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The Framingham Heart Study:
1 Town, 6 cohorts, 78 Years, 15,000 Participants,

2M Biosamples, Millions+ of Lives Saved, and
So Much More to Do
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FHS: Past, Present, and Future

What is FHS? 1948-2031+

Longest running, most famous study of its kind in the world

After World War Il, emerging epidemic of chronic diseases, especially
CVD - accounting for 44% of US deaths

But: “of the epidemiology of hypertensive or arteriosclerotic
cardiovascular disease, almost nothing is known”

Hypothesis: there was “not one cause, but rather multiple causes that
work slowly within the individual to cause the disease over time”

Therefore, need for an epidemiological study

FHS defined the major risk factors for CVD: lipids, blood pressure,
diabetes, smoking, adverse diet, sedentary lifestyle

Still going strong; funded through 2031...

Dawber, 1951

[ )
Boston University Chobanian & Avedisian School of Medicine B30 O N



FHS: Past, Present, and Future

Design

= ~20% of citizens of town in 1948 enrolled
= Mostly European, diverse SES
=  Always more women than men
= Families

= Expanded to 3 generations of related individuals, and spouses, plus
cohorts more representative of contemporary Framingham

= Repeated exams every 2-5 years: core measurements plus
ancillary science

= Follow up for medical history annually, with adjudicated events
= Extensive data and biorepository

Boston University Chobanian & Avedisian School of Medicine BOSTON
UNIVERSITY



FHS: Past, Present, and Future

Structure of FHS Cohorts

Exams Completed
“ as of 4/2026

Exclusively
European

Original FHS, 1948 5,209 MW

Offspring + Spouses, 1971 5,124 MW  Mostly European 10 (11 ongoing)
Gen 3, 2002 4,095 MW  Mostly European 4 (5 planned)
Omni-1, 1995 506 MW Mixed/non-White 5 (6 ongoing)

Omni-2/New Offspring Mixed/non-White

513 MW 4 (5 planned
Spouses, 2002 Gp )
~6300 surviving:
Total 15,447 ~3900 in MA; ~2300 in other states;
~40 abroad
Boston University Chobanian & Avedisian School of Medicine BOSTON

UNIVERSITY



FHS: Past, Present, and Future

FHS Core Exams and Content
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Cardiovascular Measurements
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phenotyping of
i brain/cognition, lung,
Kidney, bone, liver,
. functional status, ...
Nl?zso . i e - Images
N2 5095 = 2M biosamples
Sl (plasma/serum,urine,
1960 1980 n 2000 2020 WBC, IPSCs, DNA,
Cohort == Original = Offspring = Third Generation brain and heart tissue)
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UNIVERSITY



FHS: Past, Present, and Future

Omics in FHS

= Existing (high-level summary)

=  Complex matrix across all cohorts — opportunistic with some strategic
TOPMed fill-in: 7,215 WGS assays, 6,735 metabolomics assays, 3,991
methylation assays, 6,696 proteomics assays, and 5,052 RNASeq assays

WGS/Exome/GW GWAS ~3600 GWAS ~3900 GWAS ~500 GWAS ~400

AS Exome ~3400 Exome ~4000 WGS ~300 WGS ~400
WGS ~2700 WGS ~3400

DNAmM Up to 2600 Exam 8 Up to 3000 Exam 2 ~400 Exam 1 ~400 Exam 1

RNA Up to 2500 Exam 8 Up to 3200 Exam 2 ~200 Exam 4 ~300 Exam 2

Proteome Up to 2100 Exam 7/8 Up to 3100 Exam 1/2 ~250 Exam 3/4 ~300 Exam 1/2

Metabolome Variable Up to 2000 Exam 2 ~300 Exam 4 ~300 Exam 2

Boston University Chobanian & Avedisian School of Medicine BOSTON
UNIVERSITY



FHS: Past, Present, and Future

Seminal Contributions

|dentified maijor risk factors for CHD, HF, AF, stroke, dementia,
and other forms of CVD
Development and application of modern epidemiological and

biostatistical methods
= Training ground and inspiration for other cohort studies

Repeated, longitudinal, deep phenotyping across the life course
= Preclinical and clinical phenotypes, physiology, and basic biology

Major contributions to cognitive aging and aspects of longevity
Extensions beyond CVD to other phenotypes: environmental
exposome; endocrine, renal, pulmonary health; bone and joint
health; eye and ear; and; and much, much more

Pioneering novel phenotyping and molecular epidemiology

Boston University Chobanian & Avedisian School of Medicine BOSTON

UNIVERSITY



FHS: Past, Present, and Future

If you'd like to learn more...

= www.framinghamheartstudy.org
= Email: ths@bu.edu

For Researchers

Boston University Chobanian & Avedisian School of Medicine BOSTON
UNIVERSITY
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Leveraging Genetic / Multi-omic and
75+ Years of Longitudinal Data in FHS for
Alzheimer Disease Research

BOSTON

UNIVERSITY

Lindsay A. Farrer, Ph.D.
Biomedical Genetics
Chobanian & Avedisian School of Medicine
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April 9, 2026




Advantages of Alzheimer Disease Research
in the Framingham Heart Study

> 15,000 subjects from 3 generations followed for up to 75 years
Family-based design

Wealth of clinical, laboratory, exposure and lifestyle data collected every 4-5
years

AD relevant data include cognitive, neurological, AD biomarker, and neuroimaging
(structural MRI and amyloid-PET) data

Neuropathologically examined brains

Genetic (GWAS, WGS, WES) data, and methylation, RNA-seq, proteomic and
metabolomic data from blood and brain tissue

FHS Brain Aging Program infrastructure for mentoring and promoting data
sharing



AD-Free Probability

BG Level

Association of blood lipids and glucose with incident
Alzheimer disease in The Framingham Heart Study

1 Subjects may appear in multiple

* Hazard ratio for a 15 mg/dL

Zhang et al. Alzheimer

Dement. 2023; 19:181-193

Group (age range in years)
Risk Early Adulthood (35-50) Middle Adulthood (51-60) Late Adulthood (61-70)
Factor 5 5 -
N N HR* P N HR* P N R* P
events value events value events value  groups
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Association of an Alzheimer disease polygenic
risk score with hippocampal volume

-®- Sex Combined =@ Female == Male

N BETA [95% CI] P
ADSP
6568 -0.021 [-0.028;-0.013]  1.37 x 10-%7 —e—
3330 -0.024 [-0.035;-0.014]  3.14 x 10-% —eo—
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-0.04 -0.02 O.i)O 0.02
Beta

Kurniansyah et al, MedRxiv. 2025
Sep 27: 2025.09.24.25336555
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Proteomics in Blood and Brain

Plasma

Differential plasma and brain protein levels in BU ADRC MMP-8: matrix metallopeptidase 8
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Using Continuous Glucose Monitoring (CGM) to Identify
Hidden Dysglycemia in Individuals without Diabetes

Nicole Spartano, PhD

Assistant Professor
Department of Medicine, BUCASM

BOSTON
Boston University Office of Research UNIVERSITY



Our Goal: Use Continuous Glucose Monitoring (CGM)
to predict diabetes development

)

L E
Z/ )

>2000 participants from the Framingham Heart Study wore a
Dexcom G6 CGM for up to 10 days (2022-2025)

Records a glucose value every 5 minutes (288 values/day)
from the interstitial space under the skin

11% of cohort had diabetes (or meds) at time of collection

Figure 4. Study Design Flow Diagram CGM Pattern

M ASA24

Automated Self-Administered 24-Hour Dietary Assessment Tool

Boston University Office of Research

Genetics/ — .

Dietary Pattern| | Family History ﬂ“:m, Alms 1+2

‘ - W |
B o o | | Metabolomics & R

Fat EOEO OmoOmO| | Gut Microbiome
Aim 3
) . Standard Clinical Measures: l
Physical Activity (BM, fasting glucose, HbA1lc)
Incident Diabetes Mellitus &
Determinants of CGM Prevalent Cardiovascular Disease
RO1DK129305

National Institute of
Diabetes and Digestive Bg%ggg
and Kidney Diseases




Do CGM-derived phenotypes inform cardiovascular risk?
(n=1356)

HIGH burden, HIGH variability
(n =490)
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Can we use CGM to re-classify diabetes risk

(n=13567

Traditional classification

Isolated Impaired
Glycemic Features
(n=410)

Prediabetes

Boston University Office of Research

low burden,
low variability
(n=491)

low burden,
HIGH variability
(n=188)

HIGH burden,
low variability
(n=187)

HIGH burden,
HIGH variability
(n=490)

CGM phenotypes

Burden:
Time >140mg/dL

Variability:
Mean amplitude
of glycemic
excursions
(MAGE)

BOSTON
UNIVERSITY



Functional data analysis allows for the analysis of
curves/shapes in CGM postprandial periods (>30mg/dL rise)

== Top 10% FDA - PC1

=== Bottom 10%
100 PC1: large, sustained rise
— « Dominant component — accounts for 60.3% of
between-person functional variation

(&)
o

o

100

| PC2: early, sharp peak with rapid return
——— « Accounts for 19.8% of variation

o

100 FDA - PC3

Glucose change from meal start (mg/dL)
(&)}
o

PC3: moderate, early rise with sustained plateau
* Accounts for 10.2% of variation

(&)
o

Time from meal start (min)

Unpublished: Sultana, et al.
Boston University Office of Research N=g35' meals=2385 UNIVERSITY
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Investigating brain trauma, Alzheimer’s
disease and related dementias in the
Framingham Heart Study

Jesse Mez, MD, MS A :

Associate Professor, Department of Neurology

Associate Director, Boston University Alzheimer’s Disease Research Center
Co-Director of Clinical Research, Boston University CTE Center

Clinical Core Co-Leader, Framingham Heart Study Brain Aging Program




Traumatic brain injury (TBI) incidence across time-decades,
age-decades and by mechanism in FHS

E TBl incidence stratified by time-decade and age group in the combined sample

No. of TBI events per 1000 person-years
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Dementia-related mortality risk by TBI severity

Lower : Greater
dementia-related | dementia-related

up HR (95% CI) mortality risk - mortality risk
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Burton et al.

JAMA Open 2026

Follow-up, y
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Brain trauma, mortality, dementia,
and MRl imaging in FHS

Mild TBI:
2.06 (1.39 - 3.02)
Moderate-severe TBI:
3.03 (0.91 - 10.07)

Normal

Cogpnition

Age 60 yrs
and above

Mild TBI:
0.94 (0.78 — 1.11)
Moderate-severe TBI:
1.79 (1.15-2.77)

™\

/ Dementia

Mild TBI:
0.79 (0.47 — 1.33)
Moderate-severe TBI:
0.63 (0.11 —3.57)




Leveraging FHS Brain Bank to
iInvestigate brain trauma —
neuropathological relationships
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Project 3:
Pathology of post-TBI Dementia and
Parkinsonism
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RO1: Leveraging Existing Aging Research Networks to investigate TBl and AD/ADRD risk (LEARN TBI & AD)

Table 1. Summary of the five included studies

Study ACT ROS MAP MARS
Originating Year 1994- 1994- 1997- 2004-
Participants Seattle-area Kaiser Older religious Chicago-area older Chicago-area

Health members clergy; >40 groups residents African Americans

Visits Biennial Annual Annual Annual
Health assessments X X X X
Cognitive evaluations X X X X
Questionnaires X X X X
Genomics X X X X

Total sample size (n) 5,280 1,407 1,927 736
Incident dementia 1,175 401 397 50
Completed autopsies 738 730 747 48

Follow-up completion 97% 94% 93% 94%

1948/1971/1994
Framingham, MA
residents
Periodic waves

ADSP

PHC

PHENOTYPE
HARMONIZATION
CONSORTIUM

FHS




Vascular Function at FHS

Gary F. Mitchell, MD

President, Cardiovascular Engineering, Inc.
Investigator, Framingham Heart Study

BOSTON
Boston University Office of Research UNIVERSITY
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NB Vascular Age (years)

100 — Al-VA = *

Al-VascularAge in FHS
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Al-HeartAge in FHS and UKB
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Al-VA and Cardiometabolic Disease

t BMI Outward
‘ Remodeling

Accelerated Vascular Age

1 Diameter
1 Cyclic stress
1 Elastic fiber
fragmentation

Fixed
mass of
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Increasing Insulin
PP + MAP Resistance

Increasing Blunted
Lipids Incretin Effect

Microvascular Dysfunction

N

: ]
Hyper.te.n3|or.1 CHD cVD
Hyperlipidemia — N <578
Obesity Sérlzll(:e Obesity
N =545

Diabetes

Diabetes
N =34 BOSTON
UNIVERSITY
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Embracing the Digital and Al Reality

Rhoda Au, PhD

Professor of Anatomy & Neurobiology, Neurology, Medicine & Epidemiology
Schools of Medicine & Public Health

BOSTON
Boston University Office of Research UNIVERSITY



FHS Brain Aging Program (FHS-BAP)

NINDS-ADRDA AD Diagnostic Criteria

1984
1976-78 1981 1999
Baseline NP © MMSE Brain MRI/NP
1971
2028

Gen 2 @ >

1991 I 1999] I I

MMSE ! Brain MRI/NP ®
Gen3 2002 2030

% >
/Omni 2 I I
Brain MRI w/ DTI +N
I Start of digital data collection

Digital Voice  Digital Pen Smartphone
UNIVERSITY

Boston University Precision Brain Health Initiative




Acoustic features and NP tests related to AD plasma biomarkers

Biomarker Measure | Significant | Most significant feature Beta | SE P value
features, n
Total t / Acoustic | 39 audspec_lengthL1norm (sum of auditory spectrum) 0.10 | 0.03 | 4.34E-04
clallau, pgim  "Np 2 Trails A 0.11_|0.03 | 2.96E-04
Acoustic | 5 pcm_fftMag_fband1000-4000 (spectral feature, 0.22 [ 0.06 | 4.40E-04
tau181. pa/ magnitude of frequency band 1-4 kHz (speech
p-tauted, pg/m frequency band))
NP 3 Trails B 0.19 [0.07 | 5.07E-03
NP=Neuropsychological Test; AD=Alzheimer’s Disease
Text-based models predict AD progression within 6 years
Methods AUC % Sensitivity %  Specificity %
Text+Dem+ApoE+Health 78.5 £ 3.9 80.6 =+ 4.7 769 + 4.7
< Text 77.8 £3.9 81.1 =52 75.0 £ 4,
—_
Text+Dem 77.5 £3.7 81.1 £ 53 75.6 £ 4.2
Dem+ApoE 71.7 £4.0 77.8 £ 6.3 70.6 £ 7.0
<P scores 713 +£4.1 77.2 £ 6.5 71.9 .
_—
Dem 68.8 T 4.5 70.6 £ 6.1 70.6 £ 6.3
Health 66.2 *+3.1 75.0 X 6.6 66.9 £ 5.7
MMSE 60.7 +4.8 66.7 = 59 58.8 £ 5.9

MMSE: Mini-Mental State Examination Dem: age, sex, educational level

Boston University Precision Brain Health Initiative

BOSTON
Amini,..., ICP, Alzheimer's & Dementia, 2024, IS




Digital Biomarkers on the Horizon

sNe D
t 11 111

AD Biomarkers Other proteomic and
metabolomic biomarkers

—

30k+ samples

Gen 1 Gen 2 Omni Gen 1 Omni Gen 2 Gen 3 NOS

BOSTON
Boston University Office of Research UNIVERSITY



FHS Going Forward and Beyond

/\
Data Integrity
QMsS
Data Acquisition Study ]
& Engagement Management Data Processing Data Access
e

QMS=Quality Management System

DEP= Digital Engagement Platform

VBC-= Virtual Brain Cohort

GRIP = Global Research & Imaging Platform

Smartphone App BOSTON
Boston University Precision Brain Health Initiative UNIVERSITY




Integrative Trans-Omics

To Identify Molecular Clues to Disease

Daniel Levy, MD

NIH Distinguished Investigator
Chief, Population Sciences Branch,
National Heart, Lung, and Blood Institute
Senior Investigator, Framingham Heart Study
Professor of Medicine, Boston University

Research on Tap: The Framingham Heart Study
April 9, 2026

BOSTON National Heart, Lung,
UNIVERSITY and Blood Institute




The NHLBI's TOPMed Program

Aims:

= Apply trans-omics to identify new
molecular signatures of heart,
lung, and blood diseases using
cutting-edge technologies

= Discover causal genes,
pathways, and risk factors for
disease

= Promote advances in precision
medicine to predict, prevent,
diagnose, and treat heart, lung, sy 2
blood, and sleep disorders TN L Y

Whole genome sequencing completed in ~200,000 people Proteome/metabolome

B O STON National Heart, Lung,
UNIVERSITY and Blood Institute




Integrative Analyses using WGS, RNA Seq,

DNA Methylation, and Proteomics

Integrative Trans-Omics

= To integrate genetic variation from WGS
with gene expression profiling from RNA-
seq, and with DNA methylation and
proteomic profiling

= To characterize the genetic architecture of
the human transcriptome, methylome, and
proteome

=  Apply these resources to understand
molecular contributions to health and
disease

Gene expression
DNA methylation Splice variation

B O STON National Heart, Lung,
UNIVERSITY and Blood Institute




WGS and RNA-seq Based eQTL, mQTL, and eQTM

Studies

eQTL paper

Whole genome DNA and RNA
sequencing of whole blood
elucidates the genetic architecture
of gene expression underlying

a wide range of diseases

Chunyu Liu®**™, Roby Joehanes**™, Jiantao Ma*, Yuxuan Wang®, Xianbang Sun’,
Amena Keshawarz®, Meera Sooda®, Tianxiao Huan?, Shih-len Hwang®, Helena Bui®,
Brandon Tejada®, Peter J. Munson®, CumhurY. Demirkale®, Nancy L. Heard-Costa®®,
Achilleas N. Pitsillides?, Gina M. Peloso®, Michael Feolo?, Mataliya Sharopova’,
Ramachandran S. Vasan®* & Daniel Levy3&

To create a scientific resource of expression quantitative trail loci {¢QTL), we conducted a genome-
wide association study (GWAS) using genotypes obtained from whole genome sequencing (WGS) of
DMA and gene expression levels from RNA sequencing (RNA-seq) of whole blood in 2622 participants
in Framingham Heart Study. We identified 6,778,286 cis-eQTL variant-gene transcript (eGene) pairs
at p< 5% 10~ (2,855,111 unique cis-eQTL variants and 15,982 unique eGenes) and 1,468,754 trans-

£QTL variant-eGene pairs at p<1e-12 {526,056 unique trans-eQTL variants and 7233 unique eGenes).

In addition, 442,379 cis-eQTL assodated with ion of 1518 long non-p
coding RNAs (IncRNAs). Gene Ontology (G0) analyses revealed that the top GO terms for is-

eGenes are enriched for immune functions (FDR <0.05). The cis-eQTL variants are enriched for SNPs
reported to be associated with 815 traits in prior GWAS, including cardiovascular disease risk factors.
As proaf of concept, we used this eQTL resource in conjunction with genetic variants from public
GWAS databasesin causal inference testing (e.g., COVID-19 severity). After Bonferroni correction,
Mendelian randomization analyses identified putative causal associations of 60 eGenes with systalic
blood pressure, 13 genes with coronary artery disease, and seven genes with COVID-19 severity. This
study created a comprehensive eQTL resource via BioData Catalyst that will be made available to the
scientific community. This will advance understanding of the genetic architecture of gene expression
underlying a wide range of diseases.

BOSTON

UNIVERSITY

mQTL paper

Elucidating the genetic architecture
of DNA methylation to identify
promising molecular mechanisms
of disease

Jiantao Ma™*", Roby Joehanes™*, Chunyu Liu“**, Amena Keshawarz™>,

Shih-Jen Hwang®*, Helena Bui*®, Brandon Tejada™®, Meera Sooda®?, Peter J. Munson®?,
CumhurY. Demirkale”, Paul Courchesne®?, Mancy L. Heard-Costa®5*®,

Achilleas N. Pitsillides*%*, Mike Feolo®, Nataliya Sharopova®, Ramachandran S. Vasan%8,
Tianxiao Huan® & Daniel Levy>3"

DNA ylation 0COUTS at Cytosi g sites (CpGs) that can serve

as for many diseases We. whole genome sequencing data to identify DNA
methylation quantitative trait loci (mQTLs) in 4126 Framingham Heart Study participants. Our mQTL
mapping identified 34,362,817 cs-mOTLvariant-CpG pairs (for 210,156 unigue avtosomal CpGs)

at P<le-7 and 33,572,145 trans-mQTL variant-CpG pairs (for 213,606 unique autosomal CpGs) at
P<le-1%. Using cis-mQTL variants for 1258 CpGs associated with seven cardiovascular disease (CVD)
risk factors, we found 104 unigue CpGs that colocalized with at least one CVD trait. For example,
cgll554650 (PPPIR18) colocalized with type 2 diabetes, and was driven by a single nucleotide
polymorphism (rs2516396). We performed Mendelian randomization (MR) analysis and demonstrated
58 putatively cavsal relations of CVD risk factor-associated CpGs to one or more risk factors (e.g.,
cg05337441 [AFOB] with LDL; MR F=1.2e-33, and 17 causal associations with coronary arery disease
{e.g. cg08125017 [SREBF1] with coronary artery disease; MR F = 5e-13). We also showed that three
CpGs, e.9., cgl4833161 (PM20D1), are putatively causally associated with COVID-13 severity. To
assist in future analyses of the role of DNA ylation in disease is, we have posted a
comprehensive summary data setin the National Heart, Lung, and Blood Institute’s BioData Catalyst.

Scientific Reports 2022, 2023

eQTM paper

Expression quantitative trait
methylation analysis elucidates
gene regulatory effects of DNA
methylation: the Framingham
Heart Study

Amena Keshawarz™*, Helena Bui*?, Roby Joehanes™?, Jiantao Ma*?, Chunyu Liu®*,
Tianxiao Huan*#, Shih-Jen Hwang*2, Brandon Tejada®?, Meera Sooda*?, Paul Courchesne?,
Peter J. Munson'?, Cumhur Y. Demirkale®, ChenYao?, Nancy L. Heard-Costa™’,

Achilleas M. Pitsillides**, Honghuang Lin*®, Ching-Ti Liu**, Yuxuan Wang>*,

Gina M. Peloso™*, Jessica Lundin®, Jeffrey Haessler®, Zhaohui Du®, Michael Cho*'*3,

Craig P. Hersh%*, Peter Castaldi*%%, Laura M. Raffield®?, Jia Wen??, Yun Li®*%,

Alexander P. Reiner'®®, Mike Feolo'$, Nataliya Sharopova®, Ramachandran 5. Vasan*'’,
Dawn L. DeMeo®*%, April P. Carson®®, Charles Kooperberg® & Daniel Levy>2™

e trait ion (QITM) analysis identifies DNA Cp6 sites at which
methylation is associsted with gene expression. The present study describes an eQTM resource of
CpG-transcript pairs derived from whole blood DNA y and RNA ing gene i Amena
datain 2115 Framingham Heart Study participants. We identified 70,047 significant cis CpG-transcript Keshawarz

pairs 3t p < 1E-7 where the top most significant eGenes (i.e., gene transcripts associated with a CpG)
were enriched in biological pathways related to cell signaling, and for 1208 dlinical traits (enrichment
false discovery rate [FDR]<0.05). We also identified 246,667 significant trans CpG-transcript pairs

at p < 1E-14 where the top most signi enriched in biological pathways related to
activation of the immune response, and for 1191 clinical traits (enrichment FDR £0.05). Independent
and external replication of the top 1000 significant cis and trans CpG-transcript pairs was completed
in the Women's Health Initiative and Jackson Heart Study cohorts. Using significant cis CpG-transeript
pairs, we identified signi iation of the iation between CpG sites and cardiometabolic
traits through gene expression and identified shared genetic regulation between CpGs and transcripts

Roby ]

Jlnahanea

National Heart, Lung,
and Blood Institute




Whole Genome Sequencing and RNA Sequencing

to Characterize Genetic Architecture of plice Variation

nature communications a

Article hitps//doi.org/10.1038/s4WM67-02564336-8

Integrating whole genome and
transcriptome sequencing to characterize
the genetic architecture of isoform variation

Recelved: 26 November 2024 Chunyu Liu®2% , Roby Joehanes @32, Jiantao Ma*™, Jiuyong Xie ®°,
Jian Yang @', Mengyao Wang ®’, Tainxiao Huan @3, Shih-Jen Hwang ®3,
Jia Wen @, Quan Sun @ ™#®, cumhur Y. Demirkale™, Nancy L. Heard Costa @2,

Accepted: 15 September 2025

Published online: 22 November 2025 Peter Orchard™, April P. Carson®'™, Jeffrey W. Haessler'*, Laura M. Raffield ®°,
Alex P. Reiner®**'%, Nora Franceschini®®, Paul L. Auer @7,
[Blcheck for updates Charles Kooperberg ®*, Yun Li®7, George O'Connor™™,

Joanne M. Murabito ", Peter Munson® & Daniel Levy™*

We present a whole-blood isoform ratio QTL (irQTL) resource by analyzing
genome-wide isoform-to-gene expression ratios using sequencing data. In
Framingham Heart Study (FHS, n =2622) discovery, we identify over L1 million
cis-irQTLs (minor allele frequency [MAF] = 0.01, +1 Mb of 10,883 isoform
transcripts, P <5 x 107%) across 4,971 genes. Among 11,425 sentinel dsirQTLs,
72% replicate (P< 1= 10™) in the Women's Health Initiative (WHI; n = 2005).
Notably, 20% of cis-irQTLs have no significant association with overall gene
expression, indicating isoform-specific regulation. These variants are enriched
at splice donor/acce ptor sites and genome-wide association study loci (P<1x
107%). We also identify 1870 sentinel grans-irQTLs (MAF 2 0.01, P<15 = 107%)
for 1,084 isoforms across 590 genes, and 2327 rare dis-irQTLs

(0.003 < MAF < 0.01) for 2467 isoforms of 1428 genes in FHS, with external
replication rates of 61% and 41% in WHI, respectively. We highlight rs12898397
in ULK3, which alters splice site usage and reduces expression of a full-length
isoform. Mendelian randomization supports a causal role between this iso-
form shift and reduced diastolic blood pressure. These findings highlight the
power of irQTL mapping to uncover transcript-specific regulatory mechanisms
underlying complex traits.

BOSTON . . National Heart, Lung,
UNIVERSITY Nature Communications and Blood Institute
2025




Splicing Variation in OAS1 Protects Against Severe COVID

A recent study identified a genetic variant, rs10774671 G>A, associated with alternative
splicing of OAS1, for which the “G” allele leads to a full-length protein that is protective
against severe COVID (Huffman, JE, et al. Nat Genet 54, 125-127. 2022).

OAS71-201 | OAS1-203
1.0
= R EJG6 l OAS1-201
B , 2
© -
2 = AA Vs
© BRS %
’é f{rl -\-v\ / Q\\
o
L % Lt 2D
» /
— ' Beta=-0.013
R rs10774671 p=32x 101 WBC
+ (G>A) — - —
0 S
rs10774671 G>A genotype explains 95% of inter-individual rs10774671 AA genotype suppresses isoform 201 expression,
variation in expression of OAS7 isoforms 201 and 203 and reduces WBC count
BOSTON Nature Communications 2025
UNIVERSITY




Musculoskeletal Research in the Framingham Study
So Much More than the Bare Bones

Douglas P. Kiel, MD, MPH
Professor of Medicine, Harvard Medical School
Director Musculoskeletal Research
Marcus Institute for Aging Research
Hebrew SeniorLife

Marcus Institute
for Aging Research
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Measuring Bone Density and
Structure Through the Years at FHS

’wﬁ
| i |
1986-1990 1990-1994 1996-2001 2011-2014
Original Cohort  Original Cohort Offspring 2019-2022
Exam 20 Exam 20 and Exam 6-7 Offspring
22. 23 Exam 9 & 10
2005-2008
Offspring 2016-2019
Exam 8 2022-2025
Gen 3
Exam 3 & 4
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Nutrition Findings from the
Framingham Osteoporosis Study

JOURNAL OF BONE AND MINERAL RESEARCH
Volume 19, Number 2, 2004

JOURNAL OF BONE AND MINERAL RESEARCH y . . - -
Volume 24, Number 6, 2009 Published nnllme on l}lecember 16, 2003; dfu: 10.1359/JBMR.0301225
Published online on January 5, 2009; doi: 10.1359/JBMR.090102 © 2004 American Society for Bone and Mineral Research

© 2009 American Society for Bone and Mineral Research

Dietary Silicon Intake Is Positively Associated With Bone Mineral Density

Protective Effect of Total Carotenoid and Lycopene Intake on the in Men and Premenopausal Women of the Framingham Offspring Cohort

Risk of Hip Fracture: A 17-Year Follow-Up From the

Framingham Osteoporosis Study

Ravin Jugdaohsingh,'® Katherine L Tucker,>® Ning Qiao.> L Adrienne Cupples,” Douglas P Kicl.* and Jonathan J Powell'”

Shivani Sahni,' Marian T. Hannan, Jetfrey B]uml:'crg,3 L. Adrienne (.‘upp]cs.’l Douglas P. Kiel 2
and Katherine L. Tucker!

Quartiles of Total Protein Intake (g/d)
0
0.5 femoral neck lumbar spine
K]
Z2-15 -
utd The American Journal of Clinical Nutrition ) ml
ELSEVIER Volume 93, Issue 5, May 2011, Pages 1142-1151 = o2
The NEW ENGLAND JOURNAL of MEDICINE e -2.5 - 3
: 3 4
Protective effects of fish intake and “ ORIGINAL ARTICLE ” S35
@ % o d -4 * * %
interactive effects of long-chain . o s
polyunsaturated fatty acid intakes on Homocysteine as a Predictive Factor 51w *P<.05; **P<.01
for Hip Fracture in Older Persons

Hannan MT et al JBMR 2012

hip bone mineral density in older
Robert R. McLean, M.P.H., Paul F. Jacques, D.Sc., Jacob Selhub, Ph.D.,

adultSI the Framlngham OStEOpOTOSlS ) Katherine L. Tucker, Ph.D., Elizabeth J. Samelson, Ph.D., Kerry E. Broe, M.P.H.,
Study 1 2 3 Marian T. Hannan, D.Sc., L. Adrienne Cupples, Ph.D., and Douglas P. Kiel, M.D.

Farina Emily K, Kiel Douglas P, Roubenoff Ronenn, Schaefer Ernst ], Cupples L
Adrienne, Tucker Katherine L Xi
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The Framingham Osteoporosis Study
Uses High Resolution Skeletal Imaging
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Using Spine Radiographs to Predict
Incident CHD

Cumulative Percent

Cumulative Percent
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Bone-Omics

:O%\
nature -

COMMUNICATIONS

ARTICLE
OPEN

Large meta-analysis of genome-wide association
studies identifies five loci for lean body mass

M. Carola Zillikens et al.”

nature
gCHCtICS

Genome-wide meta-analysis identifies 56 bone mineral
density loci and reveals 14 loci associated with risk
of fracture

RESEARCH

B orennaccess  Assessment of the genetic and clinical determinants of fracture

risk: genome wide association and mendelian randomisation
LETTER sy

doi:10.1038/nature14€ Katerina Trajanoska, John A Morris,>* Ling Oei, " Hou-Feng Zheng,>® David M Evans,’**
Douglas P Kiel,”*° Claes Ohlsson,** | Brent Richards,>* Fernando Rivadeneira,"? on behalf of
the GEFOS/GENOMOS consortium and the 23andMe research team

Whole-genome sequencing identifies ENI as a
determinant of bone density and fracture

,:' frontiers ‘ Frontiers in Endocrinology

A two-cohort study on the
association between the gut

ORIGINAL ARTICLE IBMR microbiota and bone density,
microarchitecture, and strength

Metabolomics Insights into Osteoporosis Through

Paul C. Okoro?, Eric S. Orwoll?, Curtis Huttenhower®*>¢,

ASSOCiation With Bone Mineral DenSity Xochitl Morgan®, Thomas M. Kuntz®, Lauren J. Mclver?,

Alyssa B. Dufour’, Mary L. Bouxsein®®, Lisa Langsetmo®**,
Xiaoyu Zhang," Hanfei Xu,' Gloria HY Li,” Michelle T Long,** Ching-Lung Cheung,’ Samaneh Farsijani***, Deborah M. Kado***, Roberto Pacifici**,
Ramachandran S Vasan,*®” Yi-Hsiang Hsu,®%'® Douglas P Kiel, #®'® © and Ching-Ti Liu’ Shivani Sahni*” and Douglas P. Kiel*™
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Framingham Muscle Study — Offspring Cohort

SN
F S

D,-creatine dilution

1. Orally dose with D;-creatine
2. Reach isotopic steady state (3 days)
creatine = creatinine

Ds-creatine - Ds-creatinine

3. Fasting morning spot urine: measure
D;-creatinine & creatinine

4. Calculate creatine pool size

5. Calculate total body muscle mass
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LEGACY

Lifelong Endowment for Genomic
and Cellular DiscoverY
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Tissue Is the Issue

= ~70% of cardiovascular disease events are attributable to risk factor
burden

» FHS & others have been pivotal in identifying cardiovascular disease
risk factors but are limited to circulating cells/plasma

= NCI's Cancer Genome Atlas with disease-relevant tissue has led to
new discoveries connecting genetic aberrations with cellular
dysfunction using multiomics
» Improved classification & prognostication
» |dentification of novel therapeutic targets

= Existing cardiac biobanks:

» | ack adequate antecedent phenotyping of risk factors

» Restricted to cardiovascular diseases in which cardiac
procedures are performed

= Bereft of participant & tissue diversity

BOSTON
Boston University Office of Research UNIVERSITY



LEGACW

Lifelong Endowment for Genomic
and Cellular DiscoverY

Our objective is to build a cardiovascular tissue
biobank consisting of whole hearts and major blood
vessels collected at the time of death from
participants in FHS who provide consent.

8 & &% &% & &2 &9 829 & &% &% K9 &

BOSTON
Boston University Office of Research UNIVERSITY



FHS LEGACY Biobank & Atlas:
Study Design

“From my wife: "l love your heart. It's the greatest thing about you
¥ Just tell them they'll need an extra large case to put it in."

BOSTON
Boston University Office of Research UNIVERSITY



Transformative Research Afforded by
LEGACY
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The Bidirectional Association of Atrial Fibrillation
and Cancer in the Framingham Heart Study

Alexander Stanisic

Resident Physician
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The Bidirectional Association of AF and Cancer

Introduction
= Both AF & Cancer
= Significant morbidity and mortality
* Increasing incidence
* Improved treatment and survival
Hypotheses

= Positive bidirectional association between AF
& cancer

* [ncrease in all-cause mortality when both AF &
cancer are present

BOSTON
Boston University Office of Research UNIVERSITY



The Bidirectional Association of AF and Cancer

Results — Incidence Analyses
AF Sample

AF-Free
Participants

Cancer Sample

Follow u AF
P Incidence

Cancer-Free
Participants

Follow up Cancer
Incidence

Exposure: HR(95%) P-value ||Exposure: HR(95%) P-value
Cancer Status: AF Status:

- Prevalent 0.95(0.81,1.12) 0.52 - Prevalent 0.89(0.71,1.12) 0.33

- Interim 1.66 (1.37,2.00) <0.001 | |- Interim 1.16 (0.93,1.45) 0.19

- No cancer 1.00 (referent) -- - No AF 1.00 (referent) --

 Interim cancer, but not prevalent cancer, was
associated with increased AF incidence
« AF was not associated with cancer incidence

Boston University Office of Research

BOSTON
UNIVERSITY




The Bidirectional Association of AF and Cancer

Results — Mortality Analyses
AF Sample Cancer Sample

Participants Participants

with AF Follow up >[Mortality || \yith Cancer |LFOIOW UP >| Mortality
Exposure: HR(95%) P-value ||Exposure: HR(95%) P-value
Cancer Status: AF Status:

- Prevalent 1.70 (1.49,1.95) <0.001 - Prevalent 1.53 (1.30,1.80) <0.001
- Interim 2.24 (1.86,2.70) <0.001 ||- Interim 2.41 (2.08, 2.79) <0.001
- No cancer 1.00 (referent) -- - No AF 1.00 (referent) --

 The presence of AF and cancer was associated
with higher mortality than either condition alone

BOSTON
Boston University Office of Research UNIVERSITY



Framingham Heart Study

2026
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Cardiometabolic Resilience in the
Framingham Heart Study

Matthew Nayor, MD, MPH
Associate Professor of Medicine
Boston University Chobanian & Avedisian School of Medicine
Heart Failure Cardiologist, Boston Medical Center
mnayor@bu.edu
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Prevalence

Worsening metabolic health in the US calls for new
approaches to disease prevention

Cardiovascular Conditions
20%

« Rates of CVD mortality have

16%

plateaued over the last decade =

10% CHD

« Shift in cardiometabolic risk i

factors toward obesity and ] I [ e

2%

diabetes

Prevalence
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Emphasis on defining and promoting health

Definitions of cardiometabolic health

1) Health is the presence of healthy
behaviors coupled with the absence
of diseases or risk factors

2) Physiological health is demonstrated
by the presence of resilience to
stress

Minor illness (e.g. urinary tract infection)

Robust
>
=
Q
o
o
3 | Independent
©
s T |
.8 Frail
=
=}
o Dependent

l

Homeostatic recovery time

Healthy Diet
Adhering to a DASH or
Mediterranean diet*

Blood Pressure No history of diabetes and
Less than 120/80 mmHg fasting blood glucose of
less than 100 mg/dL
(or hemoglobin A1c <5.7)

Getting 7k—9' hours of
sleep per night

Physical Activity
150 minutes or more of
moderate or greater
physical activity per week

Not Smoking or Vaping
Never having
smoked or vaped

Life’s
Essentlal

Blood Sugar

Blood Lipids
Less than 130 mg/dL of
non-HDL cholesterol

Healthy Weight
A body mass index of
less than 25

“Ecological resilience [is] the
capacity of an ecosystem to absorb
disturbances—whether natural or
human-made —while maintaining its
essential functions...”

Lloyd-Jones DM, et al. Circulation. 2022;146.
Doody P, et al. Gerontology. 2023;69:927-945.
Bullard, E. EBSCO. 2024

BOSTON
UNIVERSITY
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Resilience phenotype 1: EXERCISE

Exercise exerts stress on multiple Gold standard cardiopulmonary exercise

organ systems tests in >3000 FHS participants

Metabolism Central nervous system =

A,
1 Glucose output from liver ¢ Regulation of physiologic responses, 5
(glycogenolysis and gluconeogenesis) autonomic system
1 Adipose tissue lipolysis and free * Maintenance of cerebral blood @
fatty acid mobilization flow and O, delivery Blood pressure every 2 minutes
1 Circulating enzymatic
breakdown byproducts Lungs
1 Ventilation and gas exchange
Heart
1 Cardiac output Immune system/ Cycle ergometer  Continuous ramp (watts)
10, consumption Inflammation
T Coronary blood flow 1 Physiologic stress leads to
systemic inflammatory and Metabolic cart Breath-by-breath O,, CO,, minute
Skeletal muscle immunologic response ventilation

1ATP turnover and O, utilization
1 Glycogenolysis and lipolysis

Blood vessels Continuous ECG monitoring

Blood 1 Blood flow and reduced thrombotic risk
10, carrying capacity and delivery » Vasodilation/ constriction Phlebotomy Rest and Immediately post-exercise
1 Energy substrate delivery ¢ Blood redistribution .
Nayor, et al. Amer J Cardiol. 2021.
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Resilience phenotype 2: NUTRITIONAL STRESS

Oxidation
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~— [The Town That Changed
America's Heart
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Framingham Heart Study

Vanessa Xanthakis, PhD FAHA

Associate Professor of Medicine and Biostatistics
Section of Preventive Medicine and Epidemiology
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Cardiovascular Resiliency Evaluation
Responses to activities in a typical day
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Cardiovascular Resiliency Evaluation
Responses to activities in a typical day

130

>1 observation per second

>180 observations for each
3-min stressor

~1300 observations/ppt
for each variable
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Cardio-Kidney-Metabolic (CKM) Stages

Stage 0 Stage 1 Stage 2 Stage 3 Stage 4
No risk factors Excess or Metabolic RiskFactors, Subclinical ASCVD or Clinical CVD or
dysfunctional adipose mod-high risk CKD subclinical HF CKD
tissue
At least one of: At least one of: » At least one of: At least one of: Must have one of:
» Healthy BMI > BMI >25 kg/m2 Abnormal triglycerides, » PREVENT score 220% » CHD, HF, Stroke,
or » WC >88cm/102cm in BP, HgbA1c or glucose PAD, AF
» Healthy WC women/men » Metabolic syndrome, » GFR <29

» HbA1c 5.7-6.4% or >3 of: Abnormal WC » Abnormal cardiac
FBG 100-124 mg/dL HDL, TGs, BP, glugose biomarkers (BNP, NT-
» Moderate-High risk CKD  proBNP, hsTnl)
(abnormal GFR, » Very high-risk CKD
albuminuria) (GFR, albuminuria)
» Abnormal LVM

mL/min/1.73m?2
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Cardio-Kidney-Metabolic (CKM) Stages
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Genetics of
chronic obstructive pulmonary disease (COPD)
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Features of COPD

= Global prevalence ~ 8%
= 6 leading cause of death in US

* Aleading cause of health care expenditures and
disability
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- COPD is a complex genetic trait.
- Screening (not recommended by USPSTF) vs. case-finding

E Framingham Heart Study participants (n=3385)
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mLFQ score: 0.78 (0.74-0.82)
PRS: 0.72 (0.68-0.76)

0 T T T T 1
0.4 0.6 0.8 1.0

1-Specificity

ROC Curve and Area Under the Curve for the PRS, mLFQ Score, and
Combined PRS + mLFQ Score in Predicting Moderate to Severe COPD

(Zhang J et al. JAMA. 2025;333:784-792) BOSTON
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COPD polygenic risk score is associated with
age of onset of disease.

COPDGene FHS

Age (Year)
Age (Year)

1'.‘ 14 "v, 1.8 7'| lvw Y
Hazard ratio Hazard ratio

Hazard ratios (95% CI) for associated of COPD PRS (per SD)
for incident COPD by age interval

Zhang J et al, Eur Respir J. 2022 Sep 15;60:2101954. BOSTON
Boston University Office of Research UNIVERSITY



Obesity / adiposity and COPD?

Association of BMI polygenic
score with CT emphysema

Zhang J et al., Ann Am Thorac Soc. 2026
Feb 21. Epub ahead of print.

Log-%LAA-950
Cohort MD 95% C1
COPDGene NHW —t —0.078 [-0.113;-0.045)
COPDGene AA - -0.001 [|-0.095; 0.094]
ECLIPSE e -0.084 [-0.128; -0.040]
NETT i 0.048 [-0.041; 0.137)
GenKOLS L 0.011 [0.095; 0.118]
FHS —-— -0.062 [-0.090; -0.034]
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001 000 001 002 003 i
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Intrathoracic Adipose Tissue
and Airway Phenotypes
in FHS

Zhang J et al. (In preparation)
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Inflammation and Immune Health in Healthy Aging:
Framingham Heart Study
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Hallmarks of aging:
biologic mechanisms

= Understanding biologic
mechanisms of aging may
lead to interventions to slow
aging, delay the onset of
multiple chronic diseases and
extend healthy years of life

Boston University Office of Research

Chronic Inflammation:
one hallmark of aging

Circulating
immune cells
:‘ T Cells
" o Healthy
' B Cells 5 % Aglng qg ?_,,
c g including & §
Dementia —free £ g Healthy 3
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= @ Brain Aging
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inflammation
panel assay
++ Cognitive function circulating
proteins

¢+ Structural brain imaging
< Incident dementia
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Circulating inflammatory proteins associate with cognitive
function, brain imaging and Alzheimer’s Disease

Cognitive
function

Higher levels of inflammatory proteins

)

Full sample most proteins associated with o
P lower (worse) executive function (EF)
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arger total brain volume
7 inflammatory markers =
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Protective inflammatory protein: TWEAK

TWEAK involved in wide range of cellular
activities and vascular processes including
angiogenesis and endothelial cell
proliferation

Better EF and memory cognitive testing
Bigger total cerebral brain volume
Lower incidence of Alzheimer’s Dementia

Chen J, et al Alz & Dementia 2024; Chen J et al Aging Cell 2023
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Circulating immune cells associate with important outcomes

RIELT

|

Immune cell

phenotypes

Fang Y et al Aging 2023; Ragab AAY et al Immunity and Aging
2024; Cao Y, et al J Geront 2025

Boston University Office of Research

Immune cells associated with brain volumes
¢ Multiple immune cell phenotypes (T cell
subtypes) associated with higher total gray and

frontal gray volumes

No association between immune cells and
cognitive function or incident dementia

BOSTON
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Thymic Health associates with longevity and lower disease incidence

National Lung Screening Trial FHS
a 8 ¢ : o In FHS, lower thymic health associated with
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Inflammation and the immune system play a
complex but important role in healthy aging

Bernatz S et al Nature 2026
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Foundation Funding Opportunities

* Alfred P. Sloan Foundation e
* American Federation for Aging Research @ NI o A @

* Alzheimer's Association f,;;
* Brain & Behavior Research Foundation f...f::' “..* “.“:“
* American Parkinson Disease Foundation .. g." “.:..f.
. Rita Allen Foundation b
* Alzheimer's Drug Discovery Foundation @ -": . 35:23
* Richard and Susan Smith Foundation Information about these and

other grant programs is

* American Heart Association available on our website

* Leducq Foundation



OFFICE OF RESEARCH

Upcoming Events

Research How-to

4/16 Positive Media Presence
Thursday.

4/27 Meet the Funded: Building
AuthentiC RelationShipS W|th Foundations Follow Us: [E] Boston University Office of Research

4/29 Meet the Funder: RRF Foundation

4/29  Find Funding: Updates to BU’s bu.edu/research/events
Internal Limited Submissions Process

BOSTON

Boston University Office of Research UNIVERSITY



Thank you!

BOSTON
Boston University Office of Research UNIVERSITY



