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OVERVIEW
Despite recent advances in cancer therapies over the last decades, the impact on patients’
outcomes were modest. For example, the 5-year survival among patients with HNC has
increased from 55% to 66%(1). The role of chronic stress in tumor progression and adverse
cancer outcome has long been a question of great interest to scientist. On the one hand,
preclinical and epidemiological studies have shown a significant association between stress and
adverse cancer outcomes.(2-8) On the other hand, randomized studies that have attempted to
reduce stress in patients with cancer have yielded inconsistent outcomes(9-11). Several
possibilities may explain these inconsistent findings, including an inadequate understanding of
the mechanisms linking stress to cancer outcomes, and difficulty identifying individuals who
may benefit most from such interventions which may be related to the lack of an objective
measure that can capture and quantify chronic stress. Accordingly, an improved delineation of
the mechanisms linking stress to adverse outcomes, and better methods to identify individuals at
risk for stress-related excess cancer mortality, are needed.
The neurobiological basis underlying the relationship between stress and cancer outcomes is
poorly understood. Recently, there has been renewed interest in the amygdala, a highly
conserved region in the temporal lobe and a key mediator of the neural salience network with
key interconnecting attachments to the sympathetic nervous system and the immune system(12).
Under chronic stress discordant patterns of neural remodeling and/or firing were observed in the
prefrontal cortex, hippocampus and amygdala regions(13-15). Prefrontal cortical and
hippocampal neurons, which exhibit inhibitory effect on the stress response, showed dendritic
atrophy and spine loss(14, 16). In contrast, amygdaloid neurons showed heightened dendritic

ramification and spin formation leading to increased autonomic responses to stress(13, 17, 18).



Furthermore, chronic stress associated decrease in inhibitory control of amygdala (19, 20), and
an increased release of excitatory neurotransmitters in response to stress.(19, 21-23) These
neurotransmitters have been shown to inhibit anti-tumor immune activity (24-26) and promote
tumor progression.(27-30)

In this work, we examined whether metabolic activity in the amygdala, measured using !F-
FDG-PET/CT, can predict subsequent cancer mortality, progression and cardiovascular events in
patients with head and neck cancer. Additionally, as further basis for this hypothesis and
approach, resting metabolic activity in the amygdala has been validated as a reproducible and
stable marker of cardiovascular events in subjects free of cancer at baseline(31-33). Thus, we
sought to examine the association between metabolic activity in the amygdala, arterial
inflammation and cardiovascular events in patients with active cancer.

To test our hypotheses, we used an institutional database of 1011 patients with a homogenous
cancer type, head and neck cancer. We retrospectively identified 240 patients who underwent
clinically indicated PET/CT scan before cancer treatment and measured amygdala activity. '8F-
FDG uptake in the amygdala was determined by placing circular regions of interest in the right
and left amygdalae and measuring the mean tracer accumulation (i.e., standardized uptake value
[SUV)) in each region of interest. Amygdalar uptake was corrected for background cerebral
activity (mean temporal lobe SUV).

Our results show that among individuals with HNCA (age 59+13 years; 30% female), 67 died
over a median follow-up period of 3 years (IQR: 1.7-5.1). AmygA associated with heightened
bone marrow activity, leukocytosis, and C-reactive protein (P<0.05 each). In adjusted and
unadjusted analyses, AmygA associated with subsequent mortality (HR [95% CI]: 1.35, [1.07-

1.70], P=0.009); the association persisted in stratified subset analyses restricted to patients with



advanced cancer stage (P<0.001). Individuals within the highest tertile of AmygA experienced a
2-fold higher mortality rate compared to others (P=0.01). The median progression-free survival
was 25 months in patients with higher AmygA (upper tertile) as compared with 36.5 months in

other individuals (HR for progression or death [95%CI], 1.83 [1.24-2.68], P=0.001).

Furthermore, we observed 31 CV events over a median follow-up period of 3 years (IQR: 1.7-
5.1). Higher AmygA at cancer staging associated with heightened bone marrow activity, and
vascular inflammation (P<0.05 each). AmygA at initial cancer staging was associated with
subsequent CV events, an effect that remained significant after adjustment for age, sex, and CV
risk (adjusted hazard ratio 1.47, 95% CI 1.04 2.09, P=0.031). The association between AmygA
and CV events persisted when the analysis was restricted to patients with no prior history of CV

disease and even among those at a low predicted CV risk (P<0.001).

AmygA, quantified on routine '®F-FDG-PET/CT images obtained at cancer staging,
independently and robustly predicts mortality, cancer progression and CV events. Future studies
should test whether strategies that attenuate AmygA (or its downstream biological consequences)

may improve cancer survival.
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Abstract

Background

Chronic stress associates with higher mortality among individuals with cancer; however, the
mechanisms underlying this association remain incompletely understood. Quantification of
amygdalar metabolic activity (AmygA) using '8F-fluorodexoyglucose positron emission
tomography/computed tomography (!*F-FDG-PET/CT) provides a measure of stress-related
neurobiological activity, that associates with increased systemic inflammation and a higher risk
of cardiovascular disease events. Accordingly, we sought to test the hypotheses, in individuals
with active cancer, that higher AmygA at cancer staging associates with:1) increased

inflammation, and 2) higher mortality.

Methods

We studied 240 patients with head and neck cancer (HNCA) at a single academic center who
underwent '8F-FDG-PET/CT imaging as part of initial cancer staging. AmygA and metabolic
activity of the bone marrow (a measure of leukopoiesis) were measured using validated methods.
Image analysis, clinical data assessments and adjudication were performed by mutually blinded,
independent teams. The primary outcome of interest, the association between AmygA and
mortality, was determined using Cox proportional hazard models. The secondary outcome of

interest was a composite of the mortality plus cancer progression.

Findings

Among individuals with HNCA (age 59+13 years; 30% female), 67 died over a median follow-

up period of 3 years (IQR: 1-7-5-1). AmygA associated with heightened bone marrow activity,
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leukocytosis, CRP (P<0-05 each) and cancer progression. In adjusted analyses, AmygA
associated with subsequent mortality (1-:28,[1:01-1-61], P=0-039) and the association between
AmygA and cancer mortality persisted when analyses were restricted to patients with advanced
cancer stage (P<0-001). Individuals within the highest tertile of AmygA experienced a 2-fold

higher mortality rate compared to others (P=0-01).

Interpretation

AmygA, quantified on routine '8F-FDG-PET/CT images obtained at cancer staging,
independently and robustly predicts mortality via a mechanism which may, in part, be mediated
through increased leukopoietic activity and inflammation and cancer progression. Future studies
should test whether strategies that attenuate AmygA (or its downstream biological consequences)

may improve cancer survival.

Keywords

Cancer, psychosocial stress, '*F-FDG PET/CT, amygdala, bone marrow, inflammation, survival
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1.1 INTRODUCTION
Cancer is one of the leading causes of death in the developed world.(1) Multiple lines of
evidence demonstrate that chronic stress associates with poorer cancer outcomes.(2-4) In animal
models, stress perturbs the immune system, leading to an increased production of pro-
inflammatory cytokines,(5) redistribution of immune cell populations,(6-8) accelerated tumor
growth, and metastases.(9-11) In humans, the mechanism linking stress to poorer cancer
outcomes remains incompletely defined. Accordingly, a better understanding of the mechanism
linking stress to adverse cancer outcomes in humans (from increased stress to altered neural
responses, heightened inflammation, and reduced cancer survival) is needed.
Advanced imaging methods have greatly facilitated the evaluation of biological mechanisms that
link stress to human diseases.(12, 13) External stressors activate the brain’s salience network, a
group of interconnected structures within which the amygdala, a limbic structure, plays a critical
role.(14) The amygdala’s resting metabolic activity (AmygA) can be quantified using '8F-
fluorodeoxyglucose positron emission tomography/computed tomography ('*F-FDG-PET/CT),
providing a physiologic measure that associates with anxious temperament in animal models (15)
and perceived stress in humans(16), and is heightened in conditions of chronic stress.(17, 18) We
recently studied the relationship between AmygA and cardiovascular events in an cohort of 293
individuals without active malignancy or known cardiovascular disease (CVD) who underwent a
clinical *F-FDG-PET/CT. In that study, higher AmygA independently associated with an
increased risk of subsequent incident CVD events. Further, mediation analysis suggested that the
link between stress and CVD may include a serial pathway of: {stress — tAmygA —

Thematopoietic tissue activity — farterial inflammation — 1CVD risk.(16, 19)

-19-



Given the similar association between stress and cancer risk, we hypothesized that heightened
AmygA may likewise associate with an increased risk of cancer-related mortality. Accordingly,
herein we tested the hypotheses among in 240 individuals with a homogenous cancer type, viz.,
head and neck cancer (HNCA), that AmygA measured during staging via '3F-FDG-PET/CT

independently predicts cancer progression and survival.
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1.2 METHODS

1.2.1 STUDY POPULATION

From an institutional database at the Massachusetts General Hospital (Boston, MA, USA), we
retrospectively identified all consecutive patients with HNCA over 11-years from January 2002
to December 2012 (Figure 1.1). The database was initially derived to characterize the link
between radiation therapy for HNCA and carotid artery disease(20, 21) and thus includes only
those with HNCA who underwent radiation therapy. Among those patients, we included all
individuals who underwent '8F-FDG-PET/CT for cancer staging prior to cancer treatment
initiation in whom the amygdala was included in the imaging field of view. The Human Subjects
Research Review Committee of our institution approved the study protocol (#2014P001394) and

waived informed consent.

1.2.2 STUDY VARIABLES

Data collection, including CVD and cancer-specific variables and death adjudication
were performed manually by two teams of independent investigators. The image analysts were
blinded to all subject identifiers and clinical data; clinical analysts were blinded to imaging data.
Covariates of interest included age, sex, body mass index (BMI), CVD risk factors, CVD
medications and atherosclerotic CVD risk score (ASCVD; a marker of overall CVD risk).
Cancer-specific variables included Eastern Cooperative Oncology Group (ECOG) performance
status, lymph node involvement, surgical treatment, radiation dose, chemotherapy use, stage, and
type of HNCA, as previously defined.(20, 22) Laboratory testing variables included serum
sodium, creatinine, white cell count, and hematocrit, recorded from the electronic health record

during cancer treatment.
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1.2.3 PROCEDURES

“F-FDG was given intravenously at a dose of ~370 MBq after six hours fast. After tracer
injection, individuals sat in a quiet waiting room; imaging was performed approximately one
hour later using a PET/CT scanner (Biograph 64, Siemens Healthcare, Erlangen, Germany or
similar). A non-gated, non-contrast-enhanced CT (120 keV, ~50 mAs) was obtained for
attenuation correction. Analysis of amygdalar activity (AmygA) was performed by a radiologist
(YW) who was blinded to all other clinical data using previously described methods.(16, 23) In
brief, '®F-FDG uptake in the amygdala was determined by placing circular regions of interest in
the right and left amygdalae and measuring the mean tracer accumulation (i.e., standardized
uptake value [SUV]) in each region of interest. Amygdalar uptake was corrected for background
cerebral activity (mean temporal lobe SUV). Bone marrow activity was also measured to provide
assessments of leukopoietic activity, according to previously validated methods.(16, 23, 24) To
derive this measurement, the mean SUVs were derived by placing a region of interest over axial
sections of individual vertebrae from L1 to L5; target-to-background ratios (TBRs) were
calculated by dividing the target tissue SUVs by venous blood background activity.
1.2.4 OUTCOMES

The primary outcome of interest was all-cause mortality. Death was determined through
Social Security death index (SSDI) and confirmed by a board-certified physician blinded to '3F-
FDG-PET/CT data (DA) using individual electronic health record review. The secondary
outcome of interest was progression-free survival which was defined as the time from PET/CT
imaging to the first detection of cancer progression or death from cancer, whichever occurred

first. Cancer progression was measured using standard RECIST criteria.(25)

-22.



1.2.5 STATISTICAL ANALYSIS

Continuous data are presented as mean+SD. Comparisons between groups (survived
versus deceased) were performed with the use of an independent sample t-test for continuous
variables, Fisher’s exact test for categorical variables, and the Wilcoxon rank-sum test for
ordinal variables. Pearson product-moment correlation was used to assess univariate associations
for normally distributed variables, and Spearman correlation coefficients for non-normally
distributed variables. Hazard ratios (HR) for the association of AmygA with events were
estimated using Cox proportional hazard models with follow-up time used as the time scale. HRs
were assessed with and without the addition of potential confounders as covariates, and 95%
confidence intervals (Cls) were estimated for each standard deviation increase in AmygA.

The association between AmygA was adjusted for accepted survival factors which were
entered as cofactors in a stepwise manner. Model 1 was adjusted for age, sex, ASCVD risk score,
prevalent diabetes, prevalent hypertension, prevalent dyslipidemia, and history of prior major
CVD events at baseline. Model 2 was adjusted for age, sex, concurrent chemotherapy, surgery,
radiation dose, and metastatic disease at baseline. Model 3 was adjusted for age, sex, marital
status, and history of depression or anxiety at baseline. All variables included in multivariate
models were pre-specified on previous literature.

We performed log-rank tests to generate Kaplan-Meier estimates and associated curves of
survival, comparing mortality in patients with high (upper tertile) vs. low (lower two tertile)
AmygA. To test the robustness of our findings, we conducted multiple sensitivity and pre-
specified sub-group analyses. Specifically, primary subgroups analyses among all patients were
also stratified by age (<65 years vs. >65 years), sex, and those with advance disease were

stratified by age, sex, BMI category, and ECOG performance status (<1 vs >1). For advanced
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disease analysis, cancer stage I-II was categorized as localized/regional and stage III-IV as
advanced/distant. We also tested whether loss to follow-up or disease stage influenced our results
by restricting the analyses to patients with no prior history of cancer, those with no history of
CVD events, uncensored patients, and patients with advance disease. Statistical significance was
determined as two-tailed P-value of < 0.05. P-values for interaction analyses and multiple
comparisons were adjusted using Bonferroni method. All statistical analyses were performed

with the use of R, Version 1.0.143 (R Foundation for Statistical Computing).
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1.3 RESULTS

1.3.1 BASELINE CHARACTERISTICS

Baseline characteristics for the final study cohort of 240 individuals appear in (Table 1.1). Mean
age was 59+13 years (range 10-89 years); 30% were women (Table 1.2). Overall, 11% had
diabetes, 47% had hypertension, 66% were active or prior cigarette smokers, and 14% had a
diagnosis of depression. Oropharyngeal carcinoma was the most common cancer type. We
observed no differences in general characteristics between the 240 individuals who were part of
the final study cohort compared to those who were excluded due to lack of amygdalar imaging
(Table 1.3), excluded patients were more likely to have a higher cancer stage and ECOG status at

presentation (Table 1.4).

There were 67 deaths over a median follow-up period of 3 years (IQR: 1.7-5.1). Of these, 60
deaths resulted from cancer progression, three from infection, three from major bleeding, and
one from trauma. Both cardiovascular risk (ASCVD score) and cancer stage were higher among
those who died; otherwise, there were no major differences in cancer or non-cancer related
characteristics between those who died and those who survived (Tables 1.1 and 1.2). Similar
results were noticed when comparing patients who progressed and patients who did not progress

(Tables 1.3 and 1.4).

1.3.2 ASSOCIATIONS BETWEEN AMYGDALAR ACTIVITY, CLINICAL VARIABLES, AND
INFLAMMATION

Associations between AmygA and clinical variables appear in Table 1.5. In brief, higher AmygA
associated with higher cancer stage and higher ECOG status. AmygA also correlated with bone

marrow activity, a measure of hematopoietic activity (r=0.28, P <0.001), where individuals with
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lower AmygA (lowest tertile) had lower bone marrow activity compared to those with higher
AmygA (Figure 1.2). Similarly, AmygA associated with circulating measures of inflammation,
including white blood cell count (r=0.16, P<0.01, Figure 1.3), and C-reactive protein (r=0.37,
P=0.03, Figure 1.4).

1.3.3 AMYGDALAR ACTIVITY VS. OUTCOMES

AmygA at staging strongly predicted subsequent mortality (Table 1.6). Each standard deviation
increase in AmygA was associated with a 35% increased risk of death (HR [95% CI]: 1.35,
[1.07-1.70], P=0.009). The associations between AmygA and survival remained significant after
adjustment for age, sex, CVD risk factors, cancer-related mortality risk factors, and baseline
psychiatric history (Table 3). When we dichotomized amygdalar activity as “high” vs “low”
(using the upper tertile threshold), we observed an approximately two-fold higher mortality
among those with a higher AmygA (Figure 1.5, Supplemental Table 6). Alternate thresholds for
high AmygA yielded similarly robust results (Supplemental Table 7, Figures1.6 and 1.7). In
sensitivity analyses, the relationship between AmygA and survival remained robust when the
analyses were limited to patients with no loss to follow-up during the study period (uncensored
patients), with no history of prior malignancy, with no history of a CVD event, adults over the
age of 40 and with advanced disease (Supplemental Table 8). The excess mortality risk
associated with high AmygA remained significant among the subgroup of patients with advanced
cancer stage at baseline (Figure 1.6). Subgroup interaction analyses showed significant
synergism between advance stage and AmygA after correction for multiple comparison

(P=0.039, Figure 1.7).

We furthermore assessed the relationship between baseline AmygA and progression-free

survival. The median time to cancer progression or cancer death was 25 months in patients with
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higher AmygA (highest tertile) as compared with 36.5 months in individuals with lower AmygA
(HR [95%CIT], 1.83 [1.24-2.68], P=0.001, Figure 1.8). Representative images of amygdalar

uptake of '®F-FDG recorded at the initial cancer of staging are shown in Figure 1.9.
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1.4 DISCUSSION

1.4.1 SUMMARY OF RESULTS

We observed, for the first time in humans, that stress-associated neurobiological activity
(measured as amygdalar activity, [AmygA]) at staging on routine FDG-PET/CT scans predicts
mortality and progression-free survival among patients with cancer. The associations between
AmygA and outcomes were independent of CVD risk, cancer stage, and cancer therapy. And,
remained robust when analyses were limited to men, women, or individuals with advanced
disease. Moreover, the study points to a plausible biological mechanism (through stress-
associated neural pathway activation resulting in higher inflammation and oncologic disease

progression), which may represent a target for therapeutic modulation.

1.4.2 EXPLANATION FOR FINDINGS

The mechanisms through which AmygA associates with increased cancer mortality are
incompletely understood; however, this study provides some plausible hypotheses. The
amygdala is a highly-conserved brain region located within the temporal lobe(26, 27) that plays a
key role in emotional regulation. Stress exposure has been found to increases excitability and
activity of the amygdala, leading to heightened release of neurotransmitters (e.g., dopamine,
noradrenaline, serotonin) in response to stress.(28-31) These neurotransmitters have been shown
to exert adverse effects on both vascular and cancer biology and can directly modulate several
key processes related to tumor progression and angiogenesis.(32-35) For example, noradrenaline
can increase cancer cell survival and tumor angiogenesis through activation of catecholamine-
sensitive protein kinases.(2) Dopamine results in heightened bone marrow activity and a
resultant increase in tumor angiogenesis.(36) Additionally, the amygdala’s axonal projections to

the brainstem play an important role in the sympathetic responses to stress.(37) Animal studies
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have shown that brainstem-derived sympathetic efferents, when activated by stress, lead to
increased bone marrow hematopoietic stem and progenitor cell proliferation in addition to
accelerated innate immune cell output and cytokine production.

In a recent study, we linked AmygA to CVD outcomes, in part via up-regulation of bone marrow
activity and resultant arterial inflammation.(16) Our current findings provide some support for an
analogous biological mechanism in the context of cancer. We observed that AmygA associated
with heightened hematopoietic tissue activity and leukopoiesis. Accordingly, these associative
findings raise the hypothesis that an amygdalar-leukopoietic-inflammatory axis may, in part,
drive the link between stress, cancer progression, and cancer mortality. Such associations do not
prove the existence of a causal pathway; therefore, future studies should test this directly (e.g.,
through targeted manipulation). Furthermore, future studies should evaluate the directionality of
this association (i.e., whether the psychological response to cancer leads to increased
inflammation, whether increased inflammation affects the psychological response to cancer, or
whether (most likely) the relationship is bidirectional).(38)

1.4.3 FUTURE DIRECTIONS

Given the association between psychological stress and adverse cancer outcomes, it has been
hypothesized that reducing stress may further improve these outcomes. However, studies testing
stress reduction approaches among patients with cancer have yielded variable results.(7, 39-43)
For example, a pooled analysis of ten randomized stress reduction trials in 1378 cancer patients
found improvements in psychological scores without gains in survival.(44) A substantial relative
shortcoming of such prior studies is that they were unable to significantly account for inter-
individual variability in the stress-response. It is well-appreciated that different individuals could

experience markedly different physiologic manifestations of stress to similar stressors,(41) which
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in turn may result in variable responses to stress-reduction interventions. A more objective
measure of stress, such as a neurobiological assessment (especially one strongly linked to disease
consequences), may enhance the identification of individuals who are most likely to benefit from
stress-reducing interventions. Future studies evaluating the impact of stress reduction could
specifically target individuals with increased stress-associated neural activity (e.g., heightened
AmygA on routine '®F-FDG-PET/CT imaging). Further, clinical '*F-FDG-PET/CT imaging
typically includes the amygdala within the field of view and thus provides the opportunity to
measure AmygA, a measure that is reproducible, is stable over several months, and is straight-
forward to quantify.(13, 45) Accordingly, AmygA could potentially be measured during staging
BF-FDG-PET/CT scans to enhance assessment of prognosis. Future research should evaluate
whether measurement of AmygA derived from routine '8F-FDG-PET/CT images informs
prognosis in oncologic diseases other than HNCA.

1.4.4 LIMITATIONS

Our findings need to be interpreted within the context of the study design. This was a
retrospective study among patients with known or suspected HNCA who were being assessed
and subsequently treated at a single academic center. However, the population is homogenous,
and the association between AmygA and cancer outcomes was robust and remained so even after
accounting for cancer- and CVD-specific mortality risk markers. Additionally, we did not
measure stress using standardized questionnaires for this cohort. However, in a prior study, we
showed a relation between perceived stress and AmygA, thus providing some independent
validation of the findings.(16) Further, it is important to note that individuals were aware that

they were being evaluated for cancer. This context may have increased anxiety and could have
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impacted amygdalar activity measured on '*F-FDG-PET/CT. It is unclear if AmygA would be
similarly predictive of cancer outcomes in other imaging settings.

1.4.5 CONCLUSIONS

In conclusion, we observed that resting metabolic amygdalar activity, measured at the time of
cancer staging, is a significant predictor of survival among patients with head and neck cancer.
Hence, this study provides novel insights into the host-tumor interaction, by illuminating a
potential role for a neurobiological mechanism that may substantially alter disease course.
Moreover, the study findings provide a rationale for future studies to further investigate and
possibly modulate the amygdala-bone marrow-inflammatory axis to improve prognostic

assessments, and possibly outcomes, in patients with cancer.
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Table 1.1: Characteristics at time of cancer staging

Variable Survived Deceased P-value
173) (67)
Age (yrs) 59 (13) 59 (13) 61 (15) 0.26
Female sex, n (%) 73 (30) 52 (30) 21 (31) 0.97
Body Mass Index (kg/m) 27.3 (5.7) 27.4 (5.7) 27.1 (5.8) 0.70

Psychiatric History, n (%)

Depression 33 (13) 23 (13) 10 (14) 0.64
Anti-depressant medication 29 (12) 19 (11) 10 (15) 0.54
Anti-anxiety medication 48 (20) 37 (21) 11 (16) 0.49

Cardiovascular risk factors, n (%)

Diabetes 26 (10) 17 (9) 9(13) 0.57
Hypertension 113 (47) 79 (45) 34 (50) 0.57
Dyslipidemia 64 (26) 43 (24) 21 (31) 0.39
Smoking 158 (65) 107 (61) 51 (76) 0.05
Mean ASCVD 10-year risk 12 (14) 12 (13) 15 (16) 0.18
Heart failure 7(2) 4(2) 3(5) 093
Ischemic heart disease 20 (8) 16 (9) 4 (6) 0.99
Myocardial infarction 14 (5) 8(5 6 (9 0.57
Stroke 8(3) 64) 213 033
Laboratory Values
Hematocrit 38 (5) 38 (5) 37 (5) 038
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Total Cholesterol (mg/dL) | 172 (28) 173 28) 168 (27) 0.91

LDL (mg/dL) 96 (26) 98 (26) 92 (27) 021

HDL (mg/dL) 52 (13) 52 (14) 53 (12) 0.12

Triglycerides (mg/dL) | 166 (72) 162 (70) 176 (77) 0.91

Glucose (mg/dL) | 112 (39) 112 (35) 114 (47) 0.7

HDAIC (%) 6 (1.1 59(1) 63 (13) 028

Sodium (mg/dL) 138 3) 138 3) 137 3) 0.46

Creatinine (mg/dL) | 0.93 (0.3) 092 (02) 0.96 (0.5) 044
Cardiovascular medications, n (%)

Statins 67 (28) 47 (27) 20 (30) 0.90

Beta-blockers 59 (25) 41 (249) 18 27) 08

T 55 (23) 39 (23) 16 24) 0.73

Angiotensin-converting enzyme 44 (18) 32 (18) 12 (17) 0.96

Angiotensin-receptor blockers 16 (7) 11(6) 5(8) 0.99

Calcium channel blockers 177 9(5) 8 (12) 0.99

Coumadin 9 503) 4(6) 0.12




Table 1.2: Cancer characteristics and treatments of participants.

Survived Deceased

Variable P-value
(173) (67)
Type of Head and Neck Cancer, n (%)
Laryngeal 29 (12) 21 (12) 8 (11) 0.99
Oropharyngeal 94 (39) 76 (43) 18 (26) 0.02
Hypopharyngeal 12 (5) 8 (4) 4 (6) 0.92
Nasopharyngeal 21 (8) 14 (8) 7 (10) 075
Other 93 (39) 58 (34) 35 (50) 0.03
Cancer Stage, n (%) 0.13
Stage 1 7(2) 4(2) 34
Stage II 69 (28) 56 (32) 13 (19)
Stage 111 48 (20) 35 (20) 12 (18)
Stage IV 116 (48) 77 (44) 39 (58)
Detectable Lymph nodes 198 (82) 140 (80) 58 (87) 0.44
Distant Metastases 72 (30) 45 (26) 27 (40) 0.05
ECOG status, n (%) 0.64
0 126 (52) 93 (53) 33 (49)
1 74 (30) 54 (31) 20 (30)
2 36 (15) 24 (13) 12 (18)
3 4(2) 2(1) 2(3)
Radiation characterstics
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Mean radiation dose (mSv) | 66.36 (20.82) | 67.45(19.60) | 63.72(23.45) 0.21
Proton 17 (7) 11 (7) 6(9) 0.76
Chemotherapy 186 (78) 133 (77) 53 (79) 0.86
Neck dissection 82 (34) 59 (34) 23 (34) 0.99
Type of chemotherapy, n (%)
Anthracycline 14 (6) 9 (5) 5(8) 0.72
Taxol 94 (39) 69 (40) 25 (37) 0.83
5FU 25 (10) 14 (8) 11 (16) 0.09
Platinum 154 (64) 111 (64) 43 (64) 0.99
Other 67 (28) 46 (26) 21 (31) 0.56
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Table 1.3: Baseline characteristics for patients with and without PET/CT imaging

Variable All study Individuals Individuals P-Value
Cohort with brain without brain
(n==1011) images images
(n=240) (m=771)
Age (yrs) 59 (13) 59 (13) 59 (13) 0.55
Female sex, n (%) 304 (30) 73 (30) 231 (30) 0.96
Body Mass Index (kg/my) | 27.2 (5.7) 27.3(5.7) 27.3(5.7) 0.77

Cardiovascular risk factors, n (%)

Diabetes 119 (11) 26 (10) 93 (12) 0.69
Hypertension 447 (44) 113 (47) 334 (43) 0.34
Dyslipidemia 278 (27) 64 (26) 214 (27) 0.80
Smoking 665 (65) 158 (65) 507 (65) 1
Mean ASCVD 10-year 12 (13) 12 (13) 12 (13) 0.99
Heart failure 41 4) 7(2) 34 4) 0.40
Myocardial infarction 71 (7) 14 (5) 57 (7) 0.49
Stroke 49 4) 83 41 (5) 0.28
Laboratory Values

Haematocrit 38 (5) 38 (5) 38 (5) 0.96

I ASCVD: atherosclerotic cardiovascular disease
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Total Cholesterol 171 (31) 172 (28) 171 (32) 0.69
LDL (mg/dL) 96 (29) 96 (26) 95 (28) 0.84
HDL (mg/dL) 53 (14) 52 (13) 53 (14) 0.56
Triglycerides (mg/dL) 162 (75) 166 (72) 160 (76) 0.37
Glucose (mg/dL) 117 (39) 112 39) 118 (39) 0.05
HbA1C (%) 6.1(1.2) 6(1.1) 6.1 (1.2) 0.53
Sodium (mg/dL) 138 (3) 137(3) 138 (3) 0.08
Creatinine (mg/dL) 0.94 (0.3) 0.93 (0.3) 0.94 (0.3) 0.63
Baseline Cardiovascular medications n (%)

Statins 288 (28) 67 (27) 221 (28) 0.88
Beta-blockers 246 (24) 59 (24) 187 (24) 098
Aspirin 248 (24) 55 (22) 193 (25) 0.56
Angiotensin-converting | 203 (20) 44 (18) 159 (20) 0.49
Angiotensin-receptor 47 (4) 16 (6) 31 4) 0.13
Calcium channel 99 (9) 17 (7) 82 (10) 0.14
Coumadin 43 (4) 23 203 0.79
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Table 1.4: Cancer Characteristics For Patients With And Without PET/CT Imaging

Baseline clinical Individuals with Individuals

All study Cohort

characteristics N=1011 Brain Images without Brain

N=240

Images

N=771

Type of Head and Neck Cancer,n (%)
Laryngeal 110 (11) 29 (12) 81 (1) 0.57
Oropharyngeal 470 (47) 94 (39) 376 (49) 0.01
Hypopharyngeal 63 (6) 12 (5) 51 (7) 045
Nasopharyngeal 79 (8) 21 (9 58 (8) 0.63
Other 331 33) 93 (39) 238 (31) 0.03
Cancer Stage, n (%)
Stage I 68 (7) 7@3) 61 (8)
Stage II 141 (14) 69 (29) 72 (10)
Stage III 190 (19) 47 (20) 143 (19)
Stage IV 596 (60) 117 (49) 479 (63)
Detectable Lymph nodes 712 (71) 199 (83) 513 (67) <0.001
Distant Metastases 214 (21) 72 (30) 142 (18) <0.001
ECOG status, n (%) <0.001
0 606 (61) 126 (53) 480 (63)
1 297 (30) 74 (31) 223 (29)
2 8709 36 (15) 51(7)
3 12 (1) 4(2) 8 (1)
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Chemotherapy 810 (80) 186 (78) 624 (81)

Radiation characteristics

Proton 69 (7) 17 (7) 52 (7) 0.97

Anthracycline 46 (5) 14 (5) 324 0.36

SFU 90 (8) 25 (10) 65 (8) 041

Others 248 (24) 67 (27) 181 (23) 0.19
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Table 1.5: Baseline Variables For Patients With And Without Disease Progression

Variable Survived with no Survived with Deceased P-value
progression progression (n=67)
(n=111) (n=62)

Age (yrs) 59 (13) 57.77 (13) 61.86 (12.46) 61 (15) 0.09
Female sex, n (%) 73 (30) 35(31) 17 (274) 21 (31) 0.84
Body Mass Index 273 (5.7) 27.7 (5.5) 26.8 (5.9) 27.1(5.8) 0.59

Psychiatl;ic lHi\story, n (%)
Depression 33 (13) 15 (13) 8 (12) 10 (14) 0.94

Anti-depressant 29 (12) 14 (12) 5(8) 10 (15) 0.69

Amﬁﬁﬁ&y 48 (20) 24 (21) 13 21 11 (16) 048
Cardiovascular‘ .rislA(' factors, n (%)

Diabetes 26 (10) 12 (10) 5() 9 (13) 0.62
Hypertension 113 (47) 46 (41) 33(53) 34 (50) 0.26
Dyslipidemia 64 (26) 26 (23) 17 (27) 21 (31) 0.51

Smoking 158 (65) 67 (60) 40 (64) 51 (76) 0.10

Mean ASCVD 10-year 12 (149) 10 (11) 14 (14) 15 (16) 0.05
Heart faill;r'e 7(2) 3(2) 1Q1) 3(5 0.62
Myocardial infarction 14 (5) 6 (5 2@3) 609 0.37
Stroke 83 4(3) 2(3) 23 0.97

Laboratory Values
Hematocrit 38 (5) 39 (5) 38 (5) 37(5) 0.01
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Total Cholesterol 172 (28) 174 (30) 171 (25) 168 (27) 0.34

LDL (mg/dL) | 96 (26) 97 (25) 98 (25) 92 (27) 030

HDL (mg/dL) 52 (13) 52 (13) 51 (13) 53 (12) 0.73

Triglycerides (mg/dL) 166 (72) 163 (69) 159 (70) 176 (77) 0.38

Glucose (mg/dL) 112 (39) 109 (37) 115 (30) 114 (47) 0.55

HbA1C 6 (1.1 6(1.1) 5.7(04) 6.3 (1.3) 043

Sodium (mg/dL) 138 (3) 137 3) 137 (2) 137 3) 0.64

Creatinine (mg/dL) 0.93(0.3) 091 (0.2) 0.94 (0.3) 0.96 (0.5) 0.60

Cardiovascular medications, n (%)

Statins 67 (28) 3531 12 (19) 20 (30) 0.21

Beta-blockers 59 (25) 25 (22) 16 (25) 18 (27) 0.78

Aspirin 55 (23) 26 (23) 13 (21) 16 (24) 091

Angiotensin- 44 (18) 19 (17) 13 (21) 12 (17) 0.82
converting enzyme

Angiotensin-receptor 16 (7) 8(7) 34 5(8) 0.80
blockers

Calcium channel 17 (7) 5@ 4 (6) 8 (12) 0.17

Coumadin 94 32 23) 4(6) 052
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Table 1.6: Cancer Variables for patients with and without disease progression

Variable

Type of Head and Neck Cancer, n (%)

All

(n=240)

Survived

with no

Survived

Deceased

(n=67)

P-value

Laryngeal 29 (12) 13 (11) 8 (12) 8(11) 0.97
Oropharyngeal 94 (39) 54 (48) 22 (35) 18 (26) 0.01
Hypopharyngeal 12 (5) 7 (6) 1(1) 4 (6) 0.36
Nasopharyngeal 21 (8) 10 (9) 4 (6) 7 (10) 0.71
Other 93 (9) 30 (27) 28 (47) 35 (50) 0003
Cancer Stage, n (%) 0.09
Stage I 7(2) 3(2) 1(1) 3(4)

Stage 11 69 (28) 41 (36) 15 (24) 13 (19)

Stage 111 48 (20) 24 (21) 11 (17) 12 (18)

Stage IV 116 (48) 43 (38) 35 (56) 39 (58)

Detectable Lymph 198 (82) 83 (74) 58 (93) 58 (87) 0.005
Metastatic disease 72 (30) 18 (16) 27 (43) 27 (40) <0.001
ECOG status, n (%) 0.60
0 126 (52) 63 (56) 30 (48) 33 (49)

1 74 (30) 30 (27) 24 (38) 20 (30)

2 36 (15) 17 (15) 7(11) 12 (18)

3 12 (1) 1(1) 1(2) 2(3)

Type of chemotherapy, n (%)
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Anthracycline 14 (6) 7 (6) 2(3) 5(8) 0.56
Taxol 94 (39) 44 (39) 25 (40) 25 (37) 0.93
SFU 25 (10) 8(7) 6 (9) 11 (16) 0.14
Platinum 154 (64) 71 (64) 40 (64) 43 (64) 0.99
Other 67 (28) 22 (19) 24 (38) 21 (31) 0.02
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Table 1.7: Baseline Patients Variables Grouped by Tertiles of Amygdalar Activity

Lower tertile Middle tertile Upper tertile P-value
Age (yrs) 59 (15) 60 (13) 61 (11) 045
Female sex, n (%) 24 (30) 21 (26) 27 (33) 0.58
Body Mass Index (kg/m:) 27.5 (4.6) 271 (5.8) 27.1(6.5) 0.90
Cardiovascular risk factors, n (%)
Diabetes 9 (11) 6 (7) 11 (13) 044
Hypertension 35 (44) 34 (42) 44 (55) 0.23
Dyslipidemia 16 (20) 27 (33) 21 (26) 0.15
Smoking 40 (50) 36 (45) 35 (43) 0.70
Mean ASCVD 10-year risk 12 (15) 11 (11) 14 (15) 0.39
Myocardial infarction 5(6) 5(6) 4 (5) 0.92
Stroke 1) 2(2) 5 (6) 0.19
Laboratory Values
Hematocrit 39 (6) 38 (5) 37 (5) 0.16
Total Cholesterol (mg/dL) 175 (26) 170 (28) 171 (30) 047
LDL (mg/dL) 97 (25) 94 (26) 97 (27) 0.66
HDL (mg/dL) 53 (11) 52 (15) 50 (13) 0.34
Triglycerides (mg/dL) 181 (72) 155 (74) 162 (69) 0.06
Glucose (mg/dL) 107 27) 106 (22) 124 (57) 0.004
HbA1C (%) 5.7(04) 5.7 (0.6) 6.5(1.5) 0.042
Sodium (mg/dL) 138 (2.7) 138 3) 137 3.1) 0.007
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Creatinine (mg/dL) 0.99 (0.3) 0.91 (0.2) 091 (0.4) 0.22
Baseline Cardiovascular medications, n (%)
Statins 21 (26) 24 (30) 22 (27) 0.88
Beta-blockers 19 (24) 17 (21) 23 (28) 0.53
Aspirin 18 (22) 17 (21) 20 (25) 0.85
Angiotensin-converting enzyme 14 (17) 14 (17.5) 16 (20) 0.90
T TR Bl 8 (10) 5(6) 30) 0.26
Calcium channel blockers 7(8) 333 7(8) 035
Coumadin 33) 5(6) 1) 0.25
Depression 9 (11) 15 (18) 8 (10) 0.21
Cancer stage at baseline <0.001
Stage I 2(2 33 22
Stage 11 40 (51) 17 (21) 11 (13)
Stage 111 709 18 (22) 22.(27)
Stage IV 29 (37) 42 (52) 45 (56)
Metastases 16 (20) 27 (33) 29 (36) 0.06
Detectable lymph node 60 (76) 72 (90) 65 (81) 0.08
ECOG status, n, (%) <0.001
0 56 (70) 40 (50) 29 (36)
1 16 (20) 27 (33) 31 (38)
2 7 (8) 13 (16) 16 (20)
3 0(0) 0(0) 4(5)
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Larynx

Nasopharynx

8 (10)

4 (5)

11 (13)

10 (12)

10 (12)

78

0.77

0.25

Other

35 (44)

26 (33)

32 (40)

0.33
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Table 1.8: Univariate and multivariate analyses of amygdalar activity vs. outcomes

Covariates Risk of Death P-value

HR [95% CI]

Unadjusted 1.35[1.07-1.70] 0.009
Age and sex 1.34 [1.06-1.69] 0.013
Combined cardiac risk factors’ 1.29 [1.03-1.62] 0.027
Combined cancer risk factors 1.33 [1.05-1.69] 0.017
Combined Psychiatric risk factors- 1.35[1.07-1.70] 0.009

AmygA activity was quantified as mean bilateral amygdalar activity corrected for background
cerebral activity. The association between AmygA was corrected for accepted survival factors
which were entered as cofactors in a stepwise manner. ! The model was adjusted for age, sex,
ASCVD risk score, prevalent diabetes, prevalent hypertension, prevalent dyslipidemia, and
history of prior major CVD events at baseline. T The model was adjusted for age, sex, concurrent
chemotherapy, surgery, radiation dose, and metastatic disease at baseline. ¥The model was
adjusted for age, sex, marital status, and history of depression or anxiety at baseline. Numbers in
parentheses are 95% Cls. Abbreviations: AmygA-amygdalar activity; ASCVD-Atherosclerotic

cardiovascular disease; CI-confidence interval.
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Table 1.9: Univariate and multivariate analysis of amygdalar activity by tertile vs.

mortality in patients with cancer

Variable

Unadjusted

HR (95% CI)

Death

P-

value

HR (95% CI)

Death or progression

Lower tertile

Ref (1)

Ref (1)

Middle tertile 1.55 (0.81-2.93) 0.17 1.58 (0.95-2.62) 0.075
Upper tertile 240 (1.29-443) 0.005 2.32(1.43-3.77) <0.001
Adjusted for age

Lower tertile Ref (1) Ref (1)

Middle tertile 1.51 (0.79-2.86) 0.21 1.53 (0.92-2.53) 0.09
Upper tertile 231 (1.24-4.29) 0.008 2.24 (1.38-3.63) 0.001
Adjusted for ASCVD risk score

Lower tertile Ref (1) Ref (1)

Middle tertile 1.57 (0.82-2.98) 0.17 1.64 (0.98-2.74) 0.056
Upper tertile 233 (1.25-4.31) 0.007 2.25 (1.38-3.66) 0.001
Adjusted for cancer stage

Lower tertile Ref (1) Ref (1)

Middle tertile 1.32 (0.68-2.58) 041 1.48 (0.88-2.49) 0.14
Upper tertile 1.96 (1.02-3.76) 0.04 2.10 (1.26-3.49) 0.004
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Table 1.10: Threshold for high vs. low amygdalar activity vs. outcomes

Variable HR (95% CI) P- HR (95% CI)

Death value  Death or progression

Primary cut points (Mean mean amygdala)

Upper tertile vs lower two tertiles 1.79 (1.11-2.91) 0.01 1.83 (1.24-2.68) 0.002
Above vs below the median 1.68 (1.03-2.73) 0.04 1.67 (1.14-2.46) 0.008
Above vs below Youden index 2.50 (1.50-4.15) <0.001 1.95 (1.27-3) 0.002

Secondary cut points (Mean max amygdala)

Upper tertile vs lower two tertiles 2.31 (1.43-3.73) <0.001 1.92 (1.32- 2.81) <0.001
Above vs below the median 1.75 (1.06-2.87) 0.02 1.79 (1.21- 2.64) 0.003
Above vs below Youden index 248 (1.54-4.01) <0.001 1.99 (1.35-2.93) <0.001
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Table 1.11: Sensitivity analysis of amygdalar activity vs. outcomes

Sensitivity analysis HR (95% Cl) P-value HR (95% Cl) P-value
Death Death or progression
Uncensored patients 1.31 (1.05-1.69) 0.019 1.35 (1.10-1.65) 0.003
Adult patients older than 40 year 1.38 (1.08,1.77) 0.01 1.35[1.12,1.63] 0.002
Nro prior history of cancer 1.45 (1.04-2.04) 0.03 1.38 (1.08-1.76) 0.009
No prior history of CVD' 1.35 (1.06-1.70) 0.016 1.25 (1.03-1.53) 0.025
No CV event during follow-up 1.43 (1.10-1.85) 0.006 1.28 (1.05-1.56) 0.012
Patients with advance stage 1.61 (1.20-2.51) 0.001 1.35 (1.09-1.67) 0.005

Amygdalar activity was measured as mean bilateral amygdalar activity corrected for background cerebral

neural tissue activity. "Pre-existing diagnosis of heart failure (HF), coronary artery disease, stroke,

myocardial infarction (MI), or transient ischemic attack (TIA) prior to cancer staging. ¥Cardiovascular

events were defined as ischemic stroke, TIA, MI, or HF.
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1472 consecutive patients with head & neck
cancer who received radiotherapy at MGH
from 2002-2012

| 461 excluded
boooooo e » | Incomplete radiotherapy
| data and records

1011 in initial study population

771 excluded
No Amygdala coverage in
PET imaging

v

v

240 in final study population

[ Median follow-up: 3 years (IQR: 1.7-5.1) ]

v v

173 Survived 67 Deceased

Figure 1.1: Study consort diagram.

From a registry of all patients with head and neck cancer staged at a single academic center over a 10-year

period, those with amygdala in the '*F-FDG-PET/CT imaging field were included.




33 P <0.001*

P=0.03*

Average Bone Marrow

Lower tertile Middle tertile  Upper tertile

Amygdalar activity by tertile

Figure 1.2: Association between Carotid Inflammation and Amygdalar Activity

Bar graph of bone marrow activity vs tertile of AmygA. Error bars represent the standard error
of the mean. SUVs were derived by placing a region of interest over axial sections of individual
vertebrae from L1 to L3; target-to-background ratios (TBRs) were calculated by dividing the
target tissue SUVs by venous blood background activity. The P-values were corrected for

multiple testing using Bonferroni method.
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log (C reactive protien (mg/L))

0.6 0.7 08 0.9 1.0
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Figure 1.3: Association between Amygdalar Activity and C-reactive Protien.

Scatter plot of CRP and AmygA. Amygdalar activity is measured as the mean activity of both
amygdalae corrected for background cerebral tissue activity. r represent spearman’s rank

correlation coefficient.
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Figure 1.4: Association between Amygdalar Actvity and White Blood Cell Count.

Scatter plot of WBC and AmygA. Amygdalar activity is measured as the max activity of both
amygdalae corrected for background cerebral tissue activity. r represent spearman’s rank

correlation coefficient.
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100 Overall survival
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403 = Jower two tertiles
HR 1.79 (95% CI1.11-2 91),P 0.014
0 2 3 4 5

Number at risk Time (years)

Low activity 160 145 127 96 66 S1
High activity 80 64 31 36 25 18

Figure 1.5: Amygdalar activity vs. overall survival in all patients

Kaplan-Meier survival curves of low vs. high amygdalar activity based on the upper tertile vs.
the lower two tertiles for all patients. Amygdalar activity is measured as the mean activity of
both amygdalae corrected for background cerebral tissue activity. The P-values were calculated

using the log-rank test; Cox regression analyses were used to calculate hazard ratios.
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HR 2.42 (95% CI 1.40-4.02);P = 0.001
0 2 3 4 5
Number at risk Time (years)
Low activity 109 95 83 60 44 31
High activity 55 41 31 20 14 12

Figure 1.6 Amygdalar activity vs. overall survival in patients with advance disease

Kaplan-Meier survival curves of low vs. high amygdalar activity based on the upper tertile vs.

the lower two tertiles for all patients. Amygdalar activity is measured as the mean activity of

both amygdalae corrected for background cerebral tissue activity. The P-values were calculated

using the log-rank test; Cox regression analyses were used to calculate hazard ratios.
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A

Number at risk
Low activity
High activity

Cut off based on the median

100+
80+
60+
X = High amygdalar activity
402 — Low amygdalar activity
p value = 0.04 log-rank test
o 1 2 3 4 5
Time (years)
120 111 95 69 50 42
120 102 86 66 43 28

Percent survival

B

Number at risk
Low activity
High activity
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100+
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A = High amygdalar activity
402 — Low amygdalar activity
p value < 0.001 log-rank test
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0 1 2 3 4
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Figure 1.7: Kaplan-Meier survival curves of low vs high mean mean amygdalar activity

defined based on the median cutoff (A) or the Youden index (B)

Percent survival

A

Number at risk
Low activity
High activity

100- Cut off based on the median
80+
60+
X = High amygdalar activity
40: { = Low amygdalar activity
p value = 0.03 log-rank test
o 1 2 3 4 5
Time (years)
120 110 92 72 50 40
120 103 89 63 43 30

Percent survival

B

Number at risk
Low activity
High activity

Cut off based on Youden index

100+
80+
601
A = High amygdalar activity
40: ( = Low amygdalar activity
p value < 0.001 log-rank test

4

0 1 2 3
Time (years)
162 149 127 98 67 51
78 64 54 37 26 19

Figure 1.8: Kaplan-Meier survival curves of low vs high mean mean amygdalar activity

defined based on the median cutoff (A) or the Youden index (B)
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Hazard Ratio for all cause mortality

Subgroup No. of Patients (%) HR (95% CI) P Value P Value for Interaction
All patients 240(100) = 1-35 (1-07-1-70)  0-01
Age 0-13
<65yr 153(63-8) Fa— 12(095-1.74) 0-13
>05yr 87(36-2) f—a— 1-47 (1-05-2-07) 0-02
Sex >0-99
Male 167(69-6) -] 1-27 (0-95-1:69)  0-15
Female 73(30-4) - 145 (1:01-2:09)  0.03
Depression >0-99
No history of depression 211(87-9) = 1-3 (1:03-1:66)  0-03
History of depression 29(12-1) f - { 2.13 (0:96-47)  0-68
Tumor stage 0-04
Advance stage 164(68-3) —-—] 1-5(1-2-2'5)  0-001
Early stage 76(31-7) - 076 (0-45-1-29) 03
ECOG status 0-45
ECOG status <1 200(83-3) —a— 1-25 (0-97-1-61) 0-08
ECOG status >1 40(16:7) f - | 21 (1-06-4-13)  0-03
k T T T 1
05 1 15 3 5 4 45

Figure 1.9 Forest plot of the primary outcome in pre-specified subgroups.

Forest plot of the primary outcome in pre-specified subgroups. Patients were categorized
according to pre-specified baseline characteristics. Hazard ratios per SD increase were calculated
using Cox regression model. The P-values in the interaction analyses were corrected using

Bonferroni method.
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Figure 1.10: Amygdalar activity vs. progression free survival

Kaplan-Meier survival curves of low vs. high amygdalar activity based on the upper tertile vs.
the lower two tertiles for all patients. Amygdalar activity is measured as the mean activity of
both amygdalae corrected for background cerebral tissue activity. The P-values were calculated

using the log-rank test; Cox regression analyses were used to calculate hazard ratios.
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Figure 1.11: Representative images

Axial views of the amygdala. Higher amygdalar uptake of *F-FDG in a patient who died (A)
compared to a patient who survived (B) after a diagnosis of head and neck cancer. These images
were recorded at the initial cancer staging prior to cancer treatment. Both individuals had the

same stage and type of cancer.
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ABSTRACT
Background
Cardiovascular (CV) events are increased among patients with cancer treated with radiation
therapy. The mechanisms are incompletely understood. We recently reported that quantification
of amygdalar metabolic activity (AmygA), a quantifiable measure of stress, predicts CV events
in subjects without cancer. In this study, we tested the association between AmygA and both
atherosclerotic burden and CV events among patients with cancer treated with radiation.
Methods
We measured amygdala activity using '®F-fluorodeoxyglucose positron emission
tomography/computed tomography (**F-FDG-PET/CT) performed as part of routine cancer
staging among 240 consecutive patients with head and neck cancer treated with radiation
therapy. Additionally, we measured atherosclerotic plaque burden in the carotid among 47 of the
240 patients with an available neck CT after radiation treatment to assess the association between
AmygA and atherosclerotic plaque. The primary outcomes of interest (CV events) was a
composite of stroke, transient ischemic attack (TTIA), myocardial infarction (MI), and congestive
heart failure (CHF). We used a multivariate unconditional logistic regression to assess the
association between AmygA and carotid plaque prevalence. The association between AmygA
and CV events was determined using Cox proportional hazard models after adjustment for
relevant confounders.
Results
Among 240 patients with cancer (59+13 years; 30% female, 48% had stage 4 disease), AmygA
associated with the presence (OR=3.38, 95%CI (1.26, 12.77), P=0.032) and extent of carotid

plaque. Higher AmygA at cancer staging also associated with serum inflammatory markers, and
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vascular inflammation (P<0.05 each). Over a median follow-up period of 3 years (IQR: 1.7-5.1)
there were 31 CV events. AmygA at cancer staging was associated with subsequent CV events,
an effect that remained significant after adjustment for age, sex, and CV risk (adjusted hazard
ratio 1.47,95% CI 1.04 2.09, P=0.031). The association between AmygA and CV events
persisted when the analysis was restricted to patients with no prior history of CV disease and
even among those at a low predicted CV risk (P<0.001).

Conclusions

Amygdala activity, a quantifiable biomarker for stress-associated brain activity, is associated
with atherosclerotic plaque burden and CV events among patients with cancer treated with
radiation therapy.

Keywords

Cancer, stress, arterial inflammation, bone marrow, hematopoietic, cardiovascular events
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2.1 INTRODUCTION
Radiation therapy is a standard primary therapy for patients with specific cancers. However,
patients with cancer treated with radiation are at a markedly increased risk for subsequent
cardiovascular (CV) events (1). This excess risk for subsequent CV events among patients with
cancer is due to a combination of shared risk factors (age, smoking, obesity) (2), shared biology
(inflammation, oxidative stress and reactive oxygen species) and radiation-associated vascular
and myocardial injury (3, 4)). However, the link between cancer and subsequent CV events after
radiation remains incompletely understood. Psychological stress is associated with an increased
risk for cancer, (5) psychological stress is associated with an increased risk for CV disease in
patients without cancer (6, 7), and psychological stress is associated with an increased risk for
atherosclerosis; however, there are no data testing the association between psychological stress
in patients with cancer treated with radiation and subsequent CV events. For example, our group
has recently shown that a higher amygdalar metabolic activity (AmygA), as measured with use
of BF-FDG-PET/CT imaging, was strongly linked to subsequent CV events among a cohort of
293 patients without cancer (8). We focused on the amygdala as it is a highly-conserved region
of the brain that is a critical regulator of emotional processing, and a mediator of the individual
response to homogenous stressful events (9). The activity of neurons in the amygdala is
augmented in response to stress (10), which in turn leads to activation of the hippocampus
pituitary axis (HPA) (11-13), activation of the sympathetic nervous system, an increase in
inflammation (14), atherosclerosis and adverse changes in CV function (8, 15, 16). Given the
multiple overlaps between cancer, radiation and CV burden and disease, we hypothesized in
patients with cancer treated with radiation that higher AmygA associates with atherosclerosis and

an increased risk of CV events. We measured AmygA at baseline prior to the start of cancer
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therapy and tested this hypothesis in a homogenous cancer population (head and neck cancer) as
this is a population where cancer survival has increased (17) and that are at a markedly increased

risk of CV events (1).
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2.2 METHODS

2.2.1 STUDY DESIGN AND PARTICIPANTS:

We identified all consecutive patients with HNC treated with radiation who received care at the
Massachusetts General Hospital between January 2002 and December 2012 using a research
registry (Research Patient Data Registry (RPDR))(18, 19). From these, we then identified
patients who had a '®F-FDG-PET/CT performed for cancer staging prior to the initiation of
cancer treatment. Patients with scans that did not include the amygdala were excluded.
Additionally, we identified all patients who had a neck CT available for analysis after
completion of cancer therapy. Institutional review board (IRB) approved the study protocol, and

no informed consent was required (IRB #2014P001394).

2.2.2 STUDY VARIABLES:

The baseline visit was defined as the participant’s first visit before treatment. Cardiovascular
covariates including, blood pressure, blood cholesterol levels, smoking status, prior history of
cardiovascular events and use of cardiovascular medication were obtained from the electronic
health record (EHR). Individuals ASCVD risk score were calculated using the ACC/AHA pooled
cohort equation.(20) On treatment and cancer-specific covariates included functional status,
lymph node involvement, radiation dose, and the use of chemotherapy and surgical treatment

were also obtained from the EHR as previously defined(18, 19).

2.2.3 MEASURING AMYGDALAR ACTIVITY AND CAROTID INFLAMMATION:
Patients were given a dose of ~370 MBq of '8F-FDG intravenously after six hours fast, then
rested in a quiet room for an hour. PET/CT was then performed using an integrated scanner

(Biograph 64, Siemens Healthcare, Erlangen, Germany [or similar]). A non-gated, non-contrast-
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enhanced CT (120 keV, ~50 mAs) was done for attenuation correction. AmygA was measured as
previously described (8, 21). Circular regions of interest were placed in the right and left
amygdala. Mean standardized uptake values (SUV) were calculated by averaging mean SUV in
right and left amygdala. Then, amygdalar activity was corrected for background cerebral activity
(amygdala, as mean temporal lobe SUV) (8, 21). Arterial inflammation, target-to-background
ratios, were measured by deriving mean SUVs from the right and left carotid walls and

correcting for venous blood background in the superior vena cava (22, 23) (SA,YW).

2.2.4 MEASURING PLAQUE THICKNESS

We included all subjects with a neck CT with contrast and CT angiography after completion of
radiation therapy. All images were assessed for (1) the presence of plaque, (2) plaque
composition (calcified, mixed or non-calcified), (3) degree of stenosis based on the North
American Symptomatic Carotid Endarterectomy Trial (NASCET) evaluation (stratified as
minimal 1-30%, mild 31-50%, moderate 51-69% and severe 70-99%) and (4) the presence of
high-risk plaque (HRP) features, including spotty calcification (size of calcification < 3mm in all
directions) and low attenuation (if the circular region of interest with diameter of I mm shows an
area with mean attenuation <40HU). A plaque score was calculated by summing the maximum
thickness of plaque in each segment (mm) on both sides. The images were analyzed by a single
board-certified physician (DB), blinded to the clinical data, on a cardiac workstation (Osirix,
Geneva, Switzerland) using previously validated methods (24-26).

2.2.4 OUTCOMES:

The primary outcome of interest was the occurrence of a CV event following the PET/CT.
Events were defined as a composite of stroke, transient ischemic attack (TIA), acute coronary

syndrome (ACS), heart failure (HF), using standardized definitions (27). Specifically, ischemic
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stroke was defined as an episode of neurological dysfunction caused by focal cerebral, spinal, or
retinal infarction. Available computed tomography and magnetic resonance imaging reports were
also reviewed for additional confirmation. TIA was defined as transient (<24 hours) stroke
symptoms and the absence of objective cerebral, spinal, or retinal infarction as seen with
pathology or imaging. events were adjudicated by a board-certified physician blinded to PET/CT

data (DA).

2.2.5 STATISTICAL ANALYSIS:

Descriptive statistics were generated for all variables. We compared baseline and on treatment
covariates between patients who experienced CV events and patients who did, using unpaired
two-sample t-tests for continuous variables and Fisher’s exact test for categorical variables, and
the Wilcox rank-sum test for ordinal variables. We used unconditional multivariate logistic
regression and ordinal logistic regression to assess the association between AmygA and the
presence and severity of plaque on neck CT. Univariate and multivariate Cox regression was
performed to estimate the hazard ratio (HR) and 95% confidence interval (CI) associated with
amygdalar activity. The multivariate Cox model included age, sex, cigarette smoking, ASCVD
risk score, history of depression and anti-depressant medication. We analyzed AmygA as a
continuous variable, and as binary variable based pre-specified cut points; above the median,
upper quartile and based on Youden Index (28), a standardized method to identify cut points with
highest overall diagnostic effectiveness. To check the robustness of our results we conducted
several sensitivity analyses, we limited analyses to patients with no loss to follow-up, prior
history of CVD, prevalent history of cardio-metabolic disease (history of diabetes or
hypertension or dyslipidemia), and patients with predicted ASCVD below 10%. We compared

patients with high activity versus low activity using log-rank test and associated Kaplan Meier
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estimates and curves. Statistical significance was determined as a two-tailed P value of < 0.05.
All statistical analyses were performed with the use of R, Version 1.0.143 (R Foundation for

Statistical Computing).
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2.3 RESULTS

2.3.1 CHARACTERISTICS AT CANCER STAGING

The final cohort included 240 patients with available imaging and cancer data (Figure 1.10). The
mean age was 59+13 years (range 10-89 years), 30% were women, 10% had diabetes, 27% had
dyslipidemia, 47% had hypertension, 66% were active or prior cigarette smokers, and the mean
ASCVD predicted risk was12%. Over a median follow-up period of 3 years (IQR: 1.7-5.1), 31
patients experienced 38 CV events. These events were 17 strokes, 8 patients with TIA 6 cases of
ACS, and 7 episodes of new onset heart failure. When those who had an event, and who did not
have an event were compared, cardiovascular risk (ASCVD score) and cancer stage were higher
among those who had an event; otherwise, there were no major differences in cancer and non-
cancer related characteristics between cohorts (Table 2.11 and Table 2.12). We identified 47
patients who a clinically indicated CT. The mean age of this subgroup was 55+14 years, 33%
were women, and 45% had hypertension. When patients with and without plaque were
compared, patients with plaque identified on CT were more likely to be older and have a higher

ASCYVD risk score (Table 2.13).

2.3.2 ASSOCIATIONS BETWEEN AMYGDALAR ACTIVITY, ARTERIAL INFLAMMATION AND
ATHEROSCLEROSIS.

At staging, higher AmygA associated with heightened arterial inflammation, bilateral carotid
TBR (r=0.37, P<0.001). When individuals were grouped into tertiles according to AmygA
activity, patients with upper tertile and middle tertile had a heightened arterial inflammation
compared to patients with lowest tertile of AmygA (Figure 2.2). However, the association
between upper and middle tertile of AmygA and carotid inflammation did not persist after

correction for multiple comparison. While we did not observe an association between carotid
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inflammation at baseline and prespecified outcomes, carotid inflammation was marginally
associated with stroke, TIA, and MI. Each SD increase in carotid TBR adjusted for age and
gender was associated with 63% increase in risk of events (HR=1.63 [0.99, 2.68], P=0.052).

47 patients had a clinically indicated neck CT or CT after baseline PET CT imaging, the mean
time to CT was 44 days. among patients who had CT, AmygA was associated with the presence
of plaque, where each SD increase in AmygA was associated with 2-fold increase in the
probability of plaque presence on subsequent CT (OR=2.06 [1.20, 3.85], P=0.013). The
association remained significant after multivariate adjustment (Table 2.14). Further, AmygA
correlated with plaque thickness (rtho = 0.40, P=0.004). Similarly, AmygA associated with
degree of stenosis (OR= 1.93, 95% CI [1.05- 3.81], P =0.042)).

2.3.3 AMYGDALAR ACTIVITY AND CV EVENTS

AmygA at cancer staging was a strong predictor of subsequent CV events among patients with
cancer. Each SD increase in AmygA was associated with a 50% increased risk of a subsequent
CV event (HR, 1.50,95% CI [1.08-2.08], P = 0.015). The association between amygdala activity
and CV events remained significant after adjustment for age, sex, smoking status, cardiac risk,
history of depression or anxiety and anti-depressant or anxiolytics (Table 2.15). To further
explore the relation between amygdala activity and CV events, we dichotomized AmygA
according to pre-specified cut points; Youden index and mean (SD). For example, patients with
higher AmygA, as defined using the Youden index, had an approximately 4-fold increase in risk
of a subsequent CV events (HR, 3.70 95% CI [1.75-7.82], P< 0.001, Figure 2.7). Similarly,
patients with higher AmygA, defined using one SD above the mean, experienced an
approximately 3.5-fold increase in the risk of CV event (HR 3.54,95% CI [1.54 8.17], P=0.001,

Figure 2.8). The results remained robust when analyses were limited to patients with no prior
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coronary disease or carotid disease, an ASCVD risk score of <10%, and those with no cardio-

metabolic risk factor at baseline (Table 2.16).

2.4 DISCUSSION
2.4.1 SUMMARY OF RESULTS
In this study, we tested the association between the metabolic activity in the amygdala in patients
with HNC treated with radiation therapy and CV outcomes. We showed that each SD increase in
metabolic activity in the amygdala associated with an estimated 50% increased risk of a
subsequent CV event. The observed association remained significant after adjustment for
traditional CV risk factors. Mechanistically, AmygA associated with atherosclerosis burden,
where each SD increase in AmygA associated with 3-fold increase in the presence and severity
of carotid plaque after completion of radiation. Our results also highlight a significant association
between AmygA with markers of vascular and systemic inflammation.
2.4.2 EXPLANATION FOR FINDINGS
This finding broadly supports our previous work and the work of other in this area, linking
AmygA with CV disease. We previously showed that higher AmygA independently associated
with an increased risk of subsequent CV events in a cohort of 293 individuals without active
malignancy or known cardiovascular disease (CVD) who underwent a clinically indicated '*F-
FDG-PET/CT (8). The mechanism by which stress contribute to CV risk is a significantly
complex multi-dimensional phenomenon mediated by changes in the neural stress circuit (28).
Under chronic stress dendritic cells in the amygdala shows persistent dendritic growth and spine
formation, in parallel with reversible dendritic atrophy in the brain stem,(29) promoting
activation of sympathetic nervous system, and subsequent elevation of blood pressure, heart rates

and endothelial dysfunction (30). Of interest, previous studies have linked AmygA to temporal
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increase in inflammatory response to stress and subsequent CV events (8, 15). In animal models
stress activation of the sympathetic nervous system leads to release of monocyte from bone
marrow niches(31-33). Under stressful conditions, newly released monocytes migrate into
arterial wall, promoting further atherosclerosis(34).

2.4.3 FUTURE DIRECTIONS

While several previous studies attempted to investigate stress reduction and CV outcome, the
generalizability of much of that research is questionable. In addition to small sample size,
research on stress reduction is often of limited methodological quality and focused primarily on
secondary prevention of CV events. Additionally, much of the research on the relationship
between stress and CV did not provide an objective measure of stress. Thus, it could be argued
that the observed effect or lack of effect might not be related to alteration in Stress-CV axis.

In contrast to the individual levels of stress which might vary over time; AmygA has the
advantages of stability and reproducibility over several months. Further, ¥F-FDG-PET/CT at
staging and subsequent follow-up is part of the current clinical practice, thus, would not involve
exposing the patient to unnecessary testing.

Recent studies suggest that the amygdala could be a target for disease alteration. For example, in
a recent randomized clinical trial, subjects randomized into mindful attention training showed a
significant reduction in amygdalar activation that persisted into the non-meditative state on fMRI
compared to subjects receiving cognitive behavioral therapy and healthy controls (35). Further
work is required to establish the viability of stress reduction therapy on amygdala, and whether

such interventions would alter amygdala CV axis.
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2.4.4 LIMITATIONS

Our finding needs to be interrupted carefully. This was a retrospective study looking at stress in
patients mostly presenting with advanced stage cancer who underwent '*F-FDG-PET/CT for
cancer staging at a single academic center. It is possible that the observed increase in AmygA
was due to pain rather than psychological stress. Indeed, substantial evidence suggest that the
amygdala has a critical role in the perception and the response to pain(36). However, the
association between AmygA and CV outcomes remained significant after adjustment for disease
stage. A second caveat is the possibility that receiving a diagnosis of advanced disease would
have substantially altered AmygA, and that the observed effect might not reflect chronic stress,
even though AmygA was measured using PET CT images that had been obtained before initial
staging and treatment onset. While it is possible that patient’s awareness of disease status might
have impacted there AmygA, it could be argued that AmygA was measured at initial staging,
thus, patients were not fully aware of their disease stage at the time of the scan. Another
potential drawback is that we were not able to assess patients stress. However, in a previous

study we have shown that AmygA is significantly correlated with subjective stress.

2.4.5 CONCLUSIONS

In conclusion, stress measured using resting metabolic activity of amygdala was a significant
predictor of CV events among patients with head and neck cancer. Further, we observed a
significant association between AmygA and measures of arterial inflammation, revealing a
potential role for a stress related neural activity and CV events in patients with active cancer. To
our knowledge, this is the first study to examine the relation between AmygA and cardiovascular
outcomes among patients with active cancer. This study potentially provides novel insight into

the underlying mechanisms of the increased cardiovascular risk among patients with cancer and,
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importantly, our results highlight the scientific gap in the current literature and provides a
rationale for future studies to investigate whether altering AmygA-inflammation axis among

patients with cancer halt CVD development.

-84 -



2.5 REFERENCES
1. Smith GL, Smith BD, Buchholz TA, Giordano SH, Garden AS, Woodward WA, et al.
Cerebrovascular Disease Risk in Older Head and Neck Cancer Patients After Radiotherapy.
Journal of clinical oncology : official journal of the American Society of Clinical Oncology.
2008;26(31):5119-25.
2. Koene RJ, Prizment AE, Blaes A, Konety SH. Shared Risk Factors in Cardiovascular
Disease and Cancer. Circulation. 2016;133(11):1104-14.
3. Darby SC, Ewertz M, McGale P, Bennet AM, Blom-Goldman U, Brgnnum D, et al. Risk
of Ischemic Heart Disease in Women after Radiotherapy for Breast Cancer. New England
Journal of Medicine. 2013;368(11):987-98.
4. Bovelli D, Plataniotis G, Roila F, On behalf of the EGWG. Cardiotoxicity of
chemotherapeutic agents and radiotherapy-related heart disease: ESMO Clinical Practice
Guidelines. Annals of Oncology. 2010;21(suppl_5):v277-v82.
S. Chida Y, Hamer M, Wardle J, Steptoe A. Do stress-related psychosocial factors
contribute to cancer incidence and survival? Nature clinical practice Oncology. 2008;5(8):466-
75.
6. Rosengren A, Hawken S, Ounpuu S, Sliwa K, Zubaid M, Almahmeed WA, et al.
Association of psychosocial risk factors with risk of acute myocardial infarction in 11119 cases
and 13648 controls from 52 countries (the INTERHEART study): case-control study. Lancet
(London, England). 2004;364(9438):953-62.
7. Richardson S, Shaffer JA, Falzon L, Krupka D, Davidson KW, Edmondson D. Meta-
analysis of perceived stress and its association with incident coronary heart disease. Am J

Cardiol. 2012;110(12):1711-6.

-85 -



8. Tawakol A, Ishai A, Takx RA, Figueroa AL, Ali A, Kaiser Y, et al. Relation between
resting amygdalar activity and cardiovascular events: a longitudinal and cohort study. Lancet
(London, England). 2017;389(10071):834-45.

9. Willner P. The chronic mild stress (CMS) model of depression: History, evaluation and
usage. Neurobiology of Stress. 2017;6:78-93.

10.  Kiernan JA. Anatomy of the Temporal Lobe. Epilepsy Research and Treatment.
2012;2012:176157.

11.  Ressler KJ. Amygdala Activity, Fear, and Anxiety: Modulation by Stress. Biological
psychiatry. 2010;67(12):1117-9.

12.  Oler JA, Fox AS, Shelton SE, Rogers J, Dyer TD, Davidson RJ, et al. Amygdalar and
hippocampal substrates of anxious temperament differ in their heritability. Nature.
2010;466(7308):864-8.

13. Wang SS, Yan XB, Hofman MA, Swaab DF, Zhou JN. Increased expression level of
corticotropin-releasing hormone in the amygdala and in the hypothalamus in rats exposed to
chronic unpredictable mild stress. Neurosci Bull. 2010;26(4):297-303.

14. Muscatell KA, Dedovic K, Slavich GM, Jarcho MR, Breen EC, Bower JE, et al. Greater
amygdala activity and dorsomedial prefrontal-amygdala coupling are associated with enhanced
inflammatory responses to stress. Brain, behavior, and immunity. 2015;43:46-53.

15. Goyal A, Dey AK, Chaturvedi A, Elnabawi YA, Aberra TM, Chung JH, et al. Chronic
Stress-Related Neural Activity Associates With Subclinical Cardiovascular Disease in Psoriasis:
A Prospective Cohort Study. JACC: Cardiovascular Imaging. 2018.

16.  Malpas SC. Sympathetic Nervous System Overactivity and Its Role in the Development

of Cardiovascular Disease. Physiological Reviews. 2010;90(2):513-57.

- 86 -



17.  Pulte D, Brenner H. Changes in Survival in Head and Neck Cancers in the Late 20th and
Early 21st Century: A Period Analysis. The Oncologist. 2010;15(9):994-1001.

18. Addison D, Seidelmann SB, Janjua SA, Emami H, Staziaki PV, Hallett TR, et al. Human
Papillomavirus Status and the Risk of Cerebrovascular Events Following Radiation Therapy for
Head and Neck Cancer. Journal of the American Heart Association. 2017;6(9).

19. Addison D, Lawler PR, Emami H, Janjua SA, Staziaki PV, Hallett TR, et al. Incidental
Statin Use and the Risk of Stroke or Transient Ischemic Attack after Radiotherapy for Head and
Neck Cancer. J Stroke. 2018;20(1):71-9.

20. Goff DC, Jr., Lloyd-Jones DM, Bennett G, Coady S, D'Agostino RB, Gibbons R, et al.
2013 ACC/AHA guideline on the assessment of cardiovascular risk: a report of the American
College of Cardiology/American Heart Association Task Force on Practice Guidelines.
Circulation. 2014;129(25 Suppl 2):S49-73.

21.  Britz-Cunningham SH, Millstine JW, Gerbaudo VH. Improved discrimination of benign
and malignant lesions on FDG PET/CT, using comparative activity ratios to brain, basal ganglia,
or cerebellum. Clinical nuclear medicine. 2008;33(10):681-7.

22. Emami H, Singh P, MacNabb M, Vucic E, Lavender Z, Rudd JH, et al. Splenic metabolic
activity predicts risk of future cardiovascular events: demonstration of a cardiosplenic axis in
humans. JACC Cardiovascular imaging. 2015;8(2):121-30.

23. Tawakol A, Migrino RQ, Bashian GG, Bedri S, Vermylen D, Cury RC, et al. In Vivo
18F-Fluorodeoxyglucose Positron Emission Tomography Imaging Provides a Noninvasive
Measure of Carotid Plaque Inflammation in Patients. Journal of the American College of

Cardiology. 2006;48(9):1818-24.

-87-



24. Gupta A, Baradaran H, Kamel H, Pandya A, Mangla A, Dunning A, et al. Evaluation of
computed tomography angiography plaque thickness measurements in high-grade carotid artery
stenosis. Stroke. 2014;45(3):740-5.

25. Walker LJ, Ismail A, McMeekin W, Lambert D, Mendelow AD, Birchall D. Computed
tomography angiography for the evaluation of carotid atherosclerotic plaque: correlation with
histopathology of endarterectomy specimens. Stroke. 2002;33(4):977-81.

26. Janjua SA, Staziaki PV, Szilveszter B, Takx RAP, Mayrhofer T, Hennessy O, et al.
Presence, Characteristics, and Prognostic Associations of Carotid Plaque Among People Living
With HIV. Circulation Cardiovascular imaging. 2017;10(10).

217. D'Agostino RB, Sr., Vasan RS, Pencina MJ, Wolf PA, Cobain M, Massaro JM, et al.
General cardiovascular risk profile for use in primary care: the Framingham Heart Study.
Circulation. 2008;117(6):743-53.

28. Ruopp MD, Perkins NJ, Whitcomb BW, Schisterman EF. Youden Index and Optimal
Cut-Point Estimated from Observations Affected by a Lower Limit of Detection. Biometrical
journal Biometrische Zeitschrift. 2008;50(3):419-30.

29.  Roozendaal B, McEwen BS, Chattarji S. Stress, memory and the amygdala. Nature
reviews Neuroscience. 2009;10(6):423-33.

30. Batchu SN, Smolock EM, Dyachenko IA, Murashev AN, Korshunov VA. Autonomic
dysfunction determines stress-induced cardiovascular and immune complications in mice.
Journal of the American Heart Association. 2015;4(5).

31.  Zhou D, Kusnecov AW, Shurin MR, DePaoli M, Rabin BS. Exposure to physical and
psychological stressors elevates plasma interleukin 6: relationship to the activation of

hypothalamic-pituitary-adrenal axis. Endocrinology. 1993;133(6):2523-30.

-88 -



32. Triposkiadis F, Karayannis G, Giamouzis G, Skoularigis J, Louridas G, Butler J. The
Sympathetic Nervous System in Heart Failure: Physiology, Pathophysiology, and Clinical
Implications. Journal of the American College of Cardiology. 2009;54(19):1747-62.

33.  Hanna RN, Hedrick CC. Stressing out stem cells: linking stress and hematopoiesis in
cardiovascular disease. Nat Med. 2014;20(7):707-8.

34.  Woollard KJ, Geissmann F. Monocytes in atherosclerosis: subsets and functions. Nature
reviews Cardiology. 2010;7(2):77-86.

35. Desbordes G, Negi LT, Pace TW, Wallace BA, Raison CL, Schwartz EL. Effects of
mindful-attention and compassion meditation training on amygdala response to emotional stimuli
in an ordinary, non-meditative state. Frontiers in human neuroscience. 2012;6:292.

36.  Neugebauer V. Amygdala pain mechanisms. Handbook of experimental pharmacology.

2015;227:261-84.

-89 -



-90 -



Table 2.12: Baseline characteristics

Variable No event P Value
(209)
Age (yrs) 59 (13) 59 (13) 62 (16) 0.32
Female sex, n, (%) 73 (304) 64 (30.2) 9 (33.3) 0.98
Body Mass Index (kg/m’) 27.3(5.7) 27.5(5.8) 25.2 (4.7) 0.29
Past Medical History, n, (%)
Atrial fibrillation 11 (4.6) 10 (4.7) 1@3.7) 0.94
Heart failure 729) 7@3.3) 0 (0.0) 0.64
Ischemic heart disease 20 (8.3) 18 (8.5) 1@3.7) 1
Myocardial infarction 14 (5.8) 10 (4.7) 3(11.0) 0.03
Stroke 83.3) 7@3.3) 13.7) 1
Transient ischemic attack 8 (3.3) 6(2.98) 2(74) 0.62
Reactive airway disease 29 (12.1) 22 (104) 7 (25.9) 0.03
Psychiatric History, n, (%)
Depression 33 (13.8) 27 (12.7) 6 (22.2) 0.49
Anti-depression medication 29 (12) 23 (11) 6 (19) 0.30
Anti-anxiety medication 48 (20) 45 (22) 309 0.19
Cardiovascular risk factors, n, (%)
Diabetes 26 (10.8) 17 (9.8) 13.2) 0.25
Hypertension 113 (47.1) 79 (45.7) 14 (45.2) 0.97
Dyslipidemia 64 (26.7) 43 (24.9) 7 (22.6) 0.74
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Smoking 158 (65.8) 135 (64.6) 23(74.1) 0.39
Mean ASCVD 10-year risk 12 12 (12.6) 13 (15.7) 0.83
Laboratory Values

Haematocrit 38 (5) 38 (5) 37 (5) 0.28
WBC 7.6 3.8) 74 3.1) 8(4.2) 0.76
Total Cholesterol (mg/dL) 172 (28) 173 (28) 174 (27) 0.64
LDL (mg/dL) 96 (26) 98 (26) 101 (25) 0.25
HDL (mg/dL) 52 (13.1) 52.3 (13.8) 53 (11) 0.54
Triglycerides (mg/dL) 166 (72) 162 (69.9) 158 (71) 0.52
Glucose (mg/dL) 112 (39) 112 (35) 114 (51) 0.77
HbA1C 6 (1.1 5901 6.4 (1.34) 0.31
Sodium (mg/dL) 138 (3) 138 (3) 137 (3) 0.31
Creatinine (mg/dL) 0.93 (0.3) 0.92 (0.2) 0.93 (0.5) 0.98
CRP (mg/dL) 4.11 (8.2) 4.62 (9.2) 2.36(1.5) 0.61
Cardiovascular medications

Statins 67 (28) 47 (27) 9 (19) 1
Beta-blockers 59 (25) 41 (24) 9(29) 0.69
Aspirin 55 (23) 39 (23) 13 (42) 0.01
Angiotensin-converting 44 (18.3) 32 (18.5) 5(6) 0.92
Angiotensin-receptor 16 (7) 11 (6) 3(10) 0.74
Calcium channel blockers 17 (7) 9(5) 4 (13) 0.33
Coumadin 94 5@3) 2(7) 0.73




Table 2.13: Cancer characteristics and cancer treatments of participants.

Variable

Type of Head and Neck Cancer, n (%)

No event

(N=209)

Event

(N=31)

P-value

Laryngeal 29 (12) 21 (12.1) 7 (23) 0.10
Oropharyngeal 94 (39) 76 (43.9) 11 (36) 0.8
Hypopharyngeal 12 (5) 8 (4.6) 00 0.35
Nasopharyngeal 21 (8) 14 (8.1) 4 (13) 0.59
Tumor site, n (%) 0.58
Left 83 (34.5) 59 (35.5) 24 (36.9)
Right 75 (32.5) 58 (34.9) 17 (26.2)
Median 25 (10.8) 17 (10.2) 8 (12.3)
Bilateral 48 (20.8) 32 (19.3) 16 (24.6)
Number of radiation cycles, n (%) 0.07
1 222 (93) 163 (94.2) 59 (88.1)
2 15 (6) 9(5.2) 6 (9.0
3 2038 1(0.6) 1(1.5)
4 1(04) 0(0) 1(1.5)
Type of chemotherapy, n (%)
Anthracycline 14 (6) 9 (5) 5(8) 0.72
Taxol 94 (39) 69 (40) 25 (37) 0.83
5FU 25 (10) 14 (8) 11 (16) 0.09
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Platinum 154 (64) 111 (64) 43 (64) 1
Others 67 (28) 46 (27) 21 (31) 0.56
Cancer Stage,n (%) 0.59
Stage 1 73) 6 (2.8) 1@3.7)
Stage 2 69 (29) 57 (27.0) 11 (40.7)
Stage 3 48 (20) 43 (204) 4 (14.8)
Stage 4 116 (48) 105 (49.8) 11 (40.7)
Detectable 198 (82.5) 176 (83.4) 21 (77.8) 0.93
Metastases 72 (30) 66 (31.6) 6(194) 0.23
ECOG status, n (%) 0.007
0 126 (53) 113 (53.3) 12 (444)
1 74 (30) 70 (33.0) 4 (14.8)
2 36 (15) 27 (12.7) 9333
3 4(2) 2(1) 2(74)
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Table 2.14: Baseline Characteristics of Patients Who Had CT

Variable All patients No plaque on  Plaque on CT P Value
(47) CT (30) a7
Age (yrs) 56 (14) 51 (12) 65 (11) <0.001
Female sex, n, (%) 18 (38) 12 (40) 6 (35) 0.99
Body Mass Index (kg/m’) 28.3(7) 27.8 (6) 29.2 (8) 0.53
Past Medical History, n, (%)
Atrial fibrillation 3(6) 1(3) 2(12) 0.61
Heart failure 3(6) 0 (0) 3 (18) 0.08
Ischemic heart disease 4 (8) 1(3) 3(18) 0.25
Myocardial infarction 3(6) 2(7) 1(6) 1
Stroke 24 0 (0) 2(12) 0.24
Transient ischemic attack 1(2) 0 (0) 1(6) 0.77
Reactive airway disease 6 (13) 1(3.3) 5129 0.03
Psychiatric History, n, (%)
Depression 8 (17) 6 (20) 2(12) 0.75
Anti-depression medication 8 (17) 6 (20) 2(12) 0.75
Anti-anxiety medication 10 (21) 7 (23) 3(18) 0.93
Cardiovascular risk factors, n, (%)
Diabetes 4(9) 2 (7) 2(12) 0.95
Hypertension 24 (51) 12 (40) 12 (71) 0.08
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Dyslipidemia 9(19) 6 (20) 3 (18) 1
Smoking 16 (34) 11 (37) 5(29) 0.87
Mean ASCVD 10-year risk 709) 5(8) 11 (9) 0.03
Laboratory Values

WBC 7.6 (3.5) 7.16 (3.2) 8.4 (4) 0.25
Total Cholesterol (mg/dL) 177.(25) 182 (28) 170 (18) 0.13
LDL (mg/dL) 100 (25) 104 (28) 95 (19) 0.29
HDL (mg/dL) 51 (13) 52 (14) 50 (13) 0.56
Triglycerides (mg/dL) 181 (80) 186 (84) 173 (75) 0.58
Glucose (mg/dL) 106 (26) 101 (27) 114 (23) 0.10
HbA1C 5.8 (0.40) 5.6 (0.15) 5.8(047) 0.49
Creatinine (mg/dL) 0.91 (0.20) 0.90 (0.18) 0.93 (0.22) 0.61
Cardiovascular medications

Statins 11 (23) 6 (20) 5(29) 0.71
Beta-blockers 11 (23) 5(17) 6 (35) 0.27
Aspirin 12 (26) 4 (13) 8 (47) 0.03
Angiotensin-converting 10 (21) 6 (20) 4 (24) 1
Angiotensin-receptor 3(6) 1(3) 2(12) 0.60
Calcium channel blockers 3(6) 1(3) 2(12) 0.60
Coumadin 3(6) 1(3) 2(12) 0.60




Table 2.15: Multivariate model of the amygdalar activity vs plaque at CT

Covariates Odds Ratio 95% CI p-value
Amygdalar activity 3.71 [1.40, 13.13] 0.018
Age 1.14 [1.03, 1.31] 0.022
Female gender 0.86[0.11, 6.25] 0.88
History of diabetes 4.61[0.13, 237.48] 0.41
History of hypertension 2.85[0.38, 25.01] 0.31
History of dyslipidemia 0.3810.02, 4.07] 0.46
ASCVD score 0.92 [0.77, 1.05] 0.27

Amygdalar activity was corrected for background cerebral neural tissue activity. The

association between amygdala activity was corrected for accepted survival factors which

were entered as cofactors in a stepwise manner. ASCVD = Atherosclerotic

Cardiovascular Disease
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Table 2.16: Multivariate analysis of amygdalar activity vs. cardiovascular events

Covariates Hazard Ratio 95% C1 p-value
Unadjusted 1.50 1.08 2.08 0.015
Adjusted age and gender 148 1.06 2.06 0.022
Age, ASCVD score, and gender 148 1.06 2.08 0.023
History of depression 1.52 1.09 211 0.014
History of anxiety 1.52 1.09 213 0.015
Anti-depressant medications 1.53 110 2.13 0.012
Anti-anxiety medications 1.52 1.09 213 0.028

Amygdalar activity was corrected for background cerebral neural tissue activity. The association

between amygdala activity was corrected for accepted survival factors which were entered as

cofactors in a stepwise manner. ASCVD = Atherosclerotic Cardiovascular Disease
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Table 2.17: Subgroup analysis of amygdalar activity and cardiovascular events

Covariates Hazard 95% Cl p-value
Unadjusted 1.50 1.08 2.08 0.015
No prior history of diabetics 1.52 1.10 2.10 0.12
No prior history of hypertension 1.6 1.06 2.43 0.027
No prior history of angina 148 1.05 2.08 0.024
No prior history of myocardial infarction 148 1.03 2.13 0.036
No prior history of heart failure 147 1.05 2.04 0.024
No history of prior renal failure 1.58 112 222 0.009

Amygdalar activity was corrected for background cerebral neural tissue activity. The association
between amygdala activity was corrected for accepted survival factors which were entered as

cofactors in a stepwise manner. ASCVD = Atherosclerotic Cardiovascular Disease
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1472 consecutive patients with head & neck
cancer who received radiotherapy at MGH
from 2002-2012

461 excluded
b e emmemmemmmnnn » | Incomplete radiotherapy
| data and records

1011 in initial study population

771 excluded
No Amygdala coverage in
PET imaging

v

240 in final study population

v

[ Median follow-up: 3 years (IQR: 1.7-5.1) ]

v

209 No events

31 Events

Figure 12.1: Study consort diagram.

From a registry of all patients with head and neck cancer staged at a single academic center over a 10-year

period, those with amygdala in the '*F-FDG-PET/CT imaging field were included.
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Figure 2.13: Association between Carotid Inflammation and Amygdalar Activity

Bar graph of Carotid Inflammation vs tertile of AmygA. Error bars represent the standard error
of the mean. SUVs from the right and left carotid walls were measured and corrected for venous
blood background in the superior vena cava to calculate target-to-background ratio (TBR). The

P-values were corrected for multiple testing using Bonferroni method.
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Figure 2.14: Amygdalar activity vs. Cardiovascular Outcomes

Kaplan-Meier survival curves of low vs. high amygdalar activity based on the Youden index for
all patients. Amygdalar activity is measured as the mean activity of both amygdalae corrected for
background cerebral tissue activity. The P-values were calculated using the log-rank test; Cox

regression analyses were used to calculate hazard ratios.
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Figure 2.15: Amygdalar activity vs. Cardiovascular Outcomes

Kaplan-Meier survival curves of low vs. high amygdalar activity based on one SD from the mean
the lower two tertiles for all patients. Amygdalar activity is measured as the mean activity of
both amygdalae corrected for background cerebral tissue activity. The P-values were calculated

using the log-rank test; Cox regression analyses were used to calculate hazard ratios.
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Figure 2.16: Representative images

Axial views of the amygdala. Higher amygdalar uptake of *F-FDG in a patient who had an event
(A) compared to a patient who did not have an event (B) after a diagnosis of head and neck
cancer. These images were recorded at the initial cancer staging prior to cancer treatment. Both

individuals had the same stage and type of cancer.
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SUMMARY AND CONCLUSIONS
HNC remains a significant cause of morbidity and mortality worldwide(1). Psychological stress
has been shown to associate with increased risk of mortality among patients with cancer (2).
Similarly, psychological stress associates with CV events in individuals free of cancer (3, 4).
Recent advances in multi-imaging modalities imaging provide a unique opportunity to provide
novel insights into the cellular pathology of the stress-related illnesses.
We retrospectively identified 240 patients with HNC at a single academic centre who underwent
BF-FDG-PET/CT imaging as part of initial cancer staging. To assess the impact of stress-related
neural activity and patients’ outcomes. We used multivariate Cox proportional hazard model to
estimate the associated risk with increased AmygA activity.
In paper 1, we report, for the first time in humans, that AmygA measured at staging predicts
cancer survival independent of age, sex, cardiovascular risk, cancer stage and other cancer
variables. We observed that each standard deviation (SD) increase in AmygA was associated
with an estimated 35% increased risk of death from cancer (HR 1.35, (95% CI 1.07-1.70),
P=0.009), likely via a pathway through increased cancer progression. Additionally, AmygA was
associated with decreased hematocrit, increased pro-inflammatory markers and activated bone
marrow.
In paper 2, we observed that each SD increase in AmygA was associated with an estimated 50%
increased risk of cardiovascular events (HR 1.50, (95% CI 1.08-2.08), P=0.015). AmygA
independently related to the prevalence of plaque in patients who underwent a later CT. Further,
AmygA associated with plaque thickness. Our results suggest that the underlying mechanism
that links stress to CV events is through increased vascular inflammation and accelerated

atherosclerosis.

- 106 -



In conclusion, higher metabolic activity in stress-related neurological tissue measured on routine
BF-FDG-PET/CT associated with increased risk of adverse outcomes in patients with HNC.
Further, we observed a significant association between AmygA and measures of systemic and
tissue-specific inflammation. Our results are in line with previous studies that show a significant
association between AmygA and inflammation. To our knowledge, this is the first study to 1)
Examine the relation between amygdalar activity and cancer survival. 2) Examine the link
between AmygA and cardiovascular outcomes among patients with active cancer. Potentially,
this study provides mechanistic insights into the pathobiology of stress-related outcomes and,
importantly, our results clearly highlight the need to establish whether altering AmygA-
inflammation axis among patients with cancer halt disease progression. And, whether routine

measuring of AmygA provides a biomarker for cancer outcomes.
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DISCUSSION AND PERSPECTIVES
While multiple line evidence supports the role of stress in cancer mortality and incidence of
CVD, the impact on patient care has been limited.(5-10) One potential pitfall of previous studies
was trying to use standardized instruments to measure stress that did not account for stress
dimensionality, especially for the inter-individual variability in response to stressors(7). The
ideal tool to measure stress, would inform about the individual’s level of stress and also provide
insight into the pre-pathological state, to help physicians to identify patients who are likely to
benefit from stress reduction interventions. Quantifying resting metabolic activity in the
amygdala on "®F-FDG-PET/CT imaging carries several potential advantages. First, it’s a measure
that is reproducible, stable over several months, and straight-forward to quantify.(11, 12)
Secondly, fMRI studies suggest that stress reduction intervention have a direct effect on
amygdalar reactivity(13-15), thus it might possible, to use AmygA to measure treatment
response. Further, '8F-FDG-PET/CT is used routinely in cancer staging, thus, using '*F-FDG-
PET/CT will not add unnecessary testing to current clinical care and possibly will add important
information on disease progression. Future research, large scale prospective studies, should
validate the amygdala as a potential biomarker for disease progression and to determine whether
the observed association is causal in nature.
Our findings need to be interpreted within the context of the study design. First, the
generalizability of these results is subject to certain limitations, this was a retrospective study
among patients with known or suspected HNCA who were being assessed and subsequently
treated at a single academic center. However, the population is homogenous, and the association
between AmygA and cancer outcomes was robust and remained so even after accounting for

cancer- and CVD-specific mortality risk markers.
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Secondly, we were not able to assess the directionality of the association between stress and
heightened inflammation. Specifically, we were not able to assess whether the psychological
stress had led to increased inflammation or whether increased inflammation had led to increased
AmygA.

Thirdly, the study did not evaluate patients’ level of stress. However, we previously showed a
strong correlation between perceived stress and AmygA in healthy volunteers, thus providing
some external validation of the findings.(16) One additional source of weakness in this study
which could have affected the measurements of AmygA was individuals awareness of cancer
diagnosis.

An additional uncontrolled factor is the possibility that excluded patients due to lack of brain
coverage were substantially different from the study population. However, when we compared
patients who were excluded and patients included in the study, excluded patients were more
likely to have a higher cancer stage and ECOG status at presentation. Both factors were

associated with increased amygdalar activity and cancer mortality.
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