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Abstract

Background:  Higher perivascular adipose tissue (PVAT) contributes to adverse physiologic alterations in the vascular wall, and thus could 
potentially limit normal physical function later in life. We hypothesize that higher PVAT volume at midlife is prospectively associated with 
slower gait speed later in life, independent of overall adiposity and other risk factors.
Methods:  Participants from the Study of Women’s Health Across the Nation (SWAN) cardiovascular fat ancillary study were included. PVAT 
volume around the descending aorta was quantified using existing computed tomography scans at midlife, while gait speed was measured after 
an average of 10.4 ± 0.7 years.
Results:  Two hundred and seventy-six women (aged 51.3 ± 2.8 years at PVAT assessment) were included. Mean gait speed was 0.96 ± 0.21 
m/s. Adjusting for study site, race, education level, menopausal status, and length of descending aorta at PVAT assessment, and age, body mass 
index, difficulty paying for basics, overall health and smoking status at gait speed assessment, a higher midlife PVAT volume was associated 
with a slower gait speed later in life (p = .03). With further adjustment for presence of any comorbid conditions by the time of gait speed 
assessment, the association persisted; every 1SD increase in log-PVAT was associated with 3.3% slower gait speed (95% confidence interval: 
0.3–6.3%; p = .03).
Conclusion:  Greater PVAT in midlife women may contribute to poorer physical function in older age supporting a potential role of midlife 
PVAT in multiple domains of healthy aging. Additional research is needed to fully elucidate the physiologic changes associated with PVAT that 
may underlie the observed associations.
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Perivascular adipose tissue (PVAT), the fat depot surrounding the 
vasculature (1), is a metabolically active organ that contributes to 
vascular homeostasis and inflammation (2). It plays an integral role 
in both vascular health and disease through the release of inflamma-
tory cells, adipokines, cytokines, and hormone-like factors (3). These 
biological markers could act in both autocrine and paracrine fashion 

impairing vascular function (3,4) and leading to vascular remodeling 
(5) and atherosclerosis (6).

Several lines of evidence support a physiologic link between vas-
cular function impairments and physical functioning (7–10). In one 
study, higher arterial stiffness was associated with a lower walking 
speed (7). A higher ankle-brachial index was associated with a higher 
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score of self-reported measures of physical functioning (8), and with 
a lower level of objective measures of physical performance (9). In 
participants with and without peripheral arterial disease, a decrease 
in ankle-brachial index was associated with lower but not upper ex-
tremity functional limitations (10). By contributing to adverse dy-
namic physiologic alterations in the vascular wall, PVAT might limit 
normal physical functioning later in life.

Midlife is a key period for women. It encompasses the meno-
pausal transition, a pivotal marker in women’s aging process, when 
several hormonal and biological changes take place (11). Evidence 
showed that women are vulnerable to body fat redistribution, vas-
cular remodeling, and physical functioning changes at midlife 
(12–14), with the menopausal transition and its related hormonal 
changes were found to contribute to this vulnerability (15). Given the 
coincidence increase risk of fat redistribution, vascular remodeling 
and physical functioning changes in women at midlife, evaluating a 
potential link between midlife PVAT and physical functioning status 
later in life is critical for women. No previous study has assessed 
this association in midlife women. The Study of Women’s Health 
Across the Nation (SWAN), a longitudinal study of the menopausal 
transition, provides a unique opportunity to assess the prospective 
relationship between midlife PVAT volume and later life gait speed, a 
measure of physical and functional limitations (16) that can predict 
mortality and morbidity in elderly population (17). We hypothesized 
that higher PVAT volume at midlife will be associated with slower 
gait speed later in life independent of overall adiposity and other 
risk factors.

Methods

Study Participants
SWAN is an ongoing, longitudinal, multisite, multiethnic study of the 
physiological and psychological changes during menopausal transi-
tion. The study design has been previously reported (18). In brief, 
between 1996 and 1997, 3,302 women aged 42–52 years were re-
cruited from seven sites across the United States (Boston, MA; 
Detroit, MI; Chicago, IL, Pittsburgh, PA; Oakland, CA; Los Angeles, 
CA; and Newark, NJ). Eligibility criteria were: (i) an intact uterus and 
at least one ovary; (ii) at least one menstrual period within the last 
3 months; (ii) not pregnant or breastfeeding at recruitment; (iv) no 
hormone therapy use within the last 3 months; and (v) self-identifies 
race as Caucasian, African American, Hispanic, Chinese, or Japanese.

The SWAN Heart Study is an ancillary study at Pittsburgh 
and Chicago sites, where subclinical measures of atherosclerosis 
were measured at baseline and a follow-up visit (19). The SWAN 
Cardiovascular Fat ancillary study measured volumes of cardio-
vascular fat among SWAN Heart participants at the SWAN Heart 
baseline visit (coincident with SWAN visits 4–7). For this study, 
participants from the SWAN Cardiovascular Fat ancillary study 
who had available data on PVAT volume measured early at midlife 
(during SWAN visits 4–7) and gait speed measured later in life (at 
SWAN visit 13) were included. Of 521 women who had cardiovas-
cular fat data available, 245 women were excluded for not having 
gait speed data. This resulted in a final study sample of 276 women. 
Participants who were excluded were younger at time of PVAT as-
sessment and more likely to have a comorbidity by the time of gait 
speed assessment (Supplementary Table 1).

All participants provided written informed consent prior to en-
rollment and study protocols were approved by the institutional re-
view boards at the Pittsburgh and Chicago sites.

Gait Speed Assessment
Gait speed was measured at SWAN visit 13, after a mean of 10.4 
(± 0.7 SD) years since PVAT assessment. Four-meter walk time was 
performed on a level floor with tape markers indicating start and 
stop points, which were 4 m apart (20). Subjects were instructed to 
walk at their usual speed. Timing was stopped when the first foot 
completely crossed the stop mark. The average of two test results 
was reported. Gait speed was calculated by dividing the distance in 
meters (4 m) by average time in seconds (m/s). Gait speed has been 
established as a valid and reliable method for assessing physical 
functioning in older adults (21).

Cardiovascular Fat Assessment
PVAT was defined as the fat around the descending thoracic aorta. 
PVAT volume was quantified using preexisting electron beam com-
puted tomography scans that were used to measure aortic artery cal-
cification. PVAT volume was quantified as described before (19). In 
brief, the 6 mm trans-axial scans were read by two readers using 
the commercially available software Slice-O-Matic (Tomovision, 
Montreal, Canada). PVAT was distinguished from other tissue by a 
threshold of −190 to −30 Hounsfield Unit (HU) (22). The posterior 
border of PVAT was identified by its proximity to the anterior por-
tion of the spinal foramen. The anterior border and the two lateral 
borders were identified by the location of left bronchus, esophagus, 
and crus of diaphragm. The proximal boundary of the descending 
aorta was defined by the carina, and the distal boundary was defined 
at the first lumbar vertebra. Analysis stops at the pedicles of L1. It 
is expected that the length of the evaluated part of the descending 
aorta within the anatomic landmarks described above (aorta length, 
cm) may vary across participants. Therefore, aorta length was es-
timated from table position number at first included CT slice and 
table position number at last included CT slice, and accounted for 
in multivariable analysis. Between and within reader Spearman cor-
relation coefficients for PVAT were 0.99 indicating excellent repro-
ducibility (23).

Study Covariates
Current age at SWAN visit 13 was calculated as the difference be-
tween the participant’s birthdate and SWAN visit 13 completion date. 
Self-reported race/ethnicity and education level were collected at 
SWAN baseline visit. Comorbid medical conditions including osteo-
arthritis, osteoporosis, any cancer, myocardial infarction, stroke, 
and angina were self-reported through questionnaires administered 
at each annual visit. Diabetes mellitus was defined as a fasting blood 
glucose ≥126  mg/dL, use of diabetes medication, or self-reported 
history of diabetes at any visit, while hypertension was defined as 
a systolic blood pressure ≥130  mmHg, a diastolic blood pressure 
≥85 mm Hg or a report of antihypertensive medications at any visit. 
Presence of any comorbidity was defined as presence of any of these 
conditions at any time point until gait speed assessment visit. Ever 
use of hormone therapy was defined as self-reported use of hormone 
therapy at any time point until the gait speed assessment visit.

At each study visit, menopausal status was assessed based on fre-
quency and regularity of menstrual bleeding and use of hormone 
therapy. Menopausal status at PVAT assessment was used as a 
covariate for the current analysis and women at related visits were 
either premenopausal (normal menses within the last 3  months), 
early perimenopausal (women with at least one menses within the 
last 3 months with perceived changes in cycle intervals), late peri-
menopausal (women with no menses for 3 consecutive months 
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but with menstrual bleeding within the last 12 months), or natural 
postmenopausal (no menstrual cycles within the last 12 months).

At time of gait speed assessment, self-reported information on 
difficulty paying for the basics as food, housing and health care 
(somewhat/very hard versus not hard), perceived overall health 
(excellent/very good, good, or fair/poor), and smoking status were 
collected from questionnaires. Body mass index (BMI; kg/m2) was 
calculated as measured weight/height2.

Statistical Analysis
Characteristics of the study population were summarized as mean 
± SD for normally distributed continuous variables or median (Q1, 
Q3) for skewed continuous variables. Categorical variables were 
presented as frequency (%). Distribution of PVAT was skewed and 
log-transformation was applied to reduce skewness.

Univariate linear regression analysis of gait speed and PVAT 
with study variables was conducted to identify potential covariates 
(variables found to be significantly (p < .05) associated with gait 
speed and/or PVAT) for multivariable analysis. Study site, educa-
tion, and menopausal status at PVAT assessment were considered 
irrespective of their related p-values; study site is a SWAN design 
variable that is critical to account for potential differences across 
sites, while menopausal status has been strongly linked to body fat 
redistribution and physical functioning changes in women at midlife 
(11). Model was first adjusted for aorta length. This was followed by 
additional adjustment for site, race, education, menopausal status at 
PVAT assessment, and the following covariates at time of gait speed 
assessment: age, BMI, smoking status, difficulty paying for basics, 
and overall health status. Final model was additionally adjusted for 
presence of any comorbidity by time of gait speed assessment. To 
assess whether the menopausal status at time of PVAT assessment 
modify the association between PVAT and later gait speed, an inter-
action term between menopausal status and PVAT was included in 
the multivariable adjusted models.

To visually present the significant association between PVAT 
and gait speed, model-based means of gait speed by PVAT tertiles 
were estimated adjusting for aorta length, site, race, educa-
tion, menopausal status at PVAT assessment, and the following 
covariates at visit of gait speed assessment: age, BMI, smoking 
status, difficulty paying for basics, overall health status, and pres-
ence of any comorbidity by the time of gait assessment. Post hoc 
Bonferroni adjustment was applied to correct for multiple com-
parisons. Statistical analyses were performed using SAS v9.3 (SAS 
Institute, Cary, NC).

Results

Characteristics of the Study Population
Women were 51.3 ± 2.8 years old at time of PVAT assessment and 
61.3 ± 2.6 years old at time of gait speed assessment. Characteristics 
of study population are summarized in Table 1. Average gait speed 
was 0.96 ± 0.21 m/s; this is comparable to the results from other 
studies reporting gait speed in women at similar age (24).

Univariate Analysis for Gait Speed and log-PVAT
Results of the univariate analysis are presented in Supplementary 
Table 2. White women, women who reported more difficulty paying 
for basics or who reported excellent/very good perceived health 
at time of gait speed assessment had significantly faster gait speed 
compared to reference groups. Higher BMI and presence of any 

comorbidity by time of gait speed assessment were significantly as-
sociated with slower gait speed and higher PVAT volume. Older age 
was significantly associated with higher PVAT volume, and a longer 
descending aorta was associated with faster gait speed and higher 
PVAT volume.

Associations Between PVAT and Gait Speed
Multivariable analysis is presented in Table 2. Adjusting for aorta 
length (Model 1), every 1 SD increase in log-PVAT was significantly 
associated with a 7.1% decrease in gait speed (95% confidence 
interval [CI]: −5.2%, −9.4%; p < .0001) relative to mean gait speed. 
Additional adjustment for site, race, education level, menopausal 
status at PVAT assessment, and age, BMI, difficulty paying for basics, 
overall health, and smoking status at gait speed assessment (Model 
2) slightly reduced the effect size which remained statistically signifi-
cant (−3.2%; 95% CI: −0.3%, −6.3%; p = .03). Adding presence of 
any comorbidity by time of gait speed assessment to the model did 
not alter the relation between midlife PVAT and gait speed later in 
life (Model 3).

Interaction between PVAT and menopausal status was not sig-
nificant. Additional adjustment for ever use of hormone therapy and 
time difference between assessments did not alter the results (data 
not shown).

Table 1.  Characteristics of Study Participants at PVAT and Gait 
Speed Assessments

Study Variables

Age at PVAT assessment (years), mean (±SD) 51.3 (±2.8)
Age at gait speed assessment (years), mean (±SD) 61.3 (±2.6)
White, n (%) 173 (62.9%)
Education, n (%)  

High school 44 (15.9%)
College 131 (47.5%)
Graduate 101 (36.6%)

How hard to pay for basics at gait speed 
assessment, n (%)

 

Somewhat/very hard 46 (17.4%)
Not hard 218 (82.6%)

Menopausal Status at PVAT assessment, n (%)  
Premenopausal 21 (7.6%)
Early perimenopausal 140 (50.7%)
Late perimenopausal 30 (10.9%)
Natural postmenopausal 85 (30.8%)

BMI (kg/m2) at gait speed assessment,  
mean (±SD)

30.6 (±7.0)

Smokers at gait speed assessment, n (%) 17 (6.4%)
Overall health at gait speed assessment, n (%)  

Excellent/Very Good 141 (52.6%)
Good 94 (35.1%)
Fair/Poor 33 (12.3%)

Presence of any medical comorbidities by gait 
speed assessment, Yes, n (%)

252 (93.3%)

Use of hormone therapy by gait speed  
assessment, n (%)

109 (39.5%)

PVAT Volume (cm3), median (Q1, Q3) 29.44 (24.27, 39.06)
Length of the descending aorta (cm),  
mean (±SD)

16.3 (±1.64)

Gait Speed (m/s), mean (±SD) 0.96 (±0.21)

Note: BMI = Body mass index; PVAT = Perivascular adipose tissue. N = 276: 
Numbers may not add up to 276 for all variables due to missing data for the 
following variables: smokers and overall health at gait speed assessment and 
presence of any medical comorbidities by gait speed assessment.
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Association Between PVAT Tertiles and Gait Speed
In the fully-adjusted model (Figure 1), PVAT volume tertiles at mid-
life were negatively associated with gait speed level later in life. 
Women in the highest PVAT volume tertile showed significantly 
slower gait speed later in life compared with those in the medium 
tertile (p = .049, Bonferroni adjusted) or the lowest tertile (p = .029, 
Bonferroni adjusted).

Discussion

Our findings suggest that greater volume of periaortic fat in women 
at midlife is associated with slower gait speed later in life, inde-
pendent of overall adiposity, comorbid conditions, and other pos-
sible confounders.

Although no previous study has assessed the association between 
gait speed and PVAT, few studies have evaluated the relationship 
between gait speed and other visceral fat depots, with inconsistent 
findings. Geisler and colleagues (25) found no cross-sectional asso-
ciation between abdominal visceral fat and gait speed in a healthy 
elderly population (mean age 71.7 ± 4.3 years; 50% women). In one 
longitudinal study, Beavers and colleagues (26) reported an inverse 
relation between baseline abdominal visceral adiposity and gait 
speed over 4 years in women (mean age 74.5 ± 2.8 years). Another 
longitudinal analysis (27) reported that in women (mean age 74.2 ± 
2.9 years), abdominal visceral adipose tissue was not associated with 
later self-reported mobility limitations or slower gait speed after ad-
justment for BMI and other confounders. In the Framingham Study 
(28), it was similarly reported that the inverse relation between ab-
dominal visceral fat and mobility disability and walking speed in 
women (mean age 66.3 ± 8.7 years) was attenuated after adjusting 
for BMI. This study assesses a younger population and evaluates a 
visceral fat depot that is virtually integrated into the vasculature. 
Location of visceral fat as well as the type of assessed physical func-
tioning could be critical factors when evaluating this association.

PVAT is a metabolically active tissue that secretes adipokines and 
cytokines (29) which affects the contractility of vascular walls. PVAT 
prompts the increased secretion of the proinflammatory IL-6, IL-8, and 
MCP-1, while limiting the secretion of adiponectin (30). Adiponectin 
deficiency may be associated with accelerated atherosclerosis attrib-
uted to the insufficiency of vasodilatory effects (31). Moreover, higher 
IL-6 levels may be associated with slower walking speed in older 
women and with decline in walking speed over time (32).

The menopausal transition is a critical period during women’s 
lives when they are subject to changes in body fat composition (12), 
vascular remodeling (13) and a decline in their physical functioning 

(33). During the menopausal transition, concomitant increase in fat 
mass and a decline in physical functioning occurs (12,14). We have 
previously shown that during menopause, women experience vas-
cular alterations and arterial remodeling as evidenced by unfavor-
able changes in carotid intima media thickness, arterial stiffness 
and adventitial diameter around menopause (13,34,35), and with 
significant physical function limitations in postmenopausal women 
(36,37). We have reported that in midlife women, higher inflam-
matory markers are associated with greater self-reported physical 
functioning limitations (38). Given the changes in fat depot volumes 
and distributions occurring at midlife (12), increases in volumes of 
periaortic fat could contribute to the increase in inflammation and 
thus, slower gaits speed that was found in this study.

Our study has limitations. Although the study design was 
cross-sectional, midlife PVAT was analyzed prospectively in relation 
with gait speed later in life. The lack of repeated measures of PVAT 
and gait speed limited our ability to assess for temporality and caus-
ality. The sample size was rather small; however, our findings are 
novel and call for further investigation. In our analysis, we tested 
for multiple covariates that could possibly impact the relation be-
tween PVAT and gait speed but we did not adjust for additional la-
boratory assessments such as adipokines and inflammatory markers 

Table 2.  Adjusted Change in Gait Speed per 1 SD Increase in log-PVAT

Per 1 SD Increase in log-PVATa Gait Speed (m/s)

Model Change (95% CI) m/s % Change Relative to Mean Gait Speed of 0.96 m/sa p Value

Model 1 −0.068 (−0.09, −0.05) −7.1% (−9.4%, −5.2%) <.0001
Model 2 −0.031 (−0.06, −0.003) −3.2% (−6.3%, −0.3%) .03
Model 3 −0.032 (−0.06, −0.003) −3.3% (−6%, −0.3%) .03

Note: PVAT = Perivascular adipose tissue.
Model 1: Adjustment for length of the descending aorta.
Model 2: Adjustment for Model 1+ study site, race, education, menopausal status at PVAT assessment, and the following covariates from the visit of gait speed 

assessment: age, BMI, smoking status., difficulty paying for basics, and overall health status.
Model 3: Adjustment for Model 2 + any comorbidity by gait speed assessment.
aPercent change in gait speed relative to mean gait speed was calculated as estimate of change in gait speed per 1 SD increase in log-PVAT divided by mean gait 

speed (0.96 m/s) multiplied by 100%.

Figure 1.  Adjusted average gait speed mean by PVAT tertiles. aAdjusted 
for multiple testing; reference group is “high.” Model adjusted for length 
of the descending aorta, site, race, education, menopausal status at PVAT 
assessment, and the following covariates from the visit of gait speed 
assessment: age, BMI, smoking status, difficulty paying for basics, overall 
health status, and any comorbidity by gait speed assessment visit. Low 
PVAT: 13.163 cm3 ≤ PVAT volume< 25.949 cm3; Medium PVAT: 25.949 cm3 ≤ 
PVAT volume <35.625 cm3; High PVAT ≥ 35.625 cm3. BMI = Body mass index; 
PVAT = Perivascular adipose tissue.
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which could be related to vascular dysfunction, and possibly me-
diate the relation between PVAT and gait speed (36). These measures 
were not available at the time of conducting this study. Future work 
will assess potential mediation effects of these biomarkers on the re-
ported association in this paper. Participants were women of either a 
White or Black race; thus, these results are of limited generalizability 
to men and other racial/ethnic groups. Future work should assess 
whether similar association can be reported in midlife men and other 
racial/ethnic groups. Women who were excluded were more likely 
to have any comorbidity by the time of gait assessment which may 
have resulted in an underestimation of the assessed association. The 
strengths of the study are the novelty of the assessment, the use of 
high-quality method to quantify PVAT and the well-characterized 
SWAN cohort of midlife women.

This study is the first to demonstrate a prospective relationship 
between PVAT at midlife and gait speed level later in life in women 
independent of possible confounders including overall adiposity. 
A fast decline in gait speed has been recently defined as 2.4% de-
crease per year, and those with fast decline in gait speed had a 90% 
greater risk of mortality than those with slow decline (39). Our re-
sults could guide further understanding of the pathophysiology of 
impaired vascular function and the underlying mechanism for per-
ipheral physical functioning limitation. Animal studies have shown 
that weight loss following caloric restriction is associated with re-
duced inflammation and increased nitric oxide synthase activity in 
PVAT (40); thus, lifestyle interventions which could alter the activity 
of PVAT may corroborate improvements in physical functioning.

In conclusion, greater PVAT in midlife women may contribute to 
poorer physical function in older age supporting a potential role of 
midlife PVAT in multiple domains of healthy aging. Additional re-
search is needed to fully elucidate the physiologic changes associated 
with PVAT that may underlie the observed associations. Future lon-
gitudinal studies are necessary to assess the relations among PVAT, 
vascular health indices, and physical functioning, as well as how the 
changes in those measures may impact functionality.

Supplementary Material

Supplementary data is available at The Journals of Gerontology, 
Series A: Biological Sciences and Medical Sciences online.
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