harvard/thymus_health_deeplearning_system.git).

For manuscripts utilizing custom algorithms or software that are central to the research but not yet described in published literature, software must be made available to editors and
reviewers. We strongly encourage code deposition in a community repository (e.g. GitHub). See the Nature Portfolio guidelines for submitting code & software for further information.
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Data

Policy information about availability of data
All manuscripts must include a data availability statement. This statement should provide the following information, where applicable:

- Accession codes, unique identifiers, or web links for publicly available datasets
- A description of any restrictions on data availability

- For clinical datasets or third party data, please ensure that the statement adheres to our policy

NLST data, including raw CT images, may be requested from the National Cancer Institute (https://biometry.nci.nih.gov/cdas/nlst/). The Framingham Heart Study
makes data available through the online repositories BioLINCC and dbGap, or through the submission of a research proposal via FHS ResApp. (https://
www.framinghamheartstudy.org/fhs-for-researchers/research-application/). Public imaging data collections used for the development of the deep learning model,
and overview of these datasets can be found in Supplementary Information Table 9. The data availability statement was updated to reflect these details.

Research involving human participants, their data, or biological material

Policy information about studies with human participants or human data. See also policy information about sex, gender (identity/presentation),
and sexual orientation and race, ethnicity and racism.

Reporting on sex and gender Sex was used as biological attribute and considered in the study design. Analyses were adjusted or stratified by sex whenever
appropriate. We provide sex data of the study population in Extended Data Table 1.

Reporting on race, ethnicity, or ' We reported race data of the study population in Extended Data Table 1. We clearly state in our discussion section the

other socially relevant following: Participants included in this study were prospectively enrolled in the FHS and NLST, covering a wide age range for

groupings both sexes. They are, however, predominantly caucasian, and further validation in more diverse ethnic populations is
warranted.

Population characteristics We describe the covariate-relevant population characteristics of the human research participants in Extended Data Table 1.

Here, the most relevant covariates were sex, age, and smoking status.
Recruitment We performed retrospective secondary analysis of the FHS and NLST.

The FHS is a longitudinal community-based prospective cohort study. It started enrolling the original participants in 1948 and
has since been followed by consecutive enrollments of the Offspring cohort (children of the original participants and their
spouses) in the 1970s and the Third-Generation (Gen 3) cohort (children of the Offspring participants) from 2002-2005.
Eligibility for enrollment in the FHS CT study required an age of > 35 years for males and > 40 years for female participants.
All participants had regular follow-up examination cycles every 4 to 8 years, and they provided written informed consent for
the CT study and each attended examination. For the current study, we identified 2,581 participants from the Offspring and
Third-Generation cohorts who had non-contrast-enhanced, non-gated, full thoracic CT scans covering the entire thymic bed
between 2005 - 2011. Participants are under ongoing surveillance for cardiovascular disease endpoints and death. An
endpoint review committee of senior investigators using all available data (e.g. hospital records) adjudicated the FHS study
endpoints using standardized criteria. For subanalyses, Offspring participants who attended Exam 7 - 9 for Olink inflammation
proteomics panel, longitudinal CRP, and Fried frailty analyses were identified.

The NLST is a longitudinal randomized trial of screening for lung cancer with the use of low-dose chest CT as compared with
chest radiography. It enrolled participants from 2002 through 2004 with screening examinations from 2002 through 2007.
Primary event follow-up was done through December 31, 2009, and extended follow-up for overall survival and disease-
specific survival was registered through 2015. Eligibility for enrollment required an age between 55 and 74 at randomization
and a smoking history of a minimum of 30 pack-years without quitting smoking for more than 15 years before enrollment.
Each participant provided written informed consent. For the current study, we identified 25,031 participants from the first
low-dose CT screening exam (T0), which was performed soon after the time of randomization in Institutional Review Board-
approved centers of the Lung Screening Study (LSS) or in centers of the American College of Radiology Imaging Network
(ACRIN) which were responsible for collecting participant data.

Ethics oversight Our retrospective secondary analysis of the FHS and NLST was reviewed and approved by their corresponding review boards.
All participants provided written informed consent at study enrollment. Each participant provided written informed consent
during each examination attended as part of the Framingham Heart Study (FHS), a procedure evaluated and approved by the
Institutional Review Board (IRB) at Boston University Medical Center (BUMC).

Note that full information on the approval of the study protocol must also be provided in the manuscript.
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Life sciences study design

All studies must disclose on these points even when the disclosure is negative.

Sample size Sample size was chosen based on all available data from the FHS and NLST. The cohort comprised a total of 27,612 participants (2,581 in FHS;
25,031 in NLST). In our study we performed a secondary analysis of the two observational cohort studies (FHS, NLST). Sample size was not
determined by calculation as this was not a prospective study.

Data exclusions  We provide flow charts of study population inclusion in Supplementary Data Figure S5. All exclusion criteria were pre-established before data
analysis was started. All patients that were available from FHS and NLST were eligible for study inclusion. As shown in Supplementary Data
Figure S5 individuals who failed quality control metrics including corrupted CT scans, slice thickness of 3.2 mm or higher, missing slides, or
missing clinical data were excluded as this was established as quality requirements.

Replication We performed a secondary use analysis of two observational studies. As such, the results shown here are not the result of an experimental
setup. We share the code to reproduce our analyses and also demonstrate through stability assessments of the deep learning model using
test-retest and input variability analysis that our investigation is repeatable and reproducible.

Randomization  Thisis a secondary analysis of two observational studies using preexisting data. Randomization was therefore not relevant.

Blinding Blinding was not relevant as this was a secondary analysis of two observational studies. In NLST patients were initially randomized in a low
dose CT arm and in an X-Ray arm. For our study, we could only leverage the CT arm, as we required CT data for the thymic health assessment.
Therefore, in our secondary analysis, patients were not allocated to any intervention. No biomarker result was reported back to patients, so
the individuals could not change their behavior based on our findings. The deep learning model development and application was performed
without knowing the outcome status of the patients, which represents a form of blinding.

Reporting for specific materials, systems and methods

We require information from authors about some types of materials, experimental systems and methods used in many studies. Here, indicate whether each material,
system or method listed is relevant to your study. If you are not sure if a list item applies to your research, read the appropriate section before selecting a response.

Materials & experimental systems Methods

n/a | Involved in the study n/a | Involved in the study
Antibodies |:| ChIP-seq
Eukaryotic cell lines g |:| Flow cytometry
Palaeontology and archaeology |Z |:| MRI-based neuroimaging

Animals and other organisms
Clinical data

Dual use research of concern

XX X X X X
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Plants

Clinical data

Policy information about clinical studies
All manuscripts should comply with the ICMJE guidelines for publication of clinical research and a completed CONSORT checklist must be included with all submissions.

Clinical trial registration  The original clinical registration numbers are:
ClinicalTrials.gov: FHS, NCT00005121; NLST, NCTOO047385.

Study protocol No study protocol was required for our secondary use analysis.
This was not a clinical trial but a retrospective study using pre-existing clinical datasets.
The study protocols are described in the manuscript and can be found online for the public dataset.

Data collection The FHS is a longitudinal community-based prospective cohort study. It started enrolling the original participants in 1948 and has
since been followed by consecutive enroliments of the Offspring cohort (children of the original participants and their spouses) in the
1970s and the Third-Generation (Gen 3) cohort (children of the Offspring participants) from 2002-2005. Eligibility for enroliment in
the FHS CT study required an age of > 35 years for males and > 40 years for female participants. All participants had regular follow-up
examination cycles every 4 to 8 years, and they provided written informed consent for the CT study and each attended examination.
For the current study, we identified 2,581 participants from the Offspring and Third-Generation cohorts who had non-contrast-
enhanced, non-gated, full thoracic CT scans covering the entire thymic bed between 2005 - 2011. Participants are under ongoing
surveillance for cardiovascular disease endpoints and death. An endpoint review committee of senior investigators using all available
data (e.g. hospital records) adjudicated the FHS study endpoints using standardized criteria. For subanalyses, Offspring participants
who attended Exam 7 - 9 for Olink inflammation proteomics panel, longitudinal CRP, and Fried frailty analyses were identified.

The NLST is a longitudinal randomized trial of screening for lung cancer with the use of low-dose chest CT as compared with chest
radiography. It enrolled participants from 2002 through 2004 with screening examinations from 2002 through 2007. Primary event
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Outcomes

Plants

follow-up was done through December 31, 2009, and extended follow-up for overall survival and disease-specific survival was
registered through 2015. Eligibility for enrollment required an age between 55 and 74 at randomization and a smoking history of a
minimum of 30 pack-years without quitting smoking for more than 15 years before enrollment. Each participant provided written
informed consent. For the current study, we identified 25,031 participants from the first low-dose CT screening exam (TO), which was
performed soon after the time of randomization in Institutional Review Board-approved centers of the Lung Screening Study (LSS) or
in centers of the American College of Radiology Imaging Network (ACRIN) which were responsible for collecting participant data.

The main clinical outcomes are:

Overall survival - measured from the date of the CT examination (FHS) or from the date of randomization (NLST) until the date of
death. For time-to-event analyses, we used a cut-off at 12 years of follow-up for both FHS and NLST for all survival and incidence
analyses except for lung cancer incidence, for which data was only available for a follow-up of 6 years after randomization. If
participants were alive or did not have an event after 12 or 6 years of follow-up, respectively, they were censored at that time.

Disease incidence, including lung cancer incidence and soft CVD incidence - measured from the date of the CT examination (FHS) or
from the date of randomization (NLST) until the date the participant was last known to be free of lung cancer or free of CVD.

Disease specific-mortality (NLST) - measured from the date of randomization until the date of death from the prespecified causes
based on ICD-10 codes as detailed in Supplementary Data Tables S1 - S5.

Seed stocks

Novel plant genotypes

Authentication

Report on the source of all seed stocks or other plant material used. If applicable, state the seed stock centre and catalogue number. If
plant specimens were collected from the field, describe the collection location, date and sampling procedures.

Describe the methods by which all novel plant genotypes were produced. This includes those generated by transgenic approaches,
gene editing, chemical/radiation-based mutagenesis and hybridization. For transgenic lines, describe the transformation method, the
number of independent lines analyzed and the generation upon which experiments were performed. For gene-edited lines, describe
the editor used, the endogenous sequence targeted for editing, the targeting guide RNA sequence (if applicable) and how the editor
was applied-

Describe-any-atithentication-procedtres for-each seed stock-tised-ornovel-genotype generated—Describe-any-experiments-tsed-to
assess the effect of a mutation and, where applicable, how potential secondary effects (e.g. second site T-DNA insertions, mosiacism,
off-target gene editing) were examined.
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