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Sex Differences in Longitudinal
Determinants of Carotid Intima

Medial Thickening With Aging in a
Community-Dwelling Population: The
Baltimore Longitudinal Study on Aging
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Elango Palchamy, PhD; James B. Strait, MD; Luigi Ferrucci, MD; Edward G. Lakatta, MD*

BACKGROUND: Common carotid intima medial thickness (IMT) increases with aging. However, the longitudinal association be-
tween IMT and other age-associated hemodynamic alterations in men and in women are not fully explored.

METHODS AND RESULTS: We analyzed repeated measures of IMT, blood pressure, and carotid-femoral pulse wave velocity over
a 20-year period in 1067 men and women of the Baltimore Longitudinal Study on Aging; participants were ages 20 to 92 years
at entry and free of overt cardiovascular disease. Linear mixed-effects models were used to calculate the individual rates of
change (Change) of IMT, pulse pressure, mean arterial pressure, and pulse wave velocity, among other covariates. Multivariate
regression analysis was used to examine the association of IMTg,,,q, With baseline and rates of change of hemodynamic
parameters and cardiovascular risk factors. IMT increased at accelerating rates from 0.02 mm/decade at age 50 years to
0.05 mm/decade at age 80 years greater rates in men than in women. IMTg,,., was positively associated with baseline
low-density lipoprotein, low-density lipoproteing,,,q., @nd baseline systolic blood pressure and systolic blood pressurecanges
but inversely with baseline diastolic blood pressure and diastolic blood pressuregy,,qq.. YWhen blood pressure was expressed
as pulse pressure and MAP, IMT¢,,,., Was positively associated with baseline pulse pressure and pulse pressuregyang, and
inversely with baseline mean arterial pressure and mean arterial pressuregy,,nqe- IN sex-specific analysis, these associations
were observed in women, but not in men.

CONCLUSIONS: In summary, our analyses showed that IMT increases at accelerating rates with aging. Age-associated changes
in IMT were modulated by concurrent changes of low-density lipoprotein in both sexes, and of pulsatile and mean blood pres-
sure in women but not men.
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ommon carotid artery intima medial thickness with incident cardiovascular events, including myo-

(IMT) is a surrogate measure of intimal smooth cardial infarction and stroke,”* and hence used as a

muscle cell migration, proliferation, and inflamsmma- marker for atherosclerosis and an end point in clini-
tion and is considered a marker of arterial aging.! IMT ~ cal trials aimed at atherosclerosis prevention and
has also been found to be independently associated  treatment.®
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CLINICAL PERSPECTIVE

What Is New?

e Intima medial thickness progression in this
community-dwelling population increased with
aging, with men and those of Black race having
greater increase compared with women, and
nonblack race, respectively.

e Age-associated intima medial thickness pro-
gression is exaggerated with higher low-density
lipoprotein, increased pressure pulsatility, and
reduced mean blood pressure, with women
being more prone to the adverse outcomes of
pulsatile pressure on intima medial thickness
progression.

What Are the Clinical Implications?

e Additional studies are needed to explore mech-
anistic pathways linking pulse pressure to intima
medial thickness progression and the role of in-
terventions that reduce pulse pressure, beyond
traditional blood pressure control, to halt intimal
medial thickening with aging.

Nonstandard Abbreviations and Acronyms

BLSA Baltimore Longitudinal Study of
Aging

DBP diastolic blood pressure

DBP¢,nge rate of change of DBP

IMT intima medial thickness
IMT¢pange  rate of change of IMT
LDLChange rate of change of LDL
PP pulse pressure

PPchange rate of change of PP
PWV pulse wave velocity
PWV(p.nge rate of change of PWV
SBP systolic blood pressure
SBP¢pange  rate of change of SBP

Cross-sectional® and longitudinal studies,”® how-
ever, have shown that the association between IMT
and traditional atherogenic risk factors such as blood
pressure and dyslipidemia were dwarfed by its dom-
inant association with age. In addition to this, other
manifestations of arterial aging (ie, systolic and pulse
pressure and arterial stiffness parameters) demon-
strate the strongest correlations with IMT in cross-sec-
tional studies.®'©

While these findings suggest a primary role of
arterial aging and its associated blood pressure
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changes in IMT progression, to our knowledge, no
studies have explored the patterns of longitudinal
change in IMT with aging over a broad age range,
nor its association with other age-associated he-
modynamic changes; namely, rising blood pressure
pulsatility and central arterial stiffness are not fully
explored. In addition, such longitudinal data on IMT
change would also provide an integrative parameter
that captures the cumulative burden of the various
cardiovascular risk factors.

To this end, we analyzed repeated measures of
IMT in a population across a wide age range within
the BLSA (Baltimore Longitudinal Study of Aging). We
aimed to determine the following: (1) the patterns and
rates of the longitudinal change in IMT over time by
age and sex, (2) the association of changes over time
in the different blood pressure parameters with parallel
changes in IMT and the role of sex, and (3) the associ-
ation of arterial wall stiffening over time with time-de-
pendent IMT progression by age and sex.

METHODS

Study Population

The BLSA is a prospective study of community-
dwelling volunteers. Participants, who vary in age at
entry, visit the National Institute on Aging in Baltimore
approximately every 2 years for nearly 3 days of
medical, physiological, and psychological exami-
nations. Repeated carotid IMT measurements and
medical and physiological assessments between
1994 and 2016 were performed on a subset of BLSA
participants. Participants selected were free of overt
cardiovascular disease and cerebrovascular dis-
ease: myocardial infarctions, angina, heart failure,
strokes, and transient ischemic attacks. The final
sample consisted of 1067 participants and a total of
3001 visits. The number of visits ranged from 2 to
9 per person, with a follow-up duration of at most
19.9 years. Written, informed consent was obtained
from all study participants. The BLSA has continu-
ing approval from the Institutional Review Board of
the National Institutes of Health. In addition, all insti-
tutional guidelines and protocols were followed. The
data that support the findings of this study are avail-
able from the corresponding author upon reasonable
request.

Common Carotid IMT

The details of the methodology followed in the BLSA
have been published previously.'" In summary, carotid
IMT was measured using high-resolution B-mode ul-
trasonography of the right common carotid artery via
a linear array, 5- to 10-MHz transducer (Ultramark
9 HDI, Advanced Technology Laboratories, Inc). A
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region 1.5 cm proximal to the carotid bifurcation was
identified, and the IMT of the far arterial wall was
evaluated as the distance between the lumen/intimal
interface and the medial/adventitial interface. IMT
was measured on a frozen-frame image, magnified
to achieve higher resolution. The IMT measurement
was obtained from 5 contiguous sites at ~1-mm in-
tervals; the mean of these values was used in statisti-
cal analyses.

Areas of plaque were avoided. Interobserver cor-
relation between repeated carotid IMT measure-
ments on 10 BLSA participants was 0.96 (P<0.001).
Our analysis included data from 2 time periods,
pre-2000 and post-2000, during which IMT was
measured by the 2 different methodologies. To ac-
count for measurement differences by methodology,
adjustments were made according to techniques
used in the BLSA to account for device changes'
(Table S1). Additionally, we adjusted for date of visit
in our statistical models to account for any other sec-
ular changes over time.

Measures of Arterial Pressure

Bilateral resting brachial systolic and diastolic blood
pressure values were obtained 3 times with subjects
in the seated position after a 5-minute resting period
using an automated oscillometric blood pressure cuff
machine. Pulse pressure (PP) was calculated as the
difference between systolic blood pressure (SBP) and
diastolic blood pressure (DBP).

Pulse Wave Velocity

Details of measurement of pulse wave velocity (PWV)
in the BLSA have been described previously.'? Briefly,
carotid-femoral PWV was calculated as the distance
traveled by the pulse wave divided by the time differ-
ence between the feet of carotid and femoral arterial
waveforms gated to an ECG. The distance traveled
by the pulse wave was measured to the nearest cen-
timeter with an external tape measure over the body
surface.

Other Covariates

Covariate data were collected at each BLSA visit. Age
(based on self-reported date of birth) was assessed in
years. Height and weight were measured on all partici-
pants. Waist circumference was measured as the mini-
mal abdominal circumference between the lower edge
of the rib cage and the iliac crests. Smoking status was
defined as ever versus never having been a smoker.
Concentrations of total cholesterol were determined
enzymatically (ABA-200 ATC Biochromatic Analyzer;
Abbott) after an overnight fast; blood for lipid assay
was drawn from an antecubital vein between 7:00 and
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8:00 am. Further details of covariates (LDL [low-density
lipoprotein], HDL [high-density lipoprotein], triglycer-
ides, body mass index [BMI], glucose, and antihyper-
tensive and lipid medications) have been published
previously.'?13

Status of hypertension, diabetes mellitus, and hy-
perlipidemia (present or absent) was assessed from
the medical history questionnaire. If participants had a
history of any of these 3 conditions, we also checked
if they reported being on medications, and if on med-
ications, whether the medications helped (controlled
or not). Disease status as “controlled” was defined as
SBP <120 mm Hg and DBP <80 mm Hg for hyper-
tension, fasting blood glucose <100 mg/dL for dia-
betes mellitus, and total cholesterol <200 mg/dL for
hyperlipidemia.

Among women, we also checked for menopausal
status as per self-report, and whether the participant
had ever been on hormone replacement therapy (es-
trogen or progesterone). Additionally, if data were miss-
ing regarding menopausal status, those older than age
60 years were classified as menopausal. However,
there were still some missing data, which were clas-
sified accordingly. A subset analysis including meno-
pausal status was conducted separately.

Statistical Analysis

Baseline characteristics, stratified by sex, were re-
ported and compared by Student t test and ¥ test.
Linear mixed-effects models, the best available ana-
lytical tools for unbalanced, unequally spaced obser-
vations such as those of the BLSA, were utilized to
assess average longitudinal trajectories and estimate
individual rates of change of indexed parameters.

The rates of change (gyange) for IMT and covari-
ates for each individual were calculated from sep-
arate linear mixed-effects models regressing each
of the index variables against Time as a random-ef-
fect variable. Beta coefficients of the random effects
were used to calculate individual rates of changes
for each of the variables analyzed." Individual rates
of changes were indicated by the index variable with
rates of change as a subscript; refer to Data S1 for
further details.

Multivariate linear regression analysis was used
to examine baseline and longitudinal associates
of IMTgpange With standardized beta coefficients
(Table 2, Models 1-4). Models including and ex-
cluding baseline IMT were compared with models
including baseline IMT showing better statistical fit
based on akaike information criterion and R? (data
not shown); hence, models were adjusted for base-
line IMT. Model included age, sex, and race as co-
variates. Subsequently (Models 2-4), we examined

the association of IMT,,,. With different covariates,
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including those in Model 1, with the addition of base-
line and rate of change of SBP and DBP in Model 2,
baseline and rate of change of PP and MAP in Model
3, and baseline and rate of change of PWV in Model
4. Models 2 to 4 were also adjusted for baseline and
rate of change of BMI, smoking, diabetes mellitus,
glucose, LDL, HDL, triglycerides, and hypertension
and statin treatments. In alternative analysis, body
surface area was used instead of BMI with no sig-
nificant association with IMT. All analyses were per-
formed via SAS for Windows (Version 9.4; Cary, NC).

RESULTS

Descriptive characteristics of the sample are shown
in Table 1. The average age of the participants was
63.0+14.2 years with an average of 3.5+1.6 follow-ups;
47.9% of participants were male, and 25.7% were Black
race. About 4% of participants were current smokers,
48.5% were hypertensive, while 13.1% had diabetes
mellitus. About 33.4% of the participants were on an-
tihypertensive medications, while 27.0% were on anti-
lipid medications.

Men had a higher baseline IMT (0.76 mm versus
0.70 mm, P<0.001) and higher SBP (125.3 mm Hg
versus 122.6 mm Hg, P=0.027), DBP (74.0 mm Hg
versus 70.9 mm Hg, P<0.001), PWV (7.7 m/s versus
7.2 m/s, P<0.001), and triglycerides (116.5 mg/dL ver-
sus 99.4 mg/dL, P<0.001) but lower HDL (48.4 mg/dL
versus 60.8 mg/dL, P<0.001). Compared with women,
a greater proportion of men were smokers (53.1% ver-
sus 36.2%, P<0.001), hypertensives (55.5% versus
43.9%, P<0.001), and diabetics (16.0% versus 10.3%,
P=0.015), and a greater proportion were uncontrolled
on hypertension medications (41.9% versus 35.2%)
(Table 1).

Regression models examining the potential associ-
ations of IMTg,,4c @re shown in Table 2. In the basic
model (Model 1), IMTg,,,qe Was positively associated
with age (P<0.001), indicating that IMT increased at
accelerating rates in older participants; the rate of in-
crease of IMT was estimated at 0.02 mm/decade in
those who were age 50 years compared with 0.05 mm/
decade in those who were age 80 years. Figure illus-
trates model-predicted cross-sectional differences
and longitudinal changes of IMT with advancing age in
men and women.

Sex was also associated with greater IMTg 0
(Table 2, Model 1). On average, IMT in men increased
at a rate of 0.01 mm faster per decade than in women
(P=0.001). Similarly, in addition to having a higher baseline
IMT, Black race had a 0.01 mm higher increase of their
IMT per decade compared with nonblack race (P=0.002).

LDL and LDLgy,g Were independently associ-

ated with IMTg,,.,, (Models 2-4) (all P<0.001). A 1 SD
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higher baseline LDL (32.7 mg/dL) was associated with
0.007 mm higher increase in IMT over a decade, while
an increase in the LDl bY 1 SD (2.5 mg/dL per
year) led to a 0.010 mm higher increase in IMT over a
decade. On the other hand, baseline values of HDL,
triglycerides, smoking, BMI, and their rates of change
were not associated with IMTg, ;g

IMTepange Was associated with baseline SBP and
SBPghanger @nd inversely associated with baseline DBP
and DBPg g, (@ll P<0.080). Greater baseline SBP of
1 SD (19.8 mm Hg) was associated with a 0.008 mm
higher increase in IMT over a decade, while an in-
crease in SBP g4 Py 1 SD (1.1 mm Hg/year) led to a
greater increase in IMT of 0.011 mm/decade. Similarly,
a 1 SD higher DBP (13.2 mm Hg) was associated with
a0.013 mm lesser increase in IMT over a decade, while
a 1 8D (0.8 mm Hg/y) increase in the DBPq ., Was
associated with a 0.017 mm lesser increase in IMT over
a decade. When pressure was expressed as PP and
MAP, IMTg4n4e Was positively associated with PP and
PPcrange @nd inversely associated with baseline MAP
and rate of change of MAP. IMT, .., showed no statis-
tically significant associations with PWV or PWV,,qe
(Table 2, Model 4). MAP terms became nonsignificant
in the model including PWYV, likely reflecting collinearity
between the 2 variables. A separate model (data not
shown) was fitted with PWV alone, showing similar re-
sults with no significant association with PWV baseline
and Change.

Given established sex differences in BP changes
with aging, SBP and DBP models were subsequently
stratified by sex (Table 3). IMTg,,,4e Was positively as-
sociated with SBP, SBPg;,,,, a@nd inversely associ-
ated with DBP and DBPg,,,4, IN women, while in men
IMTpange Was only inversely associated with DBP and
DBPghange (@ll P<0.050) (Table 3). Similarly, after strati-
fying the PP and MAP model on sex, IMT,,.q, Was as-
sociated with PP, PP, .., and rate of change of MAP
in women, and in men IMT,,.,, Was associated only
with MAP in an inverse direction (P<0.050) (Table 3).

Presence of hypertension, diabetes mellitus and
hyperlipidemia, or their treatment status, was not as-
sociated with IMTg,,4e IN @ny of the models. Similarly,
menopausal status and history of ever being on hor-
mone replacement therapy were not associated with
IMT,

Change*

DISCUSSION

Principal Findings

As far as we know, this is the first analysis examining
the rates of change in IMT in a community-dwelling
population over a broad age range. We report that in
both men and women free of cardiovascular disease,
IMT increases with aging across a wide age range.
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Table 1. Descriptive Baseline Characteristics of the Study Population

Total, n=1067 Men (n=512) Women (n=555) P Value
Demographics
Age, y 63.0+14.2 64.7£13.7 61.3+14.5 <0.001
Follow-ups, y 3.5+1.6 3.5+1.6 3.5+1.6 0.757
Male, % 48 NA NA NA
Black, % 25.8 20.7 30.4 <0.001
Cardiovascular variables
IMT, mm 0.73+0.17 0.76+0.18 0.70+0.15 <0.001
IMT anger MM/decade 0.034+0.062 0.035+0.053 0.032+0.070 0.369
SBP, mm Hg 123.9+19.8 125.3+18.9 122.6+20.5 0.027
DBP, mm Hg 72.4+13.2 74+£12.8 70.9£13.3 <0.001
PP, mm Hg 51.4+14.6 51.1+13.4 51.7+15.8 0.533
MAP, mm Hg 94+14.4 95.5+14.1 92.6+14.5 0.001
PWV, m/s 7.5+2.0 7.7+2.0 7.2+2.0 <0.001
Laboratory variables
LDL, mg/dL 110.0+£32.7 108.3+32.1 111.5+£33.2 0.121
HDL, mg/dL 54.9+16.1 48.4+13.8 60.8+15.7 <0.001
Triglycerides, mg/dL 107.6+76.9 116.5+92.4 99.4+58.3 <0.001
Glucose, mg/dL 89.5+£19.8 91.0+£28.3 88.1+15.7 0.066
Body habitus
Body mass index 26.7+4.3 271+3.8 26.2+4.7 <0.001
Body surface area, m? 1.9+0.2 2.0£0.2 1.8+0.1 <0.001
Waist circumference 89.3+12.4 95.7+10.8 83.4+10.7 <0.001
Medical conditions and medications
Ever smoker, % 44.3 53.1 36.2 <0.001
Hypertension, % 49.5 55.5 43.9 <0.001
Diabetes mellitus, % 13.1 16 10.3 0.015
Hyperlipidemia, % 53.8 52.8 54.9 0.609
Antihypertensive medication, % 0.004*
None 39.8 35.3 44
Meds, controlled 216 22.6 20.7
Meds, uncontrolled 38.4 41.9 35.2
Diabetic medication, % 0.087*
None 89.1 85.3 87.3
Meds, controlled 2.8 4.3 3.5
Meds, uncontrolled 9.1 10.3 7.9
Lipid-modifying medication, % 0.469*
None 42 351 38.7
Meds, controlled 39.1 44.5 34.1
Meds, uncontrolled 221 20.3 23.8

Data are presented as mean+SD or proportions. DBP indicates diastolic blood pressure; HDL, high-density lipoprotein; IMT, intimal medial thickness; LDL,
low-density lipoprotein; MAP, mean arterial pressure; NA, not applicable; PP, pulse pressure; PWV, pulse wave velocity; ROC, rate of change; and SBP, systolic
blood pressure.

*The P values reported for treatment status variables are for the groupwise differences between men and women. T tests were used for comparison of
continuous variables, and x? for comparison of categorical variables.

Male and Black participants had higher baseline the steeper IMT progression associated with greater
IMT and experienced steeper progression over time. PP but lower mean pressure. In sex-stratified analysis,
Beyond those demographics, blood pressure param- these associations were evidenced in women rather
eters and LDL cholesterol were the main determinants than men. Interestingly, PWV, a measure of arterial
of IMT progression. A novel finding of this study was stiffening, was not associated with IMT progression.
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Figure 1. Cross-sectional differences and longitudinal

changes of IMT in men and women.

Cross-sectional differences and longitudinal changes of IMT
in men and women across decades, from age 50 to 90 years.
IMT increases cross-sectionally across decades as indicated by
the higher starting point for each decade. The slopes for each
decade indicate the rate of increase of IMT in that decade, and
the slope is steeper in the older decades. This indicates that IMT
increases at higher rates in the older age groups. In summary,
IMT starts higher and increases faster in the older decades. IMT
indicates intima medial thickness.

Changes in IMT Across the Age Spectrum
Unlike other approaches, we determined rate of
change of IMT at varying ages across a wide age
range. Our findings of an ongoing longitudinal in-
crease in IMT with advancing age further extend
previous research showing a dominant role of aging
in IMT progression. We report a rate of change
that ranges from 0.02 mm/decade at age 50 years
to 0.05 mm/decade at age 80 years. Previous
findings from the MESA (Multi-Ethnic Study of
Atherosclerosis) study examined the changes in
IMT over 10 years and showed an overall rate of
change of 0.109 mm/decade; however, no age-spe-
cific rates of changes were reported.® Other short-
term studies have examined IMT progression over
time showing an increase in IMT ranging from 0.08
to 0.12 mm/decade.®"&15-18 |t is important to note
that many of these studies included plaque burden,
whereas we excluded regions with plaque when
measuring IMT.

Such information is essential to our understand-
ing of the forces driving IMT increase, and to the
design and interpretation of studies aimed at re-
gressing IMT in older adults. The relatively low rates
of change reported in our study compared with other
studies such as MESA and ARIC (Atherosis Risk in
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Communities) could be partly because of the over-
all excellent health of BLSA participants, and in part
because of more aggressive blood pressure control
observed in the BLSA with average blood pressure
dropping from 124 mm Hg at baseline, to 120 mm Hg
at the last follow-up.

Sex Differences in IMT Progression

Our results demonstrate that men not only had a
higher baseline IMT but also a higher rate of increase
of IMT, which further extends previous research on
the association of sex with IMT. A previous report
from the Young Finns study reported findings simi-
lar to ours, but in a much younger population (mean
age 10.9 years). However, 2 studies in older popula-
tions—the Rotterdam study and the MESA study—
showed conflicting findings. While both showed men
had a higher baseline IMT, the progression of IMT was
not associated with sex in MESA, while men in the
Rotterdam study had a lower rate of progression of
IMT than women.

Although the reasons for the conflicting results are
not clear, results from sex-stratified analyses in our
study might shed light on potential causes. In this anal-
ysis, the increase in IMT in men and women appears
to be driven by different components of blood pres-
sure (cf. the section on Hemodynamic Determinants
below). Hence, differences in blood pressure profiles
and changes over time could contribute to the conflict-
ing results among studies.

Racial Differences in IMT Changes

In our analysis, Black participants had higher base-
line IMT and progression of IMT compared with other
non-Black participants, and this finding remained
significant after adjustment for confounders. In the
MESA study, Black race was also associated with
higher baseline IMT, but not with IMT progression.
In the ARIC study, Black race had a higher base-
line IMT, but 5-year progression was higher in White
race than Black race. The reasons for discrepancy
of these findings between different studies are un-
clear and may be simply explained by the different
studied population. However, it is important to note
that the BLSA is not a population-representative
sampling cohort, and differences in recruitment of
subjects among these studies might have contrib-
uted to variation between studies. In addition, the
fact that other studies did not adjust for baseline
values might have contributed to the decline seen
among those with higher baseline values (regres-
sion to the mean). Our findings of concordantly
higher baseline and rate of increase in IMT among
Black race appear to be more consistent with the
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Table 2. Determinants of the Longitudinal Rates of Changes in IMT (SD IMT,,,,,. [nm/decade])

Baseline IMT 0175 mm -0.458 <0.001 —-0.443 <0.001 -0.448 <0.001 -0.454 <0.001
Age 14.284y 0153 <0.001 012 0.002 0.129 0.001 0.159 <0.001
Sex 0.500 (proportion) 0.092 0.001 0.134 <0.001 0.133 <0.001 0.099 0.001
Race 0.438 (proportion) 0.089 0.002 0.101 0.001 01 0.001 0.094 0.002
Baseline LDL 32.741 mg/dL 0.121 <0.001 0.119 <0.001 0127 <0.001
LDLlerange 2.554 mg/dL 0.169 <0.001 0177 <0.001 0.191 <0.001
Baseline SBP 19.828 mm Hg 0.126 0.023

SBPgange 1191 mm Hg 0.199 <0.001

Baseline DBP 13.217 mm Hg -0.222 <0.001

DBPohange 0.841 mm Hg -0.294 <0.001

Baseline PP 14.699 mm Hg 0.12 0.008

PPhange 0.883 mm Hg 0.174 <0.001

Baseline MAP 14.461 mm Hg -0.11 0.012 -0.009 0.827
MAP G g 0.786 mm Hg -0.156 <0.001 -0.011 0.772
Baseline PWV 2.035 m/s 0.015 0.656
PWVange 0.061 m/s -0.003 0.910

Standardized regression coefficients (STP) indicate the association of 1 SD difference between the particular variable and IMTg,,q.- Subscript Change
indicates the rate of change of the particular variable. Model 1 was the baseline model examining only demographic variables such as age, sex, and race.
Models 2 to 4 examined the relationship between IMT,,,,, and various measures/surrogates of arterial pressure—SBP and DBP in Model 2, PP and MAP in
Model 3, and PWV in Model 4. Each of these measures was expressed in terms of their baseline values and their rate of change. Additionally, Models 2 to 4
were adjusted for baseline values and rate of change of body mass index, smoking, diabetes mellitus, glucose, LDL, high-density lipoprotein, triglycerides,
and hypertension and statin treatments. DBP indicates diastolic blood pressure; IMT, intima medial thickness; LDL, low-density lipoprotein; MAP, mean arterial
pressure; PP, pulse pressure; PWV, pulse wave velocity; and SBP, systolic blood pressure.

universal finding of higher IMT among Black race at  Traditional Cardiovascular Risk Factors
baseline. Further examination of the causes of such and IMT

racial differences beyond confounders measured in

Our analysis showed that among traditional metabolic
this study is needed. 4 9

cardiovascular risk factors (obesity, smoking, glucose,

Table 3. Sex-Specific Associations of Rate of Change of IMT With Blood Pressure (SD IMT, [mm/decade])

Change

Baseline IMT 0175 mm -0.487 <0.001 -0.422 <0.001 -0.497 <0.001 ~0.421 <0.001
Age 14.284y 0.144 0.008 0133 0.015 0.148 0.006 0.150 0.005
Race 0.438 (proportion) 0.123 0.002 0.075 0.086 0.126 0.002 0.072 0.099
Baseline LDL 32,741 mg/dL 0.111 0.012 0.155 0.002 0.105 0.018 0.158 0.001
LDLnange 2.554 mg/dL 0.186 <0.001 0.145 0.003 0.198 0.001 0.147 0.003
Baseline SBP 19.828 mm Hg 0.149 0.047 0.076 0.364
SBPghange 1.191 mm Hg 0.214 0.001 0.087 0.325
Baseline DBP 13.217 mm Hg -0.198 0.009 -0.22 0.014
DBP1ange 0.841 mm Hg -0.282 <0.001 -0.199 0.029
Baseline PP 14.699 mm Hg 0.143 0.022 0.073 0.275
PPnangs 0.883 mm Hg 0.217 <0.001 0.036 0.573
Baseline MAP 14.461 mm Hg -0.077 0.182 -0.147 0.033
MAP G ane 0.786 mm Hg -0.140 0.013 -0.115 0.100

Standardized regression coefficients (STB) indicate the association of 1 SD difference between the indexed variable and IMTg,,.. Subscript Change
indicates the rate of change of the indexed variable. DBP indicates diastolic blood pressure; IMT, intima medial thickness; LDL, low-density lipoprotein; MAP,
mean arterial pressure; PP, pulse pressure; and SBP, systolic blood pressure.
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and lipid levels), only LDL was a significant determi-
nant of IMT and its change over time. The association
was significant in men and women and remained after
adjusting for covariates. While previous studies have
consistently shown that higher LDL is associated with
higher incidence of cardiovascular events, the data re-
garding its association with IMT have been conflicting,
often not being associated with IMT progression in lon-
gitudinal cohort studies, but associated with baseline
|MT.19’20

Some of the reasons for the conflicting results might
be because of substratification based on different cut-
offs, use of hypercholesterolemia or total cholesterol in-
stead of absolute LDL values, and failure of adjustment
for statin medication use. The fact that the association
between IMT and LDL was significant in a relatively
healthy population with lower LDL levels (mean+SD of
110.0+32.7 mg/dL) indicates that the effect of LDL on
IMT continues to be maintained at levels traditionally
considered to be normal.

The lack of an association among triglycerides,
HDL, and IMT in our study is consistent with most
studies. HDL has often been significant in analyses
looking at carotid plaque progression, but most stud-
ies have found no consistent association with pro-
gression of IMT in multivariate longitudinal analyses.
Similarly, we did not observe a significant association
of smoking habit or BMI with either baseline IMT or
its progression.

Hemodynamic Determinants of IMT
Progression and the Role of Sex

A major and novel finding of our analysis was that
higher systolic and pulse pressures, but lower di-
astolic and mean blood pressures were associated
with IMT progression. These associations were evi-
denced among women only in sex-stratified analy-
sis. Previous studies that examined the role of blood
pressure have focused on SBP as a traditional car-
diovascular risk factor. Most of these studies have
shown a predominant association between IMT and
SBPR.2 Our results further expand these findings by
confirming SBP association and direct SBP but also
suggesting that such an association is because IMT
progression is mostly related to rising pulsatility (of
which higher SBP is a contributor) rather than simply
higher mean pressure. In fact, DBP and mean blood
pressure were both inversely associated with IMT
progression in this older population.

One cross-sectional study observed that PP
was associated more strongly with IMT in men than
women.?! This study, however, was cross-sectional
with a relatively younger mean age and a narrower
age distribution, likely capturing an association early
in life before the more pronounced increase in PP that
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occurs beyond the fifth decade of age.?? The stron-
ger association between PP and IMT progression in
women is consistent with previous findings that higher
PP is associated with increased cardiovascular mortal-
ity in women but not men.2324

Considering these potential proposed mechanis-
tic pathways, these findings might suggest that the
greater increase in PP in women compared with men
makes it an active determinant with women demon-
strating greater increase in PP experiencing greater
IMT progression. In men, however, PP does not ap-
pear to play such an active role in further promoting
IMT progression.

IMT Progression and Arterial Aging
Increasing pulsatility and the plateauing of mean pres-
sure are known hemodynamic changes of aging.?®
Hence, our findings of an association of IMT progres-
sion with increasing PP and decreasing mean pressure
suggest that IMT thickening is linked to exaggerated
age-associated hemodynamic changes. It is curious,
however, that IMT change was not associated with that
of PWV, an established marker of arterial aging. While
PWV change is a covariate of age, the lack of associa-
tion observed between PWV and IMT changes indi-
cate that those who had accelerated IMT beyond what
is expected for their age and sex did not have a simi-
larly accelerated increase in PWV, but demonstrated
accelerated increase in PP and decline in MAP. The
reasons for this dissociation could be because of the
different vessels involved with PWV mainly assessing
the aorta, while IMT is measured in the carotid artery.
Despite this dissociation, however, it is important to
note that similar to PWV,'? IMT progression increased
with advancing age and was more pronounced in men
than women.

The divergence in the association of IMT with PP
and PWYV and the sex difference observed in this asso-
ciation appear to be linked to the intriguing dissociation
between PP and PWV with advancing age.?® A previ-
ous analysis has shown that while PWV increase ac-
celerates with aging in men more than women, women
demonstrated greater increase in PP with advancing
age compared with men who demonstrated plateau-
ing PP.26

Carotid arterial wall remodeling has been shown
to be consistent with Laplace’s law, with higher blood
pressures leading to IMT progression via smooth
muscle hypertrophy and changes in collagen—elastin
interactions.® Additionally, as people age, a decreas-
ing diastolic blood pressure in combination with an
increasing systolic blood pressure leads to PP widen-
ing, and this greater difference in blood pressures has
been postulated to exert a greater radial stress on the
arterial wall 918.19.21,27-30
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Limitations

Our study has a number of limitations. The changes
observed in this healthier cohort might be less than
those observed in the community; however, we be-
lieve our observed changes might be closer to what
is considered “normative aging.” In the same vein, the
healthier condition might have prevented detection of
associations with other metabolic cardiovascular risk
factors in pathological ranges. The relatively smaller
sample size when stratifying by sex may have reduced
the power to detect associations in men. However, we
believe the samples to be comparable between sexes,
implying that the effect of size is greater in women
than men. Our analysis did not examine atheroscle-
rotic plaque progression, given the few cases with
such plaques on imaging. Further studies are needed
to explore the role of the associations observed in
plague progression in cohorts with heavier burden
of atherosclerosis. It is important to note that the
provided estimates of change are model-predicted;
hence and given interperson heterogeneity in longi-
tudinal changes, these estimates manifest shrinkage
compared with observed data yielding estimates that
are likely lower than latent changes in these variables.
Nonetheless, these estimates are valuable in inform-
ing the general nature and direction of associations
and their strength relative to each other via standard-
ized beta coefficients.
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Supplemental Methods

MEASUREMENTS OF IMT

Prior to 2000, IMT measurements were made directly by the sonographer (OIMT). From 2000
onwards, imaging software by QLAB - Microvascular Imaging (MV1) (Philips; Andover,MA)
was used to obtain 5 measurements of IMT using edge detection technology. These

measurements were averaged to obtain the mean IMT (NIMT).

We checked for any systematic difference between OIMT and NIMT, the “machine
effect”. We selected participants who had at least one IMT reading in each of the two time
periods. We then selected their last OIMT and their first NIMT, so that the intervening time
between the 2 readings would be as short as possible. Using mixed models, we predicted the
NIMT from the OIMT, including covariates (Entry-age), time, gender, race, SBP and DBP, and a

variable “machine” for the machine effect.

The coefficient of “machine” was then used to adjust the OIMT. Mixed models of all
IMT, including all IMT readings pre-2000 and post-2000 IMT were then run with age, gender,
race, SBP and DBP, again including “machine” as a covariate. We tested to see that it was not
significant, as this would indicate that any differences in IMT purely due to the machine effect
were accounted for. We ran several models, and the best fit was a logarithmic model, with the

coefficient for “machine” being a multiplicative term that we then used to correct the older IMT.



Estimating Subject-Specific Rates of Change

Linear mixed-effects (LME) models have become a standard statistical model for
analyzing the repeated-measures data that derives from longitudinal studies.’ These models
handle unbalanced data while including any relevant explanatory variables that need to be taken
into account. The models contain both fixed- and random-effects. The fixed effects allow for the
estimation of population average trajectories and rates of change while the inclusion of the
subject-specific random effects enables the variability in these quantities among subjects to be
investigated. The estimates of the subject-specific random effects are shrinkage estimators as the
estimates for each individual “borrow strength” from the other subjects in the study to obtain
“better” subject-specific estimates resulting in subject-specific estimates that are shrunken
towards the overall mean. The amount of shrinkage depends on the amount of data for the
subject and the relative between and within subject error variances.

Due to the shrinkage, the subject specific rates of change can appear to have too little
variability compared to what is expected. On the other hand, if linear regression models are fit to
each subject’s data individually, there will be too much variability due to the small number of
observations for each subject. Here we estimate the subject-specific rate of change as a weighted
average of the LME estimate and the regression estimate.

First, let the fitted LME model for subject i be $; .z = Bo + bio + (B + by )Time. Then
the estimated rate of change for subject i is Rate; .z = (B1 + by ). Next, let the usual ordinary
least squares regression model for the data from only subject i be 9, o, = 8, + 8;;Time with rate
of change for subject i given by Rate; 5,5 = 8,;. To combine the two estimates, Rate; ;yz and
Rate; o5, @ Weighted average is used.

Rate; comp = A; Rate; e + (1 — 1) Rate; o5



where we need to determine the weights, Ai. A good choice is to use the reciprocal of the
variances of each of the two estimates to obtain the weights as this will minimize the variance of
the resulting weighted average.* Then the estimate with the smaller variance (SE) will be

weighted more heavily. That is:

1
/Var(Ratei‘LME)

Ai_

- 1/ - +1/ -
Var(Rate;mE) Var(Rate;oLs)

where the variances are the squares of the standard errors (SEs) of the estimates discussed above.



Table S1. Distribution of IMT pre- and post-2000.

IMT period Pre-2000 Post-2000 P value

Before correction (age-adjusted) 0.5452 +0.0916  0.7306 £ 0.1227 <0.05

After Correction for Machine (age-adjusted) 0.7306 £ 0.1227  0.7448 £ 0.0797 NS




