1 | s

Disentangling the
Links Between
Stress and

Cardiovascular
Disease

Ahmed Tawakol, MD
Director, Nuclear Cardiology Iy MASSACHUSETTS
Co-Director, Cardiovascular Imaging Research Center @9 CENERAL HOSPITAL

Associate Professor of Medicine CORRIGAN MINEHAN
Massachusetts General Hospital HEART CENTER

Harvard Medical School



Disclosures

- Related to the content of this presentation:

— None

Unrelated to the presentation

— Lung Biotechnology: Research grant
— Genentech: Consulting

— Tourmaline Bio, Inc.: Consulting

— Cunningham Bounds: Consulting

\ | MASSACHUSETTS
Ny GENERAL HOSPITAL

CORRIGAN MINEHAN
HEART CENTER



Psychosocial stress and Heart Disease

Psychosocial stress:

— Attributable CVD risk is on par with that for
smoking, elevated lipids, hypertension, and
diabetes.

— Yet relatively little had been known about the
mechanisms that translate stress into CVD
events.



Mechanisms Linking Stress to Heart Disease

- Stress may affect behaviors and factors that increase
heart disease risk:

— Smoking

— Physical inactivity
— Overeating

— HTN

— Diabetes

— Adiposity

- These factors do not explain the observed risk



The INTERHEART Study

Chronic Stress vs. Myocardial Infarction Risk

Region Number Case (%) Control (%) Odds ratio (99% cI) .
1
Cwverall 24767 773 201 1-55 (1-42-1-68) =
1
Westem Europe 1375 307 195 170(1-713-2-34) —
1
1
Central and eastem Europe 3473 266 237 111 (0-89-1-37) —l—
1
Middle East 2802 302 230 127 (1-01-1-58) — 55% increased
1 .
_ ! risk of Acute Ml
Africa 1250 205 217 1.51(1-07-2-12) ——
! *after adjusting
South Asia 3300 259 174 150 (1-28-1-98) —_— for risk factors
1
China and Hong Kong 5804 156 77 210 (1-66-2-67) ——
1
1
Southeast Asia 1921 98 24-2 1-27 (0-96-1-67) -—.—:—
1
Australia and 1255 434 313 1-82 (1-32-251) —:—-—'
New Tealand !
1
South America 2783 40-2 246 201 (1-6-252) —
and Mexico :
1
1
MNorth America 615 438 353 1-65 (1-05-2-59) Ly
I
1
| | |
05 1-0 20 40

Myocardial Infarction

Rosengren et al Lancet 2004 _
(odds ratio)



The INTERHEART Study

Comparing CRFs

Adding Stress to CRFs

Adding stress/depression to multiple CRFs

further raises Mi risk by >2.5x

Risk factor Sex ACUTE MI ODDS
Current smoking F i T
M :
Diabetes F MR
M . 3
Hypertension F —-—
M |
Abdominal F ——
besi
obesity " =
Psychosocial F —a— «
index
M —— a
ApoB/ApoAl F SO AR
ratio
M i
I I
2 4

OR (+/- 95% CI)

1,000 4
>2.5 X
182.9
(132.6-252.2)
a :
68.5
Q) 1007 (53.0-88.6)
42.3

9 (33.2-54.0)
=
LL
= 10+
2 9

1
::) (1.7-2.1)

O

1 \ I \ ]
Hypertension Plus smoking, diabetes Plus obesity Plus psychosocial

mellitus, ApoB:ApoA1l ratio

Combined Risk Factors

factors

Yusuf et al Lancet 2004

Steptoe et al Nat Rev Cardiol 2012




Chronic Stress Promotes

Atherosclerotic Inflammation in Mice

Stress Induction v,
« Shaking cages 3
« Caton cage
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Arterial Inflammation 4

Proliferation and Release
of Immune Progenitor Cells

Immune Cell Entry
and Plaque Destabilization

Splenic Activation
Immune Cell Homing and
Further Proliferation

Dutta et al Nature 2012, Heidt et al Nat Med 2014, Nahrendorf & Swirski, Circ Research 2015



Atherosclerotic
Inflammation

Increased extramedullary
monocytopoiesis
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Leukopoietic Tissue Activity

In Humans

...Can be imaged / ...Associates with \
with FDG PET Circulating Markers of Inflammation

Correlation Coefficient p Value
. Serum biomarkers
H I g h LOW CRP 0.62 0.002
Activity Activity TNF 0.19 0.46
IL-1[ 0.43 0.09
‘ ) s Gene expression in leukocytes
CD36 0.05 0.85
. MSR-1 0.53 0.02
510049 0.15 054
’ TLR-2 0.19 0.45 /
...Associates with \
Risk of CVD
oo Leukopoietic
Activity
D .
§ <median
[=]
g 0507
- S
=
. b 1]
K g zmedian
ﬂ_ 1

Emami, et al JACC Imaging 2015 \ " Folowupears /



Arterial FDG Uptake Provides a Measure of

Arterial Inflammation

PET/CT: Aorta

PET/CT Carotid

Histopathology

Figueroa et al Circ CV Imaging 2011

@ R:O70,
p<0.001

FDG uptake (TBR)

0 1 2 3
Macrophage Density
Tawakol et al JACC 2006



FDG PET Measures of Arterial Plague Inflammation

Consistent Associations Between
FDG Signal and Histologically-proven
Arterial Inflammation in Humans

Arterial Inflammation
Predicts CVD Events

. . Imaging
Histological Paramet S - -
Measure or = - Arterial Signal
= Lower
Absolute cD68 | SUV Bk <0.0001 2 021 . b L h
staining > . Higher
Tawakol et | . TBR 0.68 <0.0001 %)
O 06 -
al. 2006 s DS st Ssuv 058 <0.0001 0
(1] stalnlng LL
TBR 0.7 <0.0001 oy p<0.001
Graebe et al. MRNA expression Q
- 9 b TBR 0.71 0.02 >
0.2 4
Fontetal. | 15 | o cpegstaining | TBR 0.8 <0.005 Q
S 5 N=344
Menezes et . o =
al. 2011 21 | % CD68 staining TBR 0.55 0.011 0 - Rominger
Sa‘;%leé d- | 25 | cpesstaining | suv NA 0.006 0 10 20 30 0 JNM 2009
T - I Time (mo)
aq‘;%ti 4et a-[ 25 | % cDe8staining | TBR 0.64 <0.001 =
1.0 4 . .
Skagen etal. [ o | % inflammatory Suv 0.52 0.003 E Arterial Signal
2015 cell staining TBR NA 0.002 S i B Low (T1)
SuV 0.45 0.001 N i
% CD68 staining ] D In.termedlate
Cockeretal. [ o TBR 051 <0.0001 D [ High (T3)
Lo
AL Number of CD45+| __SUV 0.88 <0.001 0
pixels TBR 0.63 0.009 T o, p=0.0003
0o
Johnsrud et o % area of Suv 0.54 0.008 L _
al. 2019 inflammatory cells TBR 0.58 0.002 g o/f N=503 Figueroa
@) 0 1 2 3 4 5 6 JACC Imaging

Osborne et al INC 2020 Follow-up (Years) 2013



Clinical Imaging of Inflammation using FDG

Aortitis /

Arterial Inflammation Endocaritis

Guidelines-
recommended
for evaluation of...

Tawakol et al
Arthritis & Rheumatology 2019

Device Infection Sarcoidosis
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Perceived Stress Scale-10

The questions in this scale ask you about your feelings and thoughts during the last month. In each case,
you will be asked to indicate by circling how often you felt or thought a certain way.
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1. In the past month, how often have you been upset because of something that
happened unexpectedly?
2. In the past month, how often have you felt unable to control the important

things in your life?

3. In the past month, how often have you felt nervous or stressed? 0 1 2 3 4

4. In the past month, how often have you felt confident about your ability to
handle personal problems?

5. In the past month, how often have you felt that things were going your way? 0 1 2 3 4

6. In the past month, how often have you found that you could not cope with all
the things you had to do?

7. In the past month, how often have you been able to control irritations in your
life?

8. In the past month, how often have you felt that you were on top of things? 0 1 2 3 4

9. In the past month, how often have you been angry because of things that
happened that were outside of your control?

10. In the past month, how often have you felt that difficulties were piling up so
high that you could not overcome them?




The Brain’s Stress-Related Neural Network :
Controlling the Physiologic Response to Stressors

Cortex

\/( *T'L' >,
Prefrontal

Amygdala

Blair et al. NEJM Dec 2014



Stress-Assocliated Neural Network:

the switch from non-stress to stress conditions

Non-stressful Conditions Stressful Conditions
Pre-frontal Regulation Amygdalar Control

DMPFC
» Reality testing
* Error monitoring

DLPFC
» Top-down guidance of

attention and thought
- Inhibition of

. “' inappropriate actions
4

n
AN

A VMPFC
. ‘ + Regulating emotion
mygda

Anesten Nature Reviews Neuroscience 2009
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Impact of Stress on Corticolimbic Structures

Amygdala |Hippocampus

* Hyper-responsive » Reduced volume
« Correlated with « Inversely correlated
symptom severity }with symptom severity

)

Stress

« Reversible dendritic atrophy
* Reversible spine loss

* Hyporesponsive
« Inversely correlated with symptom severity

Medial prefrontal
cortex

18 Roozendaal et al Nature Reviews Neuroscience 2009



fMRI Imaging of Amygdalar Activity

Individuals with greater amygdalar activation, by fMRI:

...have greater ...produce more ...have more
stressor-evoked inflammatory cytokines atherosclerosis
blood pressure reactivity

0.3 7

n E i . ® Right r=.53"*
8 B 25“;2myg.r=_.4575: g 5% ) ﬁ OlLeft r=.53"
8 —:g,zo-. yg. r=. - E\ é = 8 % ol ! = 5 0.0
o E 51 * O 8@8’ ;%E * e %
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O G of o0 oCy T 9 £ E 924
o oce — O x ° 1.0 z E
P } } " t t i c -0.3 } t } t } ]
m " = & & ¢ & = — ;.? o 30 20 40 00 10 20 30
Amygdalar Amygdalar Amygdalar
Activation Activation Activation
Gianaros et al Muscateli et al Gianaros et al

J. Neurosci. 2008 Brain Behav Immun 2014 Biol Psych 2009



PET Imaging:

Resting amygdalar activity correlates w Stress/Anxiety

Individuals with stress have metabolically active amigdalae

Primate
Experiments

¢ |

toy
snake

Amygdalar Resting Metabolic Activity
FDG Uptake

2 Oler et al Nature 2010

Anxious Temperament Fox et al PNAS 2012



Imaging the Neurobiology of Stress

FDG PET

Neural Metabolism
High amygdalar activity
(AmygAc)
relative to counter-
regulatory cortical activity

Neural Activation and

Connectivity
Heightened activation

in response to
stressful stimuli
Reduced connectivity
with counter-
regulatory tissue

OtherMRI

Tissue Volumes
Amygdalar volume loss
Due to loss of
counterregulatory
connections

Diffusion Tensor

Imaging
Axonal Integrity




MRI 18F_-FDG-PET
Neural Structure ing Neurobiological Activity

1 B Functional MRI E 18F-FDG-PET

I O - Neural Activation & Connectivity Leukopoietic Activit
P E / an d c Structural MRI 18E-FDG-PET
Atherosclerosis Burden Arterial Inflammation

PET/MR .
'S

-

~
-~
-
-i
o
i
™

D
P

Osborne et al Circ Imaging 2020




Integrative Bio-Imaging to Study

How Chronic Stress Leads to CVD in Humans

Sought to test the hypothesis that higher stress neural activity
associates with greater risk of CVD

Employed multi-system integrative bio-imaging w FDG
PET/CT and PET/MR to quantify:

- Amygdalar/Cortical Activity (AmygA.)

— as ratio of amygdalar activity : counter-regulatory cortical activity
- Leukopoietic Activity
— bone marrow activity

« Arterial inflammation

— Aortic activity

- 5-year follow-up for CVD events (med record rev)

23



Study Cohort

Initial Study Population
(N=579)

Excluded (N=52) 4
52: Missing images

Datasets Delivered
Independently to:
1) Image Analysis Group and
2) Event Adjudication Group

(N=527)
Excluded N=14
- Poor PET image quality (N=8) .
- Insufficient data for event
adjudication (N=6
\ 4

Available Datasets for
Arterial Inflammation vs CVD Events Study??
(N=513)

Excluded N=220
- Lack of CT or PET data covering |4
the brain

Tawakol et al
Final Study population (N=293) Lancet 2017




AmygA. Robustly Predicts CVD

AmygAc vs. CVD AmygAc vs.
(primary measure) More Stringently Defined Events AmygAc Vs
C
HR (95% CI) pvalue HR (35 1) pvalue Event Tlmlng

Univariate Cardiovascular disease
Per unit change 14-1 (4-0-50.0) <0-0001 Perunitchange  14-1(4.0-50-0) =0-0001
Per SD change 150 (1.27-1.98) <0.0001 PerSDchange  159(1-%7-1:98) <0-0001 1101

MACE p=0.002
Covarlates: age and sex -

_ Perunit change  15-9 (4-4-58-1) =0-0001 :

Per unit change 5-0(1-3-19-1) 00193 O

Per SD change 1-62(129-2-03) =0-0001 <C oo
Per SD change 132 (1.05-1-68) 0-0193 AMACE o))
Covarlate: Framingham risk score > s

_ Perunit change 237 (1-6-350-0) 0-0212 E

Per unit change 4-5(1-3-157) 00192

Per 5D change 174 (1.:09-2-78) 00212 < 0704
Per SD change 130 (1-04-1-62) 0-0192
Covarlates: combined cardiac risk factors* 060+
Per unit change 76 (2-0-28.4) 0-0027 100 - 050
Per SD change 142 (113-1.79) 0-0027 fg L <tyr  >1yr Never
Covarlate: pre-existing atherosclerotic disease {CAC score) E 90 - P=0.002 Tlmlng of CVD
Per unit change 107 (27-42-9) 0-0008 S fter imadin
Per SD change 151 (1-19-1.93) 0.0008 n (after imaging)

80 1
Covarlate: history of depression or anxiety 8
Per unit change 181 (5.0-655) <0.0001 L AmygAc
Per 5D change 1-66(1-32-2-08) =(-0001 + 70 B Lower
S M Higher
Covarlate: antidepressant use g % 9
Per unit change 173 (4-8-62-2) =0-0001 L 07 Tawakol et al
Per SD change 165 (1.32-2.06) =0-0001 0 1 2 3 4 5
Time (years) Lancet 20 17




Amygdalar Activity vs. Activity in other Tissues

Without With

Subsequent Subsequent . AmygAC Vs
CVD Event CVD Event Activity in Other Tissues
© TBR = 0.42 &% TBR =0.47 | TBR = 1.02 TBR = 0.87 .
y- N Correlation
3o Comparator .
80 : with
£ Tissue A A
< myg (o3
Atherosclerotlc 0.44 <0.001
inflammation
&
|5 Bone marrow 0.42 <0.001
activity
Control tissue
> (Subcutaneous Fat) Bes Leil
ol SUV =19
©
£
Q
S Tawakol et al
o0 Lancet 2017




Path Analysis

Proposed Mechanism

Activation of amygdala

Serial Mediator Paths

. 0-55T L ]
Bone-marrow activity (E——— Arterial inflammation
Atherosclerotic \\

inflammation \\ _~ ; ’ j
1.00%
= Activation of sympathetic nervous system

Cardiovascular disease

0-16*

c=027||
c=0-46**

Y

Amygdalar activity

release from
bone
marrow
niche

Tawakol et al Lancet 2017



Multi-group support for neural-immune-

arterial

mechanisms of disease

(out of >200 studies mentioning Amygdala and Cardiovascular Disease since January 2017)

SNA vs.
high-risk coronary plaques

SNA vs. Stress and Inflammation

8 Bota=027, p<0.001

p<Q.OOl

Coronary Plaque
(Non-cakified plaque burden)

Arterial
Inflammation

r=0.507
p<0.001

SNA vs. recurrent events

5 10 15 20 25 30

Perceived Stress

(PSS-10)

Kang et al EHJ 2021

Bone

Marrow

$=0.23,p <0001 ) = 0.42, p < 0.001

f=0.27,p < 0.001

Coronary
Plague Features

SNA vs Cor Inflam. and Events

Goyal et al JACC CV Imaging 2020

g R=0.49,

p<0.0001 ~ -

Coronary
FAI

AmygAc

H >Median
B <Median

p=0.007

0 M ?» 33 4 5 66 T 88

Months

~ Lower
o 100 1

o E_‘ bbbttt AmygA.
(o) 80 1

8 60 1

LL

O 401

X p=0.036 Higher
o 209 AmygA,
N

12 24 36
Months

A Lower
75 L00 A Bone Marrow
g\, 80 Activity
(]

L 60 -
LL

o 1017 Higher
—Z‘D 20 4 Bone Marrow
sl Activity
= T T T T T T 1
v o 12 24 36
: : Months

Dai et al, JACC: CV Imaging 2023

Kim et al, Circ: CV Imaging 2023




Stress-Cancer Link

240 patients with head and neck cancer who underwent 18F-FDG-PET/CT imaging

as part of initial cancer staging.

> 3.5 100 Overall survival 100- Adfrancesings
= P <0.001*
= i
= b
3 P=0.03* E M 3 80
f) 3.09 —— E E
= E 604 - 604
Q g g
© 5 £
R & o
o 251 y — upper tertile ~ -— i
9 403 — lower two tertiles 40} LA
8 HR 179 (95% CI 1-11-2:91);P = 0-014 HR 242 (95% CI 1-40-4-02);P = 0-001
2.0-
— Lower tertile Middle tertile Upper tertile ¢ 1 2 3 4 s 0 1 2 3 4 5
- Time (years) Time (years)
AmygA. Tertiles
41 04 P=0.004

-2 9
r=0.37
P=0.03
-4 . v v ~
0.6 0.7 0.8 09 1.0
AmygAc

P=0.058

P=0.007 trend
-04
Survived Survived Deceased
with no progression with progression (n=67)

MO Hassan et al

PLOS One 2023



SNA : Strong and Independent Predictor of

All-Cause Mortality

Swiss study population Unadjusted cumulative incidences

High SNA Secondary endpoint: all-cause mortality

Cumulative incidence of all-cause mortality

® 0.0 7"?"“-‘:‘%
o
© }’*

e
Stress-related neural
activity (SNA) imaging

<) &

F-FDG
St

Cardiac imaging

963 patients
undergoing "*F-FDG-PET
imaging and cardiac noninvasive
assessment (echocardiography)
within a 6-month time frame
between January 2005 and
August 2019

1? "

Up to 17 years of follow-up
for MACE (primary endpoint)
and all-cause mortality

(secondary endpoint)
30

Primary endpoint: MACE

Cumulative incidence of MACE

O, h 10,

50% 1 —— Low SNA (IAmygA/vmPFC) A 50% 1 —— Low SNA (IAmygA/mPFC)
40% 1 —— High SNA (IAmygA/vmPFC) 40% —— High SNA (IAmygA/vmPFC)

30% 1 30% 1

20% 1 20% 1

10% 1 10% 1
i SHR=1.52 (95%Cl: 1.05-2.19), p=0.026 : u ol HR=2.49 (95%Cl: 1.96-3.17), p<0.001
0 24 48 72 96 120 144 168 192 RS ASTA 0 24 48 72 96 120 144 168 192
Follow-up months after "*F-FDG-PET Follow-up months after "®*F-FDG-PET

Adjusted for baseline clinical characteristics, laboratory measures, and cardiac imaging findings

Secondary endpoint: all-cause mortality
HR (95%Cl) p-value

Primary endpoint: MACE

SHR (95%Cl)  p-value

Unadjusted =1 152(1.05219) 0026 Unadjusted I—m—12.49 (1.96, 3.17) <0001

Model 1 e 141(092,217) 0118 Model 1 = 1.95 (146, 260) <0001
age, sex, BMI, heart rate age, sex, BMI, heart rate

Model 2 = 128(0.84,197) 0250 Model 2 = 183 (137, 245) <0001
age, sex, CVRFs, sociocultural variables, age, sex, CVRFs, sociocultural variables,
cardiac and non-cardiac comorbidities cardiac and non-cardiac comorbidities

Model 3 e 1.19(081,176) 0376 Model 3 D =i 189 (147,242) <0001
age, sex, medication age, sex, medication
Py r 1 B o SIS >
L 1} : ) = 133(085.207) 0207 = Model4 1.78 (1.33, 240) <0.001

age, sex, laboratory parameters age, sex, laboratory parameters

—m— 183 (1.37,246) <0.001

! b—m——  1.18(0.77,182) 0.445 Clinical — e
05 10 20 30

05 10 20 30 assessment

age, sex, cardiac imaging
findings (echocardiography) "

age, sex, cardiac imaging
findings (echocardiography)

« The association between stress-related neural activity and MACE is lost when a clinical
and cardiovascular assessment is available

« Stress-related neural activity remains a strong and independent predictor of all-cause
mortality after adjustment

Mikail et al EHJ 2024



Amyqgdalar-cortical interactions

predict atherosclerosis

Metabolic Activity of Amygdala relative to PFC

0.75
o)
<E) PT_SD_ Trauma Controls Healthy Controls woe|| | <€ 0.50
— ., ‘ F 0.70 @)
E g & é‘ - 035 E 0.25
E ! ! . ooof Il | ¢ 0.00
| AL o -0.25 .
\ -0.70
L PTSD _TC _HC
Integrity of Axons Connecting PFC to Amygdala 0.60
0.40 u
— PTSD Healthy Controls 020
E Z-score = .
E 0.50 A 0.00
S © ; 025 5 -0.20
N - = -0.60
. g -0.50 A
) _ -0.80
- . - PTSD TC HC
e | |,
O 20 " o * HC g (2
S o g 5 2
2 20 : 3 2z
< -0 o 2
“r=-0.30 . Qo 8
6.0 p =0.008 E o :
Tract DT Tract DTI AmygA AHA 2022




Hypothesis:

If stress Is causally related to CVD...

...then a genetic predisposition to
stress syndromes should
iIndependently associate with
cardiovascular disease events.

Al
M8/ GENERAL HOSPITAL




Genetic Predisposition to Stress Disorders

vs Brain Activity and Structure

MGB UKB
FDG PET - Activity MRI - Structure
N=995 N= 20,633
0.2- - b
ER
S 3 0.025-
0.1-
o 93
52 5 S
D8 0.0 gy —— 85 000-
EN L& =
< oL Ll
-0.1- > 8 -0.025-
€N
P=0.012 < P = 3.5e-06 a
-0.2- 1
T T T '0-050 | T T
TL T2 T3 1 T2 T3 W
Stress-Sensitivity Polygenic Risk Score S Abohashem,

. M Osborne,
(tertiles) et al AHA 2020



Genetic Predisposition to Stress Disorders

vs CV Events

MGB UKB

N=18,437 N=252,658
k% * k% | N
1.4 1 1.4 1 sk * %% Q
= T - s
L ®1.2- 1.2- =
O v J- <
I 8107 1.0- o
= ° g 0.8- ¢
> 0 S
o N 0.6 0.6- 8

c D

O S0.4- 0.4 =
O € £
U g 0.2- 0.2 %
®
0.0{== . . 0.0 == . _ 5
T1 T2 T3 T1 T2 T3 ;E)

Stress-Sensitivity Polygenic Risk Score
*%% p<0.005 (tertiles)



Mediation (Path) Analysis

Brain Phenotype
(Amygdalar Volume)

Indirect Effect= 0.008
p=0.002

o
»

) ] . Direct Effect = 0.012
Genetic PFEdISpOSItIOﬂ P<0.01

to Stress
(Stress Sensitivity PRS)

MACE



Mental Stress can Induce Clinically
Important Ischemia

Conventional Exercise

Mental Stress Test
Stress Test

0.3

0.2

0.1

Cumulative incidence of cardiovascular
death or nonfatal MI

Year

Myocardial
Perfusion Imaging

Mental and conventional stress ischemia,
HR, 3.8 (95% Cl, 2.6-5.6)

Mental stress ischemia,
HR, 2.0 (95%Cl, 1.1-3.7)

Conventional stress ischemia,
HR, 1.4 (95% Cl, 0.9-2.1)

No ischemia (reference)

Vaccarino et al
JAMA 2021



Stress and Depression Accelerate

Gain of CVD Risk Factors

A

X : Stress-related FijApse Accelerated Major adverse
Mass Gener:i;n%?m Biobank T neural activity %@ development of cardiovascular

= cardiovascular events

* i risk factors (MACEs)

(CVDRFs)
Anxiety and/or Depression Chroic
" T inflammation

Ore)
LDL Y

— o & sympathetic b
activity i i

/B Anxiety and/or Depression vs Development of New CVDRFs C Anxiety and/or Depression vs Relative Risk of New CVDRFs R
1004 3l : '

T T T

t o4

(ref) 1 m ] I i m .

G Civieri et al
JACC Adv 2024

80+ e S =

60- \\

Difference between curves

Interaction sex*anx/dep Interaction sex*anx/dep
P<0.001 :

P<0.001 P=0.003

Survival free from new CVDRFs (%)
10-yrs risk of developing CVDRFs (OR)
-

40

0.0 55 50 75 10.0 9 All Younger  Younger Older Older

Years after'study start patients female male female male

Anxiety and/or Depression
W Absent M Present

40



Stress/Depression-Thrombosis Link

Anxiety or Depression vs DVT Risk

Hazard Ratio

p-value

Hazard Ratio

Anxiety or Depression vs Thrombosis

DVT Incidence

0.04

0.03

0.02

0.01

0.00

Log-rank p<0.001 AnX|ety.or

HR=1.51, 95% CI (1.35-1.89)" Depression
. Present
[] Absent

S 10
Time from Consent to DVT (years)

Oral contraceptive use

(1.354-1.728)

(1.261-1.614)

(95% CI) (95% CI)
5 : 1.803 ; 1.651 18
56x 102 4.0x 10"
e (1.612-2.016) (1.474-1.849)
+ Demographic
factorg : +Age, Sex, Race 1.970 8.4 x 102 1.756 46x102
poet (1.759-2.207) (1.566-1.968)
+ CVD risk factors +Hypertension, Diabetes, 1.658 2.6 10+ 1504 6.0 x 101
Hypacipidenia, (1.469-1.871) (1.331-1.700)
Smoking
+ DVT risk factors  |+Cancer history,
Long term aspirin use, 1.530 8.5x 1012 1.427 1.6x108

Rosovsky et al AJH 2024

Stress Neural Activity vs. Thrombosis

DVT Incidence
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0.10/
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0.00

AmygA.
[] Higher
[] Lower
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Stress-Related Pathophysiology

Hypothalamus

Amygdala

Dorso-Medial
Prefrontal
Cortex

Pituitary

ACTH
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© _©
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1 Leukopoiesis © chronic ©
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and Inflammation '
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Inflammation
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What about Chronic Stressors and CVD?

- Two well-studied stressors:
— Low socioeconomic status (e.g. low income and high crime)

— Chronic noise

- Well-known that both factors associate with :
- CVD

— Stress

Hypothesis:

— stress-associated pathways partially mediate the link
between Noise/SES and CVD
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Income vs Health

Income vs Age of Death

Income (Quatrtiles)
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Incident Cardiovascular Disease

Event Risk

0.50+

0.40

0.30+

0.20+

0.10

Income vs Health

Change in Income vs Cardiovascular Disease

Incomedrop [~

Differences persist after adjusting for disease risk Income
factors, healthcare access and income at the start unchanged
of the study

Income rise

0- 1 1 T 1
0 5 10 15 20 25
Time Since Study Start (yrs) Wang et al
JAMA Cardiol

2019



Socioeconomic Status vs CVD:

Involvement of Stress-Associated Mechanisms
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Noise and CVD

CENTRAL ILLUSTRATION Proposed Pathophysiological Mechanisms of Noise-Induced Cardiometabolic Disease
Disturbance of Activities, Sleep, Communication
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Miinzel, T. et al. J Am Coll Cardiol. 2018;71(6):688-97.



Noise and CVD

CENTRAL ILLUSTRATION Proposed Pathophysiological Mechanisms of Noise-Induced Cardiometabolic Disease
Disturbance of Activities, Sleep, Communication

Annoyance

Decibel scale (dBA)

threshold of pain

Transportation Noise

aircraft on take off

jackhammer

fCortisone Angll Dopamine  Adrenaline Noradrenaline f

How does noise exposure initiate these

pathobiological processes in humans?
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Noise-Brain-CVD

— 100
£ —
w 904
=
E 804
7]

1 Amygdalar ) 1 Arterial
._% 0 = Noise < 50 dB t Activity p=0.22 Inflammation
th s04q === Noise > 50 dB
S )

1' p value <0.001 log-rank test

0 1 2 3 4 3
Time (years)
0.6+
p=0.001 for trend
0.4 —
_ p=0.52
<E) f Noise > f MACE
. 0.2

¢
E é 0.04
<

0.2

45-50dB ie
. : 0B M Osborne et al -

Below the median 3" quartile 4% quartile
Noise Exposure Level

EHJ 2020

A\ Y



Is it the stressor...

or the stress response that causes disease?

Stressors.
Income
crime
noise

1.00-

P = 0.028 for linear trend

0.75+

0.50-

0.254

AmygAc
(Z-score)

0.00-

-0.25-

Number of stressors

Dar et al
Circ Imaging
2020



1.00

Q o075
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0.004
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Neurobiological Resilience

P =0.028 for linear trend
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Could neurobiological resilience
Influence risk for having CVD events
that are triggered by acute stress?
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Classic Stress-Associated CVD Syndrome:

Takotsubo Syndrome (TTS)

Acute, usually reversible heart failure syndrome

Often triggered by acute emotional or physical
stressor.

- Pathogenesis remains incompletely delineated.

- Link between the brain and heart has long been
proposed as a factor.

| | MASSACHUSETTS
Ny GENERAL HOSPITAL
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Classic Stress-Associated CVD Syndrome:

Takotsubo Syndrome (TTS)

« fMRI study
* 15 patients w TTS vs. 39 controls

« TTS assoc w impaired cortico-limbic
connectivity
« notably involving the
amygdala and prefrontal cortex

“‘unknown whether [fMRI] changes observed in TTS patients
were present before the onset of the disease ....”

| | MASSACHUSETTS
Ny GENERAL HOSPITAL

Templin et al EHJ 2019 HEART CoNTER




AmygAcVs. Risk of Takotsubo Syndrome (TTS)

e 104 Individuals who underwent FDG-clinical PET/CT
« 41 subsequently developed TTS (med 2.5 years after imaging)
« 63 matched controls.

p=0.012

AmygAc
(Z-score)
o

N
|

Con;rols Subsc'equent
TTS

A Radfar, et al European Heart Journal 2021
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AmygAc vs. Risk of Takotsubo Syndrome (TTS)

104 Individuals who underwent FDG-clinical PET/CT
41 subsequently developed TTS (med 2.5 years after imaging)
63 matched controls.

AmygAc

(Z-score)

p=0.028
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o
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A Radfar, et al European Heart Journal 2021




Acute Stress and CVD

Surges in
Cardiovascular Events
during
Stressful Periods

Elections

2016 Presidential Election (November 8, 2016)
600 Observed Data _1| Post-election period, November 9-10

——— 7 Day Moving Average |
550
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Mefford, et al JAMA NO 2022

Natural Disasters

Earthquake
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Lower AmygAc Higher AmygAc
More Less
Neurbiologically Neurbiologically
Resilient Resilient

Lower susceptibility
of neural centers to
activation by stressful events

Higher susceptibility
of neural centers to
activation by stressful events

* \ % |
@ Emotional

: T and/or :
5 physical =EE :
. stressors - .,:
Less neural activation Triggered neural activation
and lesser systemic and exaggerated systemic
respons;to stress responsito stress
: Fewer Physiologic : Sympathe_tic system surge :
: consequences of stress - Inflammation :
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!
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Modifying Stress Neural
Activity and Neurobiological
Resiliance
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Stress reduction intervention alters

amygdalar grey mater density

15 1

10

Change in Amygdalar
Grey Matter Density (%)
w
€
«©
-

<10 4 y . . . . . v .
-15 -10 -5 0 5 10 15 20 25
Change in Perceived Stress Scale score

Holzel et al SCAN 2010



Stress Reduction may Impart CVD Benefits

Eligible Subjects:
* Recent ACS

* Recent coronary
revascularization

Non-
Randomized Randomize

75 Subjects 75 Subjects 76 Subjects
« No Cardiac Rehab » Standard Cardiac e Cardiac Rehab +
Rehab » Stress Reduction

¢ . ¢

5-yr Follow-up for CVD Events

Blumenthal et al Circulation 2016



Stress Reduction may Impart CVD Benefits

226 Subjects with recent CVD events
Standard Cardiac Rehab (exercise) vs Enhanced Cardiac Rehab (Exercise + SR)

1.0

0.8

Exercise (CR) and Stress Reduction

0.6

Exercise (CR) Alone

0.4

No Intervention

% Free From Clinical Event

0.2

0.0

Years of Follow-up

*
P=0.025
>50% relative risk reduction for:

CR + Stress Reduction vs.

Blumenthal et al Circulation 2016 CR alone



Stress Neural Network Changes

Associated with Tal Chi and Qigong

Tai Chi In Osteoarthritis Study

Improvements in
amygdala-mPFC
connectivity

Brain Imaging in Tai Chi vs Controls

Tal Chi vs Controls:
* thicker cortical
regions

Venima
Cortical Thic knes

13 50

TCCw. CON

65

Shen et al Frontiers in Med 2022

Yao et al EBC Alt Med. 2021
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Respiration vs. Amygdalar
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Respiratory entrainment results in
changes in field potential
activity within the amygdala

Zelano et al J Neuroscience 2016



Evaluation of Lifestyle Factors :

MGB Biobank Heart-Mind Study

51,115 MGB Biobank
subjects participating in the
health behaviors survey

756 subjects with no
»| physical activity data

A 4

50,359 subjects with lifestyle data

Clinical Outcomes Study

1,024 subjects with 18F-
FDG-PET/CT imaging*
280 excluded due to
inadequate brain
coverage

A 4

‘ 744 subjects with brain imaging data \  BeAnt
CORRIGAN MINEHAN

HEART CENTER

Brain Imaging Sub-Study




Light/Mod Alcohol vs MACE

Covariable Themes Covariables 10-year MACE P-Value
< | + CVD risk factors Age, sex, HTN, DM, 0.81 (0.75-0.88) P<0.001
2 | (primary analysis) HLD, smoking
0 o
> £
% 7 * Health behaviors Exercise, Sleep disorders | 0.83 (0.77-0.90) P<0.001
o C
O O
T © | + Socioeconomic factors Employment, Education, | 0.84 (0.77-0.91) P<0.001 ™
5 : (9
Ec income o
<= O
=2 (QV
5 ;f + Psychological factors Depression, Anxiety 0.84 (0.77-0.91) P<0.001 Q
9 @)
— |+ Medical comorbidities Charlson index 0.87 (0.80-0.94) P<0.001 <
™
©
d—
MACE Component *HR (95% Cl); P Value o
o
All MACE — — All MACE 0.78 (0.71-0.86); P < 0.001 E,
Coronary MACE —_— Coronary MACE (MI + UA + Revasc)  0.78 (0.67-0.91); P = 0.001 g
ACS MACE _— ACS MACE (Ml + UA) 0.78 (0.67-0.92); P = 0.002
HF —_—— HF (Heart Failure) 0.79 (0.70-0.88); P < 0.001
PVD| ¢ @ 4 PVD (Severe PVD + PVD Revasc) 0.72 (0.55-0.93); P = 0.013
Stroke —_— Stroke (Ischemic + Hemo + TIA) 0.74 (0.66-0.84); P < 0.001
All Cancers —_ TAll Cancers 1.23 (1.14-1.33); P < 0.001
0.5 0.75 1 125 15

67 HR (Log Scale)



Light/Mod Alcohol vs.

Stress-Associated Neural Activity

P=0.010 P=0.114 P=0.733 P=0.080
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Light/Mod Alcohol vs MACE

Greater effect in individuals with anxiety

B = 10-Year MACE HR* - P Value P Value
Population (n) Alcohol Intake _ 0.75 HR (95% CI) for Difference for Interaction
Individuals Without none/minimal ] 0.78
Pre-Existing Anxiety © 73'_ 0.83) <0.001
(29,651) light/moderate —i— ’ : o0
Individuals With none/minimal B 0.60 -
Pre-Existing Anxietyt 4 < 0.001
(4,067) light/moderate ' = (0.50-0.72)

~double the reduction in MACE risk

[ | MASSACHUSETTS
&y GENERAL HOSPITAL

Mezue et al JACC 2023 * CORRIGAN MiNgHAN
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Mod alcohol associates with decreased CVD risk

— In part by attenuating stress-related pathways

No safe levels of alcohol

Need therapies that reduce stress-associated
neural mechanisms without the side effects of
alcohol.

| | MASSACHUSETTS
Ny GENERAL HOSPITAL




Physical Activity and Stress:

It’s not all about endorphins

Mandatory Treadmill Running (TR)
Enhances Dendritic Arborization
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Relationship between Exercise and

Stress-Associated Neural Activity
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£ P=0.029
<7 014 ol
Y
£ § | r T [
2 00 . -~
2N L T i
T <
S D-0.11 1
= E
0 < = H lIe=
o
i~ -0.2-
A
] L
e -03 Indirect Path:
@ = 1 2 3 4 5 Physical Activity— SNNA — MACE
Phvsical Activit Q intil log odds: - 0-0347
Sical ACTIVI uinines 0-05
! Y 2 » MACE
Direct Path
2z p=0.185 p=0.043 log-odds = - 0-3991
= > " Physical activity p=0-0121
S Z
< - 0.10
8 <
S
U PPN
% uuuuuu & 0.001 (a“
e e
< uuuuu T T r -0.10 i 5 é | ————
Exercise Exercise Zureigat et al
(Tertiles) (Tertiles) JACC 2024




Hypothesis

If exercise reduces MACE In part by
attenuating stress-associated mechanisms...

...then exercise should have a larger impact
on MACE risk among individuals with
chronically heightened AmygA. (e.g. those w

depression)

M8/ GENERAL HOSPITAL




Physical Activity vs Cardiac Events:

Greater Impact in those w Depression

Pre-existing | Physical Activity Coronary MACE HRT Incidence HR p for p for
M r th n Depz:i;snon rez;,[n]:;;f;?; /tx)l?)s" (percentage) [95% CI] difference interaction
ore tha 0-5 0-75 1 1.25
louble the CVD - 505
. . < -12% " 4.9% 1
risk reduction | Absent (4-9%) 0015
amon (n=45.009) > el et 994 0.880
g = (3-2%) [0-794, 0-975]
those with 9 0-046
) < -33% . (7-0%) !
depression Present 0-003
(n=5,042) S - . 106 0-673 <
= (3-9%) [0-519, 0-873] a
~
)
<
> Trend Across PA Quintiles Trend Across PA Quintiles ‘©
) L1 p interaction =0-011 ks
8 1 (Depression*PA) —
. =
Z 09 Across Quintiles PA o
% 0.8 g
>
$ 07 N
2 0.
§ 0.6 p interaction =0-028
< 05 (Depression* PA)
2 0.4 Guideline
..;L 03 — . Recommendations vs Q5 — ' |
< 0°2 Guideline PA Recommendations vs Q5 p =0-093 Guideline PA Recommendations vs Q5 p =0-004
' Q1 Q2 Q3 Q4 Q5 Ql Q2 Q3 Q4 Q5
Physical Activit Guideline-Based PA
\ \

Recommendations
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Small Prospective Study Evaluating Exercise

Exercise cohort

Control group

Obese participants
prospectively enrolled (n = 31)

Y

Participants met
inclusion criteria (n = 23)

Participants who underwent
8F-FDG PET/CT for routine-health
check-up from January 2021 to
May 2021 retrospectively enrolled
(n=43)

Y

Baseline "®F-FDG PET/CT

Age and sex matched
with exercise cohort (n = 25)

3-month exercise program

1
]
1
1
1
]
1
! ¥
1
]
]
1
1
1
1

Control group met
inclusion criteria (n = 20)

----------------------------

A Longitudinal analysis

B Cross-sectional analysis

Pahk et al Frontiers in Endocrinology 2023

P <0.001*
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Sleep, Stress Sensitivity,
and CVD Risk

Unhealthy Sleep vs MACE Unhealthy Slecp

Sleep Deprivation

$
—ves ]
=== No Low nPRS High nPRS
+

1 (<median) (=median)

A

Genetic Sensitivity
To Stress

MACE-Free
Survival

Log Rank p value <0.001

2 3 4 5 6

Time to MACE

Interaction between Genetics of Stress, Sleep and MACE Risk

nPRS S1 MACE Percentage of | Interaction
eep Additional
Subgroup Deprivation MACE risk
OR (95% CI) p-value*
1.632 (1.390, 1.917 ——
nPRS < ( )
i ] (o)
Median 1.00 (reference 1) T63 A)
\=
2.283 (1.929,2.703) = =

>

1.00 (reference 2) T 1 28%

oo 2 AHA 2023
26 Odds Ratio

Abohashem et al,




Key Points

e Stress and Stress-related Disorders:
e Common, important risk factors for CVD
o Attributable risk on par with HTN, smoking, DM

e Associate with:
e higher stress-associated neural activity
e leukopoietic activity & systemic inflammation
e arterial inflammation and noncalcified plaque
e thrombosis
e CVD events

e Their CVD impacts might be modifiable

e Large trials are needed in order to:
e Prove causation and S

Ny GENERAL HOSPITAL

e Determine efficacy of interventions —

HEART CENTER



Key Points

For individuals with higher atherosclerotic risks
and higher stress, would recommend :

 Stress reduction approaches
* Exercise
* Healthy sleep

\ | MASSACHUSETTS
Ny GENERAL HOSPITAL
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