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Abstract  Hypertrophic carotid geometric pheno-
types (h-CGP) are predictors of incident cardiovascular 
disease (CVD). While arterial aging is hypothesized 
as a contributor to this associated risk, the associa-
tion of CGPs with chronological age is not clear. In 
this manuscript we examine whether hypertrophic 
CGPs represent accelerated biological, rather than 
chronological, aging by examining their association 
with carotid-femoral pulse wave velocity (PWV), the 

hallmark of arterial aging. We analyzed data from 
5516 participants of the SardiNIA study with a wide 
range of age at baseline (20–101 years), and a median 
follow-up time of 13  years (mean 11.5  years; maxi-
mum 17.9 years). Baseline CGPs were defined based 
on the common carotid lumen diameter, wall thick-
ness, and their ratio. Subject-specific rates of change 
of PWV, blood pressure parameters, body mass index, 
glucose, and lipids were estimated using linear mixed 
effects models. Compared to those with typical(t-) 
CGP, those with dilated hypertrophy (dh-) CGP had 
a greater longitudinal increase in PWV; this increase 
was significantly greater among older individuals and 
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men. The greater PWV longitudinal increase in dh-
CGP remained significant after adjusting for baseline 
values and rates of change of covariates. Dilated hyper-
trophic CGP is independently associated with acceler-
ated increase in age-associated arterial stiffening over 
time, with a strong association in men than in women. 
Future studies are needed to examine if this association 
mediates the increased risk for CVD observed in indi-
viduals with hypertrophic cardiac remodelling and the 
role of retarding it to reduce this risk.
Highlights  • Individuals with dilated hypertrophic 
geometric phenotypes of the common carotid artery 
(increased age- and sex-specific wall thickness and 
lumen diameter) have greater future central arterial 
stiffening, independently of other determinants of 
arterial stiffening.
• The dilated hypertrophic phenotype group has a 
greater age-specific arterial dilation, wall thickening, 
and stiffness (the arterial aging triad). This suggests 
that this phenotype is a form of accelerated aging that 
might explain the worse clinic outcomes observed in 
this group.
• Understanding the natural history of the carotid 
geometric phenotype across the lifespan and the 
determinants of the deleterious progression towards 
the dilated hypertrophic phenotype are needed to 
develop interventions that reduce the adverse clinical 
outcomes associated with it.

Keywords  Arterial stiffness · Longitudinal study · 
Pulse wave velocity · Rate of change · Vascular 
remodelling

Abbreviations 
AGEs	� Advanced glycation end-products
BMI	� Body mass index
BP	� Blood pressure
CCA​	� Common carotid artery
CGP	� Carotid geometric phenotype
t-CGP	� Typical CGP
c-CGP	� Concentric 
ch-CGP	� Concentric hypertrophic CGP 
dh-CGP	� Dilated hypertrophic CGP
CV	� Cardiovascular
DBP	� Diastolic blood pressure
HDL	� High density lipoprotein
HT	� Hypertension/hypertensive
IMT	� Intima-media thickness
LDL	� Low density lipoprotein

MBP	� Mean blood pressure
MMP 	� Matrix metalloproteinase
PP	� Pulse pressure
PWV	� Pulse wave velocity
SBP	� Systolic blood pressure
VSMC	� Vascular smooth muscle cells

Introduction

The arterial wall, especially that of the elastic arteries, 
is an active organ that continuously undergoes struc-
tural and functional alterations with aging [1, 2]. As 
arterial structural remodelling manifests in wall thick-
ening [3] and lumen dilatation [4], variation in the two 
processes result in different geometric patterns with 
different wall-to-lumen ratios [5]. We have previously 
characterized different carotid geometric phenotypes 
(CGPs) using the common carotid artery (CCA), an 
artery easily assessed by ultrasonography and fre-
quently used a proxy of central arterial stiffness  [5].

CGP is not only based on having greater absolute 
values of carotid geometric parameters; instead, it cat-
egorizes individuals based on whether they were in the 
upper sex-age specific 10th percentile of these param-
eters. Previous studies have shown that, compared 
to those with typical CGP (t-CGP), individuals with 
concentric hypertrophic CGP (ch-CGP), i.e., greater 
arterial wall mass due to wall thickening, or dilated 
hypertrophic CGPs (dh-CGPs), i.e., greater arterial 
wall mass due to dilatation, have higher risk for inci-
dent cardiovascular disease (CVD) independently of 
other CVD risk factors. These associations highlight 
the biological relevance of these phenotypes beyond 
the raw parameters from which they are derived. [6]

While hypertrophic CGPs demonstrate signature 
characteristics of arterial aging [2], their prevalence, 
at first glance, is not increased with chronological age 
[6]. These patterns, however, are developed based on 
exceeding age- and sex-specific diameter and wall-
to-lumen ratio values. Hence, hypertrophic CGPs 
are likely to inform on accelerated arterial aging pro-
cesses for one’s chronological age, and subsequently 
are associated with other makers of arterial aging. 
In fact, previous cross-sectional studies support this 
hypothesis as  concentric and dilated hypertrophic 
CGPs were shown to have greater pulse wave veloc-
ity (PWV), the best available measure of arterial stiff-
ness, and the hallmark of arterial aging [7]. Whether 
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having hypertrophic CGPs at baseline is associ-
ated with prospective accelerated arterial aging, i.e., 
greater longitudinal increase in PWV over time, has 
not been evaluated.

In this analysis, we examine the hypothesis that 
compared to other geometric patterns, hypertrophic 
CGP, with or without relative dilatation, is associ-
ated with accelerated arterial aging expressed as 
greater longitudinal increase in PWV. We also exam-
ine whether the established sex-difference of arterial 
aging [3, 7] affects the association between hyper-
trophic CGP and the longitudinal association with 
PWV. Such information would help explain the bio-
logical implications of CGPs and guide its potential 
utility in risk stratification for CVD beyond tradi-
tional cardiovascular risk factors.

Methods

Study population

The SardiNIA study investigates the genetics and epi-
demiology of complex traits/phenotypes, including 
CV risk factors and arterial properties, in a commu-
nity-dwelling Sardinian founder population [8]. The 
subset of the SardiNIA population for the present 
analysis consists of 5516 volunteers (2326 men and 
3190 women) who entered the study over of a wide 
age range (20 to 101 years) with a median follow-up of 
13 years (mean 11.5 years and maximum 17.9 years).

Measurements of baseline carotid geometric pattern 
(CGP)

High-resolution B-mode carotid ultrasonography was 
performed by use of a linear-array 5- to 7.5-MHz 
transducer (HDI 3500-ATL Ultramark Inc) as previ-
ously described [8]. Briefly, the right CCA is exam-
ined with a transducer positioned so that the near and 
far walls of the CCA are parallel to the transducer 

footprint and the lumen diameter was maximized in 
the longitudinal plane. While wall-thickness includes 
the adventitia, however, demarcation of the adventi-
tial layer is extremely limited on ultrasound (US); 
hence, intima-medial thickness was used as the best 
available proxy for full wall thickness. A region 
1.5 cm proximal to the carotid bifurcation was identi-
fied, and the IMT of the far wall was evaluated as the 
distance between the luminal-intimal interface and 
the medial-adventitial interface. IMT was measured 
on the frozen frame of a suitable longitudinal image 
with the image magnified to achieve a higher resolu-
tion of detail in areas without plaques or calcification 
(at least 1  mm distance from the plaque shoulder if 
plaque was present); no individuals were excluded 
due to the presence of plaques. The IMT measure-
ment was obtained from 5 contiguous sites at 1-mm 
intervals, and the average of the 5 measurements was 
used for analyses. All the measurements were per-
formed by a single reader (AS). CCA systolic and 
diastolic radius (half diameter) (r and R, respectively) 
were identified via ECG gating.

CCA wall-to-lumen ratio (%) was calculated as:

CCA cross-sectional area (CSA) was calculated, 
as:

where ρ is the arterial wall density (ρ = 1.06), 
Re = IMT + 2 × R.

90th percentile values for CCA W/L and CCA CSA 
were defined as those within the age- (10-year intervals) 
and sex-specific 90th percentile of subjects who were 
normotensive (BP < 140/90 mm Hg and no antihyper-
tensive medication), without diabetes mellitus (fasting 
glucose < 126 mg/dl and without antidiabetic therapy), 
and who were not obese (BMI < 30 kg/m2) at baseline.

Four carotid geometric patterns (or phenotypes) 
(CGP) were defined as follows:

(1)CCAW∕L = 2 × IMT∕2R

(2)CCA CSA = � ×
(

πRe2 − πR2
)

t − CGP (1) = typical < 90th%CCA W∕L ratio < 90th%CCA CSA;

c − CGP (2) = concentric > 90thCCA W∕L ratio < 90th%CCA CSA;

ch − CGP(3) = concentric hypertrophy > 90thCCA W∕L ratio > 90thCCA CSA;

dh − CGP(4) = dilated hypertrophy < 90th%CCA W∕L ratio > 90thCCA CSA.
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Longitudinal analysis: trajectories of outcome 
variables measured over time

The following variables were measured serially over 
time following a baseline measurement.

Blood pressure

Blood pressure was measured in both arms with a 
mercury sphygmomanometer using an appropriately 
sized cuff after 15-min rest in a dark, quiet room. 
Values for systolic blood pressure (SBP) and dias-
tolic blood pressure (DBP) were defined by Korotkoff 
phase I and V, respectively. The average of second 
and third measurements on both the right and left arm 
were used in the analysis. Pulse pressure was com-
puted as PP = (SBP-DBP); mean BP was computed as 
MBP = DBP + (PP / 3).

Anthropometry

Height, weight, and waist circumference were deter-
mined for all participants. Body mass index (BMI) 
was calculated as body weight (kg)/height (m2).

Fasting plasma lipids

Blood samples were drawn from the antecubital vein 
between 7 and 8 AM after an overnight fast. Subjects 
were not allowed to smoke, engage in significant 

physical activity, or take medications prior to the col-
lection of the samples. Plasma triglycerides and total 
cholesterol were determined by an enzymatic method 
(Abott Laboratories ABA-200 ATC Biochromati-
cAnalyzer, Irving, TX 75,015). HDL-cholesterol was 
determined by a dextran sulfate-magnesium precipita-
tion. LDL-cholesterol concentrations were estimated 
by the Friedewald formula. Fasting plasma glucose 
concentration was measured by the glucose oxidase 
method (Beckman Instruments Inc., Fullerton, CA 
92,634).

Aortic stiffness

Carotid-femoral PWV was measured as previously 
described [9] using nondirectional transcutaneous 
Doppler probes (Model 810A, 9 to 10-MHz probes, 
Parks Medical Electronics, Inc, Aloha, OR).

Statistical analyses

All analyses were performed using R version 4.0.2. 
Data are presented as mean ± SD unless otherwise 
specified. One-way ANOVAs were used to com-
pare the means of each variable across the baseline 
CGP groups. For significant variables, the false dis-
covery rate (FDR) approach was used to identify 
which means differ from each other. Average values 
of intima-medial thickness and carotid diameters for 
CGP groups by age groups (< 40, 40–65, and > 65), 
and by sex are provided in Table  1s and illustrated 

Fig. 1   Geometric configu-
ration of carotid geometric 
phenotype by age group in 
females (F) and males (M) 
using group-specific aver-
age intima-medial thickness 
and carotid diameter. 
t-CGP: typical CGP c-CGP: 
concentric ch-CGP: con-
centric hypertrophic CGP 
dh-CGP: dilated hyper-
trophic CGP
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in Fig.  1. A roadmap of the analyses performed is 
depicted in Fig. S1.

Linear mixed-effects models (LME) are used to 
estimate subject-specific rates of change (ROC) for 
PWV and potential covariates including BMI, DBP, 
SBP, and fasting glucose levels. This method has 
been explained previously [3, 10]. In summary, the 
LME approach fits a linear mixed-effects model to 
the variable as a function of follow-up time with both 
fixed and random effects. The estimated person-spe-
cific random-effect and fixed-effect are used to com-
pute the subject-specific rates of change (ROC).

Given the available data on CGP at baseline only 
along with longitudinal PWV measruements, a 
series of multiple linear regression models were fit-
ted to examine the association between baseline CGP 
groups (as independent variables) and PWVROC (as 
the dependent variable); Model 1 included baseline 
age and sex, with baseline CGP as dummy categorical 
variables with t-CGP (i.e., the most common pattern) 
as the reference group. Baseline age and sex interac-
tion terms with CGP dummy variables were included 
to assess the effect of baseline age and sex on the 
association between CGP and PWVROC. In Model 2, 
baseline common carotid artery wall-to-lumen ratio 
and wall cross-sectional area, and their interaction, 
were included to examine whether the CGPs are asso-
ciated with PWVROC independently of the individual 
carotid parameters used to construct them. In subse-
quent models, baseline PWV and covariates, and rates 
of changes of covariates were subsequently added 
to the model to examine whether the associations 
between CGP groups and PWVROC were independent 
of baseline PWV and baseline covariate values and 
their rates of changes. Backward elimination (keep-
ing CGP group in the model even if not significant) 
was used to reach final models. To explore whether 
the determinants of PWV change varied across the 
CGPs, additional regression analyses were stratified 
by CGPs.

Results

Baseline descriptive characteristics and follow‑up 
information of the sample by CGP phenotypes

We studied 5516 subjects over a median follow-
up time of 13 years (mean 11.5 years) for a total of 

21,577 observations. There was no difference in the 
distribution of number of visits among CGP groups 
(chi-square P-value = 0.11). Average baseline char-
acteristics of subjects within each of the four CGP 
groups are listed in Table  1. At baseline and com-
pared to t-CGP (normal CCA), subjects with ch-CGP 
(i.e., CCA hypertrophy due to thickening) were on 
average 5.5  years older, while subjects with c-CGP 
(greater relative wall thickness without hypertro-
phy) were on average 3.5  years younger. No differ-
ence in sex distribution or in mean follow-up time 
was observed among CGPs. Subjects with ch-CGP 
and dh-CGP (i.e., CCA hypertrophy mainly due to 
dilatation) had a greater BMI and greater SBP, DBP, 
and use of antihypertensive medications than t-CGP 
(normal CCAW/L and normal CSA), whereas the 
opposite was observed for subjects with c-CGP. Aver-
age baseline PWV values increased from c-CGP → 
t-CGP → ch- /dh-CGP (Table 1).

Geometric configuration of CGPs by age groups

Figure  1 and Table  1s illustrate carotid geometry of 
the different CGPs by age group and sex using the 
average carotid measurements (i.e., IMT and diame-
ter) for each subgroup. In both men and women there 
are significant trends of increasing IMT with advanc-
ing age, and from t-CGP, to c-CGP, to ch-CGP, to dh-
CGP across all age groups; Carotid diameter showed 
the same pattern of increasing diameter with advanc-
ing age; considering CGPS, however, carotid diam-
eter was smallest in the c-CGP, followed by c-CGP, to 
ch-CGP, and dh-CGP.

Baseline CCA geometry and baseline PWV, 
PWVROC, and aging.

Figure 2 demonstrates that dh-CGP and ch-CGP had 
higher PWVROC than c-CGP and t-CGP; in addi-
tion, c-CGP had lower PWVROC than t-CGP (Fig. 2).
Simple multiple linear regression models examining 
the association between baseline CGP and PWVROC, 
adjusting for age showed that among men and 
women aged < 40, c-CGP was associated with lower 
PWVROC, while ch-GGP, and dh-CGP were margin-
ally associated with greater PWVROC, compared to 
those with t-CGP. In the older groups, however, dh-
CGP was the only group to have a significant associa-
tion with greater PWVROC (Table 2).

1005



GeroScience (2023) 45:1001–1013

1 3
Vol:. (1234567890)

Baseline CCA geometry and future longitudinal 
changes in PWV, BP, and other CV risk factors

To further explore whether this age association was inde-
pendent of other covariate baseline and rates of change 
values, we first performed pairwise comparisons of means 
and standard deviations of rates of changes of traditional 
CV risk factors between CGPs (Table  S2). Rates of 
change of SBP, DBP, BMI, waist circumference, glucose, 
and LDL were significantly different between the CGPs. 
These variables were included in the subsequent multiple 

linear regression models to examine whether the differ-
ences observed in PWV rates of change across the CGPs 
groups were independent of the differences observed in 
the rates of change of the aforementioned covariates.

The independent associations between baseline CGP 
groups and PWV rate of change

A series of multiple linear regression models were fitted 
to examine the independent association between base-
line CGP groups and PWVROC (Table  3). In Model 1, 

Table 1   Baseline characteristics and length of follow-up of subjects according to their specific baseline CGP group (mean ± SD or 
%)

Notes: Age: baseline age;  t-CGP: typical CGP c-CGP: concentric ch-CGP: concentric hypertrophic CGP dh-CGP: dilated hyper-
trophic CGP 1post hoc comparisons use FDR adjustments. 2For post hoc comparisons, for example,( 2 < 1 < 4, 3) means that group 2 
differs from 1, 1 differs from 4 and 3, but 4 does not differ from 3

t-CGP (1) c-CGP (2) ch-CGP (3) dh-CGP-y (4) ANOVA 
P Value

Post hoc comparisons 
among baseline CGPs 
[1, 2]

n 4419 352 214 531
Age (years) 42.90 ± 16.9 40.1 ± 17.3 47.0 ± 15.0 44.6 ± 15.7  < .0001 2 < 1 < 4, 3
Women (%) 58.2 57.7 50.9 57.3 0.2064
Follow-up time (years) 11.7 ± 3.8 11.2 ± 4.0 11.5 ± 3.9 11.4 ± 3.9 0.0428 No pairwise differences
Number of visit (%)  0.1115
2 14.6 19.9 17.8 15.3
3
4
5

17.8
27.6
40.1

17.9
29.3
33.0

18.2
25.7
38.3

18.1
30.1
36.5

BMI (Kg/m2) 25.1 ± 4.5 24.0 ± 4.6 27.1 ± 4.7 27.0 ± 5.3  < .0001 2 < 1 < 4, 3
Waist circumference 

(cm)
83.9 ± 12.6 80.8 ± 12.6 90.3 ± 13.1 88.6 ± 14.2  < .0001 2 < 1 < 4, 3

Fasting glucose (mg/dl) 89.0 ± 22.0 88.9 ± 24.6 93.7 ± 25.5 91.7 ± 26.1 0.0029 2, 1 < 4, 3;
Total cholesterol (mg/

dl)
208.3 ± 41.9 201.5 ± 41.9 216.9 ± 36.8 213.1 ± 43.6  < .0001 2 < 1 < 4, 3

LDL cholesterol (mg/
dl)

126.3 ± 35.2 121.6 ± 34.7 136.3 ± 32.2 130.5 ± 36.0  < .0001 2 < 1 < 4 < 3

HDL cholesterol (mg/
dl)

64.7 ± 14.9 63.2 ± 14.9 61.1 ± 14.0 63.7 ± 15.4 0.0016 3 < 1; 3 < 4

Triglycerides (mg/dl) 86.8 ± 66.9 83.4 ± 54.8 97.5 ± 60.6 94.7 ± 90.5 0.2038 2, 1 < 4, 3
SBP (mmHg) 124.4 ± 17.6 122.0 ± 16.0 129.2 ± 18.6 131.1 ± 21.5  < .0001 2 < 1 < 3, 4
DBP (mmHg) 76.5 ± 10.6 74.6 ± 10.0 79.6 ± 10.5 80.5 ± 11.9  < .0001 1 < 2 < 3, 4
PP (mmHg) 47.9 ± 12.2 47.5 ± 11.4 49.6 ± 12.8 50.6 ± 14.8  < .0001 1 2, < 4
MBP (mmHg) 92.4 ± 12.1 90.4 ± 11.1 96.2 ± 12.4 97.4 ± 14.2  < .0001 1 < 2 < 3, 4
Serum creatinine (mg/

ml)
0.80 ± 0.18 0.81 ± 0.16 0.81 ± 0.16 0.81 ± 0.28 0.7782

PWV (m/sec) 6.6 ± 2.1 6.3 ± 1.9 7.1 ± 2.2 7.0 ± 2.3  < .0001 2 < 1 < 4, 3
Antihypertensive medi-

cation (%)
8.0 6.5 12.6 14.1  < .0001 2 < 1 < 4, 3
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including baseline age, baseline age [2], sex, and their 
interaction with CGP baseline groups, dh-CGP (hypertro-
phy with dilation) was associated with greater PWVROC, 
compared to t-CGP, with significant baseline age-dh-
CGP and sex-dh-CGP interactions indicating that older 
individuals and men with dh-CGP group had the greatest 
PWVROC compared to their younger and female coun-
terparts, respectively. In addition, the sex-h-CGP interac-
tion was significant, indicating that among those with ch-
CGP, men had greater PWV rate of change compared to 
women. Figure 3 illustrates the results of this model.

In Model 2, the association between CGP and 
PWVROC was not significantly changed after adjust-
ing for W/L, CSA, and their interaction. In Model 3, 
we included baseline and rates of changes of relevant 
covariate and history of HTN treatment and ever smok-
ing assessed at baseline; after backward elimination of 
nonsignificant terms, the final Model (Model 4) showed 

that dh-CGP was significantly associated with greater 
PWVROC, after adjusting for CV risk factors associated 
with PWVROC, namely baseline and rates of change of 
SBP, DBP, glucose, and waist circumference.

Determinants of PWV rate of change within each 
CGP group at baseline

Table  4 shows differences in the determinants of 
PWV longitudinal change in each of the CGP base-
line groups. PWVROC was positively associated with 
baseline PWV and with advancing age in all CGP 
groups, although the association with age was quad-
ratic in the t-CGP and c-CGP (association with Age 
[2].) t-CGP demonstrated an association in the total 
sample; in both c-CGP and dh-CGP, greater baseline 
SBP was associated with greater PWVROC. SBPROC 
was positively associated with PWVROC only in 

Fig. 2   Differences in longi-
tudinal PWV rate of change 
by baseline CGP. Rate of 
change of PWV (cm/s/year)

Table 2   Associations 
between baseline CGP with 
future longitudinal rate of 
change in PWV (PWVROC) 
by age groups (cm/s/year)

Var, variables; Age, 
baseline age; CGP, carotid 
geometric phenotype

 < 40 Years  40-65 Years  > = 65 Years

Baseline Var Estimate P-value Estimate P-value Estimate P-value

(Intercept) 1.08 0.058  − 6.54 0.000  − 12.46 0.063
FAge 0.21 0.000 0.41 0.000 0.50 0.000
Sex 0.94 0.001 0.61 0.084 1.40 0.139
c-CGP (Ref = t-CGP)  − 1.11 0.037 0.09 0.901  − 0.48 0.851
ch-CGP (Ref = t-CGP) 1.45 0.086 0.66 0.396 0.29 0.898
dh-CGP (Ref = t-CGP) 0.92 0.066 3.40 0.000 4.38 0.012
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dh-CGP. However, in ch-CGP, PWVROC was posi-
tively associated with DBPROC and not with SBPROC.

Discussion

Principal findings

In this cohort, hypertrophic CGPs (i.e., ch-CGP 
and dh-CGP) were associated with greater PWV at 

baseline, but only hypertrophic CGP with dilation, 
(i.e.) dh-CGP, was independently associated with 
prospective increases in PWV over time, with a more 
pronounced increase in older than in younger indi-
viduals. Among those with hypertrophic CGPs with 
and without dilatation, men had a greater prospective 
PWV increase than women. The greater longitudinal 
increase in PWV in dh-CGP was independent of the 
carotid geometric parameters used to construct CGP, 
of baseline PWV as well as baseline and rates of 

Table 3   Independent associations between baseline CGP with future longitudinal rate of change in PWV (cm/s/year)

Var, variables; Age, baseline age; CGP, carotid geometric phenotype; W/L, wall-to-lumen ratio of the common carotid artery; CSA, 
cross-sectional area of the wall of the common carotid artery; WC, waist circumference; DBP, diastolic blood pressure; SBP, systolic 
blood pressure; PWV, pulse wave velocity; ROC, rate of change per year

Model 1 Model 2 Model 3 Model 4

Baseline Var Estimate P-value Estimate P-value Estimate P-value Estimate P-value

Intercept 3.3 0.0000 2.0 0.0000  − 19.9 0.0000  − 18.0 0.0000
Age 0.040 0.2504 0.064 0.0814  − 0.032 0.4033  − 0.034 0.3512
Age × age 0.003 0.0000 0.003 0.0000 0.002 0.0000 0.002 0.0000
Sex (male) 0.505 0.0469 0.035 0.8997  − 1.039 0.0003  − 0.880 0.0009
c-CGP (Ref = t-CGP)  − 2.369 0.0729  − 1.576 0.2548  − 1.527 0.2245  − 0.416 0.4002
ch-CGP (Ref = t-CGP) 0.727 0.7087 2.440 0.2527 1.841 0.3438  − 1.121 0.0857
dh-CGP (Ref = t-CGP)  − 2.220 0.0604  − 1.773 0.1378  − 0.460 0.6739 1.022 0.0168
FAge × c-CGP 0.034 0.2449 0.022 0.4695 0.023 0.3954
FAge × ch-CGP  − 0.023 0.5307  − 0.084 0.0541  − 0.070 0.0788
FAge × dh-CGP 0.089 0.0002 0.057 0.0224 0.022 0.3425
Sex × c-CGP 1.061 0.2579 1.024 0.2785 0.575 0.5028
Sex × ch-CGP 2.500 0.0276 1.960 0.0874 0.495 0.6367
Sex × dh-CGP 1.908 0.0150 1.693 0.0320 1.502 0.0374
W/L, %  − 18.112 0.0963  − 17.518 0.0796  − 10.942 0.2244
CSA, mm2 0.079 0.7110  − 0.426 0.0310  − 0.282 0.1133
W/L × CSA 1.046 0.2273 2.045 0.0103 1.447 0.0344
WC, cm 0.118 0.0000 0.120 0.0000
DBP, mmHg  − 0.075 0.0020  − 0.077 0.0014
SBP, mmHg 0.116 0.0000 0.117 0.0000
Glucose, mg/dL 0.014 0.0050 0.014 0.0080
LDL, mg/dL 0.002 0.6958
PWV, m/s 0.015 0.0000 0.015 0.0000
Heart rate, bpm 0.041 0.0000 0.040 0.0000
Ever smoking 0.556 0.0371 0.573 0.0316
Hypertension RX 0.381 0.3521
Longitudinal Var
WC-ROC 3.666 0.0003 3.833 0.0001
DBP-ROC 6.409 0.0150 6.561 0.0128
SBP-ROC 2.111 0.0000 2.122 0.0000
Glucose-ROC 0.195 0.0904 0.229 0.0449
LDL-ROC 0.148 0.1518
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changes of covariates. Interestingly, in younger men 
and women, concentric CGP (greater thickness that 
dilatation for age) was associated with less baseline 
and longitudinal arterial stiffness compared to the 
typical CGP.

CGPs and arterial aging

Our findings shed light on a fundamental issue 
regarding CGPs with aging. CGPs did not vary 
by age [5, 6]; however, within a given age, hyper-
trophic deviants (i.e. dh-CGP and ch-CGP) dem-
onstrated accelerated aging patterns [3, 4] with 
increased wall and mass (through thickening of 
dilatation), compared to the typical CGP. Unlike 

increased wall mass due to thickening, however, 
increased wall mass through dilatation was associ-
ated accelerated with greater wall stiffening with 
aging. On the other hand, concentric CGP, while 
demonstrated increased wall to lumen ratio, but 
without increased mass, was associated a smaller 
diameter and favorable stiffness profile indicating 
attenuated age-associated processes.

That CGPs have not been traditionally associated 
with chronological age omits that CGPs are weakly 
associated with chronological age by design (CGP are 
based on deviating from normal, age- and sex- spe-
cific wall thickness and diameter ranges). Instead, 
their construction represents accelerated forms of 
arterial aging for a given chronological age. This is 

Fig. 3   Model predicted tra-
jectories of PWV of the dif-
ferent baseline CGP groups 
in women and men using 
age-specific mean baseline 
PWV values and model 
predicted slopes at the 
given baseline age. Refer to 
basic model in Table 2 for 
statistics on the significance 
of differences in slopes
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consistent with our findings of accelerated arterial 
stiffening in in subjects with dilated hypertrophic 
CGP, demonstrating the triad of arterial aging of wall 
hypertrophy [3], relative luminal dilation [2], and 
functional stiffening [7, 9].

Interestingly, the greater PWVROC in individu-
als in the dh-CGP group was independent of W/L, 
CSA, and their interaction, indicating that the 
biological condition represented by dh-CGP can-
not be inferred only from the carotid geometric 
parameters used to construct dh-CGP. One possi-
ble explanation is that the CGP categorizes indi-
viduals based on whether they were in the upper 
sex-age specific 10th percentile of carotid geo-
metric parameters, and not merely based on hav-
ing greater absolute values of these parameters. 
As such, an individual in the dh-CGP does not 
only have greater relative wall thickness and an 
increase in wall mass, but they have greater val-
ues of these elements compared to their counter-
parts of the same sex and age group, represent-
ing accelerated aging phenotype. On the end of 
the spectrum, it seems the concentric CGP with 
increased relative wall thickness but without a real 
increase in wall mass, which comes as a result of 
smaller diameter, was associated with attenuated 
arterial aging, which suggests that this phonotype 

might represent the other pole of attenuated arte-
rial aging. This in fact supported by the lower risk 
associated with this profile in prior studies. [6]

Differences in the determinants of PWV rate of 
change between CGP groups at baseline

These analyses showed similarities and differ-
ences in the determinants of PWV future change 
between the different groups. On one hand, this 
analysis redemonstrated the increasing of PWV 
at increasing rates with advancing age and among 
those with greater baseline PWV, across all CGP 
groups. Changes in SBP was a significant deter-
minant of future increase in PWV in t-CGP and 
dh-CGP, while changes in DBP was a significant 
determinant of future increase in PWV in t-CGP 
and ch-CGP. The different associations between 
the 4 groups can be attributed to the smaller num-
ber of participants in c-CGP, 3, and 4 compared to 
t-CGP. However, that PWVROC was associated with 
GlucoseROC only in ch-CGP, the group that the 
highest increase in GlucoseROC suggests some bio-
logical role of glucose metabolism in this ch-CGP 
group (hypertrophy without dilatation).

Waist circumference, an established determi-
nant of PWV increase with aging in the general 

Table 4   Determinants of future longitudinal rate of change in PWV within each groups at baseline (reduced models after backward 
eliminaton in each group)

Age, baseline age; ROC, rate of change cm/s/year; WC, waist circumference; DBP, diastolic blood pressure; SBP, systolic blood pres-
sure; PWV, pulse wave velocity

t-CGP c-CGP ch-CGP dh-CGP

Estimate P Estimate p Estimate P Estimate P

Intercept  − 21.503  < 0.0001  − 18.949  < 0.0001 6.059 0.3242  − 21.629  < 0.0001
Age  − 0.068 0.0812  − 0.041 0.6787 0.185 0.0000 0.128 0.0003
Age × age 0.002  < 0.0001 0.002 0.0330
Sex  − 1.310  < 0.0001
Initial WC 0.127  < 0.0001 0.116 0.0006
Initial DBP  − 0.086 0.0011  − 0.222 0.0298
Initial SBP 0.121  < 0.0001 0.071 0.0072 0.118 0.0028
Initial glucose 0.017 0.0022
Initial PWV 0.015  < 0.0001 0.013  < 0.0001 0.014 0.0000 0.023  < 0.0001
WCROC 3.478 0.0015
DBPROC 7.234 0.0104 24.823 0.0174
SBPROC 2.125  < 0.0001 2.731 0.0124
GlucoseROC 0.867 0.0431 1.725 0.0049
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population [7], was associated with PWVROC only 
in the t-CGP and c-CGP groups, but not in the 
ch-CGP and dh-CGP groups. Exploring the link 
between obesity and PWV is beyond the scope 
of this analysis; however, the lack of the associa-
tion between WC and PWV future change in the 
groups with hypertrophy is interesting. One expla-
nation is that the impact of differences in WC on 
PWV future change is weaker after the develop-
ment of structural remodelling, which becomes the 
major determinant of arterial stiffening. Alternative 
explanations include that the impact of WC in the 
referenced groups, which have the highest average 
WC, has already occurred.

Potential mechanisms linking geometric phenotypes 
and future functional changes

The link between CCA geometric phenotypes and 
future increases in arterial stiffening may reflect 
changes in wall composition that modify the arte-
rial stress–strain relationship and/or the response to 
hemodynamic and metabolic changes associated with 
obesity. Indeed, a few decades ago, Folkow proposed 
that small arterial concentric hypertrophic structural 
changes amplify the arterial response to the distend-
ing blood pressure [11]. However, at the central 
arterial level, the structural–functional relationship 
appears more complex with dilatory remodelling that 
might alter this relationship. For example, we found in 
the concentric hypertrophy CGP group that PWVROC 
was associated with DBPROC, which is in line with 
the changes Folkow proposed in smaller arteries. In 
dilated hypertrophic CGP, however, PWVROC was 
not associated with distending DBP, but with SBPROC 
which is often a result of central arterial stiffness.

Novel experimental evidence suggests that, beyond 
the classical elastin/collagen components of the arte-
rial wall, regulation of vascular smooth muscle cells 
(VSMC) tone, extracellular matrix composition, and 
cell–matrix interactions are key factors in age-asso-
ciated arterial remodelling [12–14]. Age associated 
changes in these factors are linked to a proinflam-
matory profile in the aged arterial wall [15]. Arte-
rial geometry may also impact on the optimal energy 
transfer along the arterial system [16]. Modulation of 
pulsatile load impacts on arterial stiffness [9] and the 
coupling between left ventricle and arterial system. 
[17, 18]

Although we were not able to accurately establish 
the temporal sequence in the natural history of CCA 
remodelling, because CGP could only be measured at 
baseline, we can speculate on possible mechanisms 
underlying our observations on the role of vascular 
geometry.

The CCA geometric phenotype, in part, may be the 
result of permissive genome [19, 20], ethnicity [21], 
and concomitant clinical conditions, such as hyper-
tension, diabetes, and dyslipidaemia [22]. Arterial 
geometry is associated with specific arterial func-
tional profiles [5] in order to maintain parietal stress 
within certain limits [23] and/or at damping the pul-
satility downstream and, thus, to protect microcircula-
tion and tissue perfusion [24] while modulating mean 
blood pressure and arterial stiffness. In normotensive 
volunteers from the Baltimore Longitudinal Study on 
Aging (BLSA), aortic root diameter impacted arte-
rial stiffening and the onset of systolic hypertension 
[25]. It is not clear under which circumstances hyper-
trophy or concentric remodelling without dilation the 
remodelling is adaptive or maladaptive. In addition, 
its role in slowing or accelerating arterial aging [26, 
27] needs to be clarified.

A previous study had reported that in subjects 
with the metabolic syndrome, changes in blood 
pressure and stiffness preceded and drove changes 
in arterial geometry [28]. However, several of 
the arterial parameters adopted to describe arte-
rial geometry and function in that study were cal-
culated from carotid diameter and intima-media 
thickness only, and thus may be impacted by some 
certain degree of collinearity. Of note, that study 
also reported that changes in BP were correlated 
with carotid CSA but not with carotid IMT, high-
lighting the relevance of vascular geometry in 
modulating arterial function(s) [28].

The present study has some limitations. The study 
population consisted of a large cohort of “not health 
seeking” participants. Although this makes the find-
ings more representative of a general population, it 
does not help to identify higher risk subjects (spe-
cifically “affected” individuals, or patients). The 
homogenous ethnic background (Founder population 
of SardiNIA) might limit its generalizability to other 
ethnicities. However, our previous analysis of two 
cohorts with different ethnic background, SardiNIA 
and BLSA [7, 9], yielded similar results indicating the 
low impact of the ethnic background on the general 
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findings observed. Characterizing carotid geometry 
is limited by various factors including noisy images, 
delineation of anatomical boundaries (including the 
inability to demarcate the adventitia, which plays 
a major role in arterial wall stiffness), and assump-
tions of geometric regularities to apply area formulae. 
Also, EKG timed measurements of carotid diameter 
might introduce an effect of PWV, higher image qual-
ity; we believe the short heart-carotid transit distance 
makes any effect of PWV minute and within the error 
margin of manual measurements. While we believe 
these factors might have introduced noise, however, 
such noise would have resulted in underestimation in 
the associations observed, which further strengthens 
the validly of these findings.

An additional limitation is that, despite the longi-
tudinal population design of the present study, lon-
gitudinal CGP data are not currently available for 
analysis. This limits the ability to explore the natural 
history of CGP starting with individuals with normal 
and concentric remodelling patterns; such a study will 
help determine the temporal relationships between 
structural and functional alterations, prospectively, 
and identify early interventions to prevent the devel-
opment of accelerated aging phenotypes. Another 
limitation is that due to the smaller number of partici-
pants in the different classes of medications, we did 
not have the statistical power to assess the effect of 
the various classes of medications on the associations 
observed. However, this is beyond the scope of this 
study and future studies powered to detect such asso-
ciations would help elucidate this issue.

In conclusion, the results of the present study high-
light the importance of studying arterial geometric 
phenotypes to reveal accelerated aging phenotypes 
and improve clinical risk stratification to guide inter-
ventions. Detailed investigation of the mechanisms 
that underlie arterial geometry is required in order 
to inform the prognostic value of arterial geometric 
phenotype in CVD risk stratification and guide the 
process to develop novel therapeutic interventions for 
intertwined reality of arterial aging and disease.
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