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ORIGINAL ARTICLE

Effect of Arterial Stiffness and Carotid Intima-
Media Thickness Progression on the Risk of 
Dysglycemia, Insulin Resistance, and Dyslipidemia: 
a Temporal Causal Longitudinal Study
Andrew O. Agbaje , Alan R. Barker , Gary F. Mitchell , Tomi-Pekka Tuomainen

BACKGROUND: We investigated the temporal causal longitudinal associations of carotid-femoral pulse wave velocity (cfPWV), 
a measure of arterial stiffness, and carotid intima-media thickness (cIMT) progression with the risk of dysglycemia, insulin 
resistance, and dyslipidemia.

METHODS: We included 3862, 17.7-year-old, participants from the Avon Longitudinal Study of Parents and Children, followed 
up for 7 years. cfPWV, cIMT, and fasting plasma samples were repeatedly measured. We computed homeostatic model 
assessment (HOMA) of insulin resistance and percent pancreatic beta-cell function. Data were analyzed using logistic 
regression, linear mixed-effect, and cross-lagged structural equation models.

RESULTS: A higher cfPWV at 17.7 years was associated with higher insulin at age 24.5 years (odds ratio, 1.25 [CI, 1.08–1.44]; 
P=0.003), which slightly attenuated after covariates adjustment. Higher cIMT at 17.7 years was associated with lower insulin 
(odds ratio, 0.06 [0.01–0.95]; P=0.046) at 24.5 years, after covariate adjustments. In mixed-effect models, the 7-year 
progression in cfPWV (predictor) was directly associated with the increase in triglyceride (outcome). cIMT progression 
was associated with the 7-year increase in LDL (low-density lipoprotein), triglyceride, and glucose. In cross-lagged models, 
higher cfPWV at 17.7 years was associated with higher insulin (β=0.06, SE, 0.12, P=0.014), HOMA of insulin resistance, 
and HOMA-percent pancreatic beta-cell function at 24.5 years. However, insulin, HOMA of insulin resistance, and HOMA-
percent pancreatic beta-cell function at 17.7 years were not associated with cfPWV at 24.5 years. Higher cIMT at 17.7 years 
was associated with reduced insulin, HOMA of insulin resistance, and HOMA-percent pancreatic beta-cell function at 24.5 
years, but not vice versa. Higher glucose at 17.7 years was associated with higher cfPWV and cIMT at 24.5 years only.

CONCLUSIONS: Arterial stiffness in adolescence may be a causal risk factor for hyperinsulinemia and insulin resistance 
in young adulthood. (Hypertension. 2022;79:667–678. DOI: 10.1161/HYPERTENSIONAHA.121.18754.)  

• Supplemental Material
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The global prevalence of young-onset type 2 diabetes, 
that is, type 2 diabetes diagnosed before the age of 
40 years, is on the increase and cardiometabolic mor-

bidities and mortality related to young-onset type 2 dia-
betes are driven by its long duration.1 Young-onset type 

2 diabetes is characterized by rapid deterioration of beta-
cell function on the background of insulin resistance2 and 
altered metabolic milieu.3 In a randomized controlled trial, 
metformin monotherapy or lifestyle modification failed 
to treat young-onset type 2 diabetes, warranting further 
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research on ways to ameliorate the risk in early life.3–5 
Other risk factors that are strongly associated with young-
onset type 2 diabetes are high blood pressure, high LDL 
(low-density lipoprotein) cholesterol, obesity, and a family 
history of diabetes.1,3,4 It is also known that altered vascu-
lar function and structure, such as stiffened arteries, is a 
complication of young-onset type 2 diabetes.3

However, emerging evidence among apparently healthy 
adults aged 48.3±12.0 years followed up for 3.72 years 
revealed that higher arterial stiffness may precede higher 
fasting blood glucose and could be a novel risk factor in the 
causal pathway of incident type 2 diabetes.6 To date, among 
adolescents and young adults, no study has investigated 
whether altered arterial function and structure, independent 
of known risk factors,3 precede the risk of dysglycemia, 
hyperinsulinemia, and insulin resistance that are precur-
sors of young-onset type 2 diabetes and its comorbidities, 
such as dyslipidemia. Such insight is important and timely 

as the Lancet Commission on diabetes has recently rec-
ommended that young-onset diabetes requires improved 
risk stratification and disease classification.1 Therefore, we 
examined the temporal causal longitudinal associations of 
carotid-femoral pulse wave velocity (cfPWV), a measure of 
arterial stiffness, and carotid intima-media thickness (cIMT) 
with fasting LDL, HDL (high-density lipoprotein) choles-
terol, triglyceride, glucose, insulin, insulin resistance, and 
pancreatic beta-cell function among 3862 adolescents 
followed up for 7 years, using data from the ALSPAC (Avon 
Longitudinal Study of Parents and Children) birth cohort, 
England, United Kingdom.

METHODS
Data Availability Statement
The informed consent obtained from ALSPAC participants 
does not allow the data to be made freely available through 
any third-party maintained public repository. However, data 
used for this submission can be made available on request to 
the ALSPAC Executive. The ALSPAC data management plan 
describes in detail the policy regarding data sharing, which is 
through a system of managed open access. Full instructions for 
applying for data access can be found here: http://www.bristol.
ac.uk/alspac/researchers/access/. The ALSPAC study web-
site contains details of all the data that are available (http://
www.bristol.ac.uk/alspac/researchers/our-data/).

Study Cohort
Details of the ALSPAC birth cohort have been published ear-
lier7–9 and are summarized in the Supplemental Material. The 
ALSPAC birth cohort investigates factors that influence child-
hood development and growth. Altogether, 14 541 pregnan-
cies from women residing in Avon, southwestern England, 

Nonstandard Abbreviations and Acronyms

ALSPAC	� Avon Longitudinal Study of Parents and 
Children

cfPWV	 carotid-femoral pulse wave velocity
cIMT	 carotid intima-media thickness
HDL	 high-density lipoprotein
HOMA	 homeostatic model assessment
HOMA-%β	� HOMA-percent pancreatic beta-cell 

function
HOMA-IR	� homeostatic model assessment of insulin 

resistance
LDL	 low-density lipoprotein

NOVELTY AND RELEVANCE

What Is New?
In the largest adolescent longitudinal study to date, we 
examined for the first time the impact of arterial stiffness 
(carotid-femoral pulse wave velocity) and carotid intima-
media thickness progression on the risk of dysglycemia, 
insulin resistance, and dyslipidemia.
We utilized hierarchical modeling for repeated measures 
and autoregressive cross-lagged structural equation 
models to untangle possible temporal causal paths.

What Is Relevant?
Adolescent arterial stiffness may be a precursor of insu-
lin resistance in young adulthood rather than a conse-
quence, whereas carotid thickness may be a precursor 
of insulin insufficiency and decreased beta-cell function.
Adolescent arterial stiffness appears to temporally pre-
cede low HDL, albeit with borderline significance, but 

arterial stiffness and carotid intima-media thickness 
progression were positively associated with the 7-year 
increase in triglyceride.

Clinical/Pathophysiological Implications?
Temporal path analysis in this study suggests that arte-
rial stiffness in adolescence may be a novel causal risk 
factor for insulin resistance, hyperinsulinemia, and low 
HDL (high-density lipoprotein) in young adulthood. The 
prevention and reduction of insulin resistance and hyper-
insulinemia, which are risk factors for young-onset type 2 
diabetes, and dyslipidemia from adolescence may require 
developing novel approaches to mitigate arterial stiffness. 
Nonetheless, future studies are warranted to examine the 
biological and pathological processes through which vas-
cular alterations contribute to metabolic diseases.
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United Kingdom, who had a total of 14 676 fetuses, were 
enrolled between April 1, 1991, and December 31, 1992. 
When the oldest children were ≈7 years of age, an attempt 
was made to bolster the initial sample with eligible cases who 
had failed to join the study originally resulting in 913 additional 
pregnancies. The total sample size for analyses using any data 
collected after 7 years of age was 15 454 pregnancies, result-
ing in 15 589 fetuses. Of these 14 901 were alive at 1 year of 
age. Regular clinic visits of the children commenced at 7 years 
of age and are still ongoing. Study data at 24.5 years were 
collected and managed using REDCap electronic data capture 
tools.10 For our analysis, we included participants who had both 
cfPWV and cIMT measurements at age 17.7 years (Figure 1). 
The demographic characteristics of excluded participants 
were similar to those included in this study (Table S1 in the 
Supplemental Material). Ethical approval for the study was 
obtained from the ALSPAC Ethics and Law Committee and 
the Local Research Ethics Committees. Consent for biological 
samples has been collected in accordance with the Human 
Tissue Act (2004). Informed consent for the use of data col-
lected via questionnaires and clinics was obtained from partici-
pants following the recommendations of the ALSPAC Ethics 
and Law Committee at the time.

All blood biochemical values were repeatedly measured 
from fasting samples at age 17.7 and 24.5 years as detailed in 
the Supplemental Material. Total fat mass and lean mass were 

assessed using a dual-energy X-ray absorptiometry scanner. 
At age 17.7 years, cfPWV was assessed from pressure wave-
forms obtained using the Vicorder device (Skidmore Medical, 
Bristol, United Kingdom).11–13 At 24.5 years, cfPWV was mea-
sured, after five minutes of resting in a semi-prone position, 
using a Vicorder instrument (Skidmore Medical, Bristol, United 
Kingdom) which has 2 blood pressure measurement channels 
and 2 Velcro pressure sensor cuffs applied over each of the 
carotid and femoral arteries.13 At age of 17.7 years, cIMT was 
assessed by ultrasound using a linear 12-MHz transducer 
(Vivid7, GE Medical, Chicago, IL). The average of cIMT at 
17.7 years serially measured at 3 different cardiac cycles was 
computed. Interobserver variability for cIMT was assessed in 
a separate sample of 25 young adults (coefficient of variation: 
4.4±2.2%).11,13 The right and left common carotid arteries at 
age 24.5 years were imaged using an ultrasound machine 
(CardioHealth Panasonic and a 13.5 MHz linear array broad-
band transducer (probe; center frequency 9.0 MHz) in line 
with standard protocols and detailed in the Supplemental 
Material.13 Participants with fasting HDL <1.0 mmol/L, LDL 
>3.0 mmol/L, triglyceride >2.0 mmol/L, were categorized 
as at risk of dyslipidemia14 and glucose >6.1 mmol/L, and 
insulin >11.78 mU/L, were categorized at risk of hypergly-
cemia and hyperinsulinemia.2,15,16 We calculated homeostatic 
model assessment of insulin resistance (HOMA-IR) and 
HOMA-percent pancreatic beta-cell function (HOMA-%β) 

Figure 1. Flowchart of study participants.
Participants that had complete predictor and or outcome of interest at 17.7 y were included in the analyses. cfPWV indicates carotid-femoral 
pulse wave velocity; cIMT, carotid intima-media thickness; and DEXA, dual-energy X-ray absorptiometry.
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from (fasting insulin×fasting glucose/22.5) and ([20×fast-
ing insulin]/[fasting glucose−3.5]), respectively.17 Participants 
had young-onset type 2 diabetes when clinic fasting glucose 

was ≥7 mmol/L or reported physician diagnosis at 17.7 or 
24.5 years clinic visit.2 Further details of the measurement 
procedure for fasting lipids, glucose, insulin, cfPWV, cIMT, 

Table 1.  Descriptive Characteristics of Cohort Participants

Variables

17.7 y 24.5 y

Male Female

P value 

Male Female

P value N Mean (SD) N Mean (SD) N Mean (SD) N Mean (SD)

Anthropometry

  Age, y 1719 17.72 (0.32) 2143 17.72 (0.34) 0.753 954 24.58 (0.72) 1502 24.50 (0.74) 0.008

  Height, m 1693 1.79 (0.07) 2112 1.65 (0.06) <0.0001 949 1.80 (0.07) 1484 1.66 (0.06) <0.0001

  *Weight, kg 1696 69.40 (14.45) 2114 60.40 (13.50) <0.0001 948 77.80 (17.65) 1484 64.65 (17.10) <0.0001

  Somatic maturation, n (%) 1600 1600 (100) 1927 1927 (100) NA NA     

  Race White, n (%) 1565 1498 (95.7) 1925 1848 (96.0) 0.670 NA     

Body composition

  *Total fat mass, kg 1675 10.28 (9.81) 2080 19.24 (10.44) <0.0001 927 17.91 (10.35) 1436 22.12 (11.91) <0.0001

  Lean mass, kg 1675 54.83 (8.13) 2080 37.68 (5.16) <0.0001 927 56.09 (10.07) 1436 40.82 (6.79) <0.0001

  *Body mass index, kg/m2 1693 21.54 (4.05) 2112 21.95 (4.42) <0.0001 948 23.98 (4.79) 1483 23.51 (5.70) 0.177

Fasting plasma metabolic indices

  Total cholesterol, mmol/L 1276 3.56 (0.62) 1310 3.94 (0.69) <0.0001 839 4.34 (0.85) 1174 4.48 (0.82) <0.0001

  HDL, mmol/L 1276 1.19 (0.26) 1310 1.35 (0.32) <0.0001 839 1.40 (0.37) 1174 1.66 (0.42) <0.0001

  At risk HDL <1.0 mmol/L, n (%) 1276 285 (22.3) 1310 146 (11.1) NA 839 105 (12.5) 1174 42 (3.6) NA

  LDL, mmol/L 1276 2.00 (0.56) 1310 2.21 (0.63) <0.0001 837 2.46 (0.79) 1174 2.40 (0.74) 0.071

  At risk LDL >3.0 mmol/L, n (%) 1276 70 (5.5) 1310 144 (11.0) NA 837 191 (22.8) 1174 232 (19.8) NA

  *Triglyceride, mmol/L 1276 0.74 (0.34) 1310 0.76 (0.37) 0.096 838 0.87 (0.55) 1174 0.81 (0.47) <0.0001

 � At risk triglyceride >2.0 mmol/L, 
n (%)

1276 21 (1.6) 1310 11 (0.5) NA 838 53 (6.3) 1174 34 (2.9) NA

  Glucose, mmol/L 1276 5.16 (0.69) 1310 4.91 (0.51) <0.0001 839 5.46 (0.58) 1174 5.22 (0.63) <0.0001

  At risk glucose >6.1 mmol/L, n (%) 1276 21 (1.6) 1310 9 (0.7) NA 839 57 (6.8) 1174 49 (4.2) NA

  *Insulin, mU/L 1258 6.05 (4.19) 1285 7.33 (4.37) <0.0001 839 6.92 (4.94) 1174 7.75 (5.56) <0.0001

  At risk Insulin >11.78mU/L, n (%) 1258 142 (11.3) 1285 189 (14.7) NA 839 152 (18.1) 1174 250 (21.3) NA

  *HOMA-IR 1249 1.37 (1.03) 1282 1.62 (1.01) <0.0001 839 1.68 (1.23) 1174 1.79 (1.38) 0.038

  *HOMA-%β 1249 75.04 (47.6) 1282 108.17 (62.8) <0.0001 839 71.71 (53.7) 1174 95.47 (62.5) <0.0001

 � *High-sensitivity C-reactive pro-
tein, mg/L

1276 0.44 (0.68) 1310 0.67 (1.28) <0.0001 752 0.63 (1.10) 1100 0.99 (2.13) <0.0001

Vascular measures

  Heart rate, bpm 1717 63 (9) 2138 68 (10) <0.0001 952 64 (10) 1495 69 (10) <0.0001

  Systolic blood pressure, mm Hg 1717 120 (9) 2138 110 (8) <0.0001 952 122 (10) 1495 112 (10) <0.0001

  Diastolic blood pressure, mm Hg 1717 63 (6) 2138 65 (6) <0.0001 952 67 (8) 1495 66 (8) 0.004

  *Carotid-femoral PWV, m/s 1719 6.03 (0.70) 2143 5.54 (0.62) <0.0001 640 6.47 (1.21) 1012 5.90 (1.03) <0.0001

  *Carotid IMT, mm 1719 0.48 (0.05) 2143 0.47 (0.04) <0.0001 532 0.47 (0.05) 866 0.45 (0.05) <0.0001

Lifestyle factors

 � Smoked cigarettes in the past 30 
days, n (%)

1491 369 (21.5) 1853 542 (25.3) 0.004 674 171 (25.4) 1105 284 (25.7) 0.911

  MVPA, mins/d 691 56 (31) 884 40 (23) <0.0001 220 46 (43) 411 42 (35) 0.030

  Family history of H-D-C-V, n (%) 1718 492 (28.6) 2140 670 (31.3) 0.072 NA     

The values are means (SDs) and median (interquartile range) except for maturation status, lifestyle factors, metabolic risk categories in percentage. Differences 
between sexes were tested using Student t test for normally distributed continuous variables, Mann-Whitney U test for skewed continuous variables, and χ2 test for 
dichotomous variable. A 2-sided P<0.05 is considered statistically significant. Participants with fasting HDL <1.0 mmol/L, LDL >3.0 mmol/L, triglycerides >2.0 mmol/L, 
glucose >6.1 mmol/L, and insulin >11.78mU/L were categorized as having moderate to high risk of dyslipidemia, hyperglycemia, and hyperinsulinemia. P value for sex 
differences. H-D-C-V indicates hypertension/diabetes/high cholesterol/vascular disease; HDL, high-density lipoprotein; HOMA-%β, HOMA-percent pancreatic beta-
cell function; HOMA-IR, homeostatic model assessment of insulin resistance; IMT, intima-media thickness; LDL, low-density lipoprotein; MVPA, moderate to vigorous 
physical activity; NA, not available/applicable; and PWV, pulse wave velocity.

*Median (interquartile range).
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and other covariates such as heart rate and blood pressure 
are contained in the Supplemental Material. Questionnaires 
to assess smoking behavior were administered at the 17.7-
year and 24.5-year clinic visits. At the 17.7-year clinic visit, 
participants were briefly asked about their personal and family 
(mother, father, and siblings) medical history, such as a history 
of hypertension, diabetes, high cholesterol, and vascular dis-
ease. Moderate to vigorous physical activity at age 15.5 years 
was assessed with ActiGraphTM accelerometer worn for 7 
days whereas at 24.5 years moderate to vigorous physical 
activity was assessed using ActiGraph GT3X+ accelerometer 
device worn for four consecutive days, ideally starting the day 
after the clinic visit. Missing data were handled with multi-
ple imputations11–13 (see the Appendix in the Supplemental 
Material and Tables S2 and S3).

Statistical Analysis
Participant’s descriptive characteristics were summarized 
as means and standard deviation, medians, and interquartile 
ranges, or frequencies and percentages. We explored sex dif-
ferences using independent t tests, Mann-Whitney U tests, or 
χ2 tests for normally distributed, skewed or dichotomous vari-
ables, respectively. We assessed the normality of variables and 
logarithmically or reciprocally transformed skewed variables 
before further analyses.

We investigated the separate longitudinal associations 
of cfPWV and cIMT (predictors) at 17.7 years with each of 
fasting LDL, HDL, triglyceride, insulin, and glucose catego-
ries (outcomes) at 24.5 years using binary logistic regres-
sion models (Supplemental Material). We also examined the 
separate associations of the 7-year progression in cfPWV and 
cIMT with the longitudinal progression in each of the met-
abolic outcomes from ages 17.7 to 24.5 years using linear 
mixed-effect models for repeated measures. Analyses were 
adjusted for sex, age at 17.7 years, and covariates repeatedly 
measured at ages 17.7 and 24.5 years, viz, resting heart rate, 
systolic blood pressure, fat mass, lean mass, high-sensitivity 

C-reactive protein, smoking status, family history of hyperten-
sion, diabetes, high cholesterol or vascular disease and mod-
erate to vigorous physical activity at 15.5 and 24.5 years as 
well as fasting plasma samples; LDL, HDL, insulin, triglycer-
ide, or glucose, depending on the outcome.

Lastly, we used structural equation modeling with 
autoregressive cross-lagged path analysis (detailed in the 
Supplemental Material and published earlier13) to examine the 
separate temporal causal associations of cfPWV and cIMT with 
metabolic outcomes, adjusting for covariates listed above. All 
covariates were selected based on previous studies.3,11–13,18,19 
We examined sex interactions and presented sex-stratified 
results. We also presented body mass index–weight stratified 
results, cross-sectional results, and age- and sex-adjusted par-
tial correlation analyses in Tables S4 through S7. Differences 
and associations with a 2-sided P<0.05 were considered sta-
tistically significant with conclusions based on effect estimates 
and their CI or SE. Analyses involving 40% of a sample of 
10 000 ALSPAC children at 0.8 statistical power, 0.05 alpha, 
and 2-sided P value would show a minimum detectable effect 
size of 0.049 standard deviations if they had relevant exposure 
for a normally distributed quantitative variable.20 All statisti-
cal analyses were performed using SPSS statistics software, 
Version 27.0 (IBM Corp, Armonk, NY), and structural equation 
modeling were conducted using IBM AMOS version 27.0.

RESULTS
Cohort Study Characteristics
Of the 14 901 children in the ALSPAC birth cohort who 
were alive at 1 year of age, 5217 adolescents participated 
in the 17.7-year follow-up clinic visit and 4026 young 
adults participated in the 24.5-year follow-up clinic visit 
(Figure 1). We studied 3862 participants who had com-
plete cfPWV and cIMT measurements at age 17.7 years. 
Females had higher fasting total cholesterol, HDL, and 

Table 2.  Carotid-Femoral Pulse Wave Velocity and Carotid Intima-Media Thickness at 17.7 Years in Association With Moderate 
to High-Risk Categories of Altered Metabolic and Lipid Indices at 24.5 Years

Total no. of participants (N)=3862

Participants at risk
Low-density lipoprotein 
(n=947)

High-density lipoprotein 
(n=398) Triglyceride (n=290) Insulin (n=1605) Glucose (n=354)

 OR (95% CI) P value OR (95% CI) P value OR (95% CI) P value OR (95% CI) P value OR (95% CI) P value

Univariable analysis

 � Carotid-femoral 
PWV 

1.024  
(0.886–1.184)

0.744 1.095  
(0.881–1.360)

0.410 1.329  
(0.994–1.778)

0.055 1.245  
(1.076–1.439)

0.003 1.241  
(0.953–1.616)

0.108

 � Carotid intima-
media thickness

0.158  
(0.016–1.558)

0.113 0.072  
(0.002–3.085)

0.168 0.014  
(0.0001–6.149)

0.164 0.039  
(0.004–0.432)

0.009 0.132  
(0.001–16.854)

0.407

Multivariable analysis

 � Carotid-femoral 
PWV

0.955  
(0.790–1.155)

0.633 1.142  
(0.830–1.571)

0.409 1.317  
(0.866–2.004)

0.193 1.171  
(0.976–1.406)

0.089 1.190  
(0.861–1.643)

0.287

 � Carotid intima-
media thickness

0.108  
(0.005–2.369)

0.155 0.041  
(0.0001–7.138)

0.221 0.012  
(0.0001–14.995)

0.218 0.057  
(0.003–0.948)

0.046 0.136  
(0.001–24.441)

0.446

Univariable analysis was adjusted for sex. Multivariable analysis was adjusted for sex, and baseline covariates at 17.7 y such as age, low-density lipoprotein cholesterol, insulin, 
triglyceride, high-sensitivity C-reactive protein, high-density lipoprotein cholesterol, heart rate, fasting plasma glucose, systolic blood pressure, fat mass, lean mass depending on the 
outcome, moderate to vigorous physical activity at 15.5 y, smoking status and family history of hypertension/diabetes/high cholesterol/vascular disease. OR from multivariable logistic 
regression; N denotes total study population; n denotes subsample of the study population with elevated metabolic risks. Multiple imputations were used to account for missing cases. 
Participants with fasting high-density lipoprotein <1.0 mmol/L, low-density lipoprotein >3.0 mmol/L, triglycerides >2.0 mmol/L, glucose >6.1 mmol/L, and insulin >11.78 mU/L 
were categorized as having moderate to high risk of dyslipidemia, hyperglycemia, and hyperinsulinemia. A 2-sided P<0.05 is considered statistically significant. OR indicates odds 
ratio; and PWV, pulse wave velocity.
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insulin but lower glucose compared to males at both 17.7 
and 24.5 years. At 24.5 years, 9.2%, 41.6%, 24.5%, 7.5%, 
and 10.3% of 3862 participants were at risk of high glu-
cose, insulin, LDL, triglyceride, and low HDL, respectively. 
Fewer than 8 participants had youth-onset type 2 diabetes 
at ages 17.7 and 24.5 years. Pancreatic beta-cell function 
decreased, and insulin resistance increased from ages 
17.7 through 24.5 years. Other participants’ characteristics 
are shown in Table 1 and Tables S1–S3.

Longitudinal Associations of cfPWV and cIMT 
at 17.7 Years With Risk Categories of Metabolic 
Derangements at Age 24.5 Years
A higher cfPWV at 17.7 years was associated with the 
risk of high insulin at age 24.5 years, although the effect 
was attenuated and no longer significant, after adjust-
ing for cardiometabolic and lifestyle factors (Table 2). A 
higher cIMT at 17.7 years was associated with the risk of 
low insulin at 24.5 years (odds ratio, 0.06 [0.01–0.95]; 
P=0.046). cfPWV and cIMT were not associated with 
other metabolic risks. In the cross-sectional analyses, 
cfPWV at 17.7 years was unrelated to measures of meta-
bolic risks at 17.7 years, but higher cfPWV at 24.5 years 
was associated with higher insulin and glucose at 24.5 
years (Table S4). cIMT at either age 17.7 or 24.5 years 
was not associated with elevated metabolic alterations at 
age 17.7 or 24.5 years, respectively (Table S4).

Effect of cfPWV and cIMT Progression on 
Metabolic and Lipid Progression From Ages 
17.7 to 24.5 Years
A 7-year cfPWV progression was directly associated 
with the 7-year increase in HDL: (effect estimate 0.58 
mmol/L [0.29–0.88]; P<0.0001) and triglyceride: (0.15 

mmol/L [0.01–0.28]; P=0.036), but not with LDL, glu-
cose, HOMA-IR, and HOMA-%β after adjustment for 
cardiometabolic and lifestyle factors (Table 3). The sex-
stratified results were similar to the combined results 
except that among males, increased cfPWV was not 
associated with HDL and triglyceride (Table 3). Accord-
ing to body mass index–weight categories, cfPWV pro-
gression was associated with the increase in HDL in both 
normal-weight and overweight/obese participants. How-
ever, cfPWV progression was associated with increased 
beta-cell function only among overweight/obese partici-
pants (0.53 [0.06–1.01]; P=0.027; Table S5).

A 7-year progression in cIMT was directly associ-
ated with the 7-year increase in LDL, HDL, triglyceride, 
and glucose but negatively associated with HOMA-%β 
(−0.06 [−0.09 to −0.04]; P<0.0001), after adjustment 
for cardiometabolic and lifestyle factors (Table  3). The 
sex-stratified results were in tandem with the combined 
results except that among females, cIMT progression was 
inversely associated with insulin (Table 3). cIMT progres-
sion was directly associated with the increase in LDL, 
HDL, triglyceride, glucose, but negatively associated with 
HOMA-%β (−0.09 [−0.11 to −0.06]; <0.0001) among 
normal-weight individuals (Table S5). However, cIMT 
progression was directly associated with the increase in 
LDL, HDL, and glucose among overweight/obese par-
ticipants (Table S5).

Autoregressive Cross-Lagged Temporal Causal 
Longitudinal Associations of cfPWV and cIMT 
With Metabolic and Lipid Indices
LDL, HDL, triglyceride, insulin, glucose, HOMA-IR, 
HOMA-%β, and cfPWV at 17.7 years were directly and 
independently associated with individual variables at 
24.5 years; however, cIMT at 17.7 years was negatively 

Table 3.  Longitudinal Progression in Arterial Stiffness and Carotid Intima-Media Thickness in Relation to Progression in 
Fasting Metabolic and Lipid Indices From Age 17.7 to 24.5 Years

Table 3.  Continued

Low-density lipoprotein, mmol/L High-density lipoprotein, mmol/L Triglyceride, mmol/L Insulin, mU/L Glucose, mmol/L HOMA-IR HOMA-%β

Effect estimate (95% CI) P value Effect estimate (95% CI) P value Effect estimate (95% CI) P value Effect estimate (95% CI) P value Effect estimate (95% CI) P value Effect estimate (95% CI) P value Effect estimate (95% CI P value

All 3862 participants

  Carotid-femoral PWV 0.495 (−0.081 to 1.072) 0.093 0.584 (0.285 to 0.883) <0.0001 0.145 (0.010 to 0.281) 0.036 0.056 (−0.126 to 0.238) 0.545 0.367 (−0.104 to 0.838) 0.127 0.121 (−0.076 to 0.318) 0.227 −0.054 (−0.247 to 0.138) 0.581

 � Carotid intima-media thick-
ness

0.164 (0.094 to 0.235) <0.0001 0.288 (0.257 to 0.321) <0.0001 0.043 (0.026 to 0.060) <0.0001 −0.017 (−0.039 to 0.006) 0.147 0.235 (0.181 to 0.289) <0.0001 0.020 (−0.004 to 0.044) 0.108 −0.064 (−0.087 to −0.040) <0.0001

1719 male participants

  Carotid-femoral PWV 0.515 (−0.290 to 1.321) 0.210 0.884 (−0.112 to 0.655) 0.165 0.157 (−0.047 to 0.361) 0.131 −0.036 (−0.326 to 0.255) 0.809 0.561 (−0.220 to 1.342) 0.158 <0.0001 (−0.301 to 0.301) 0.999 −0.159 (−0.473 to 0.156) 0.322

 � Carotid intima-media thick-
ness

0.233 (0.123 to 0.343) <0.0001 0.238 (0.188 to 0.287) <0.0001 0.055 (0.027 to 0.083) <0.0001 −0.001 (−0.040 to 0.039) 0.974 0.268 (0.174 to 0.363) <0.0001 0.021 (−0.019 to 0.061) 0.303 −0.067 (−0.109 to −0.026) 0.002

2143 female participants

  Carotid-femoral PWV 0.501 (0.320 to 1.324) 0.231 1.016 (0.571 to 1.459) <0.0001 0.137 (−0.044 to 0.318) 0.137 0.149 (−0.071 to 0.369) 0.185 0.099 (−0.389 to 0.587) 0.690 0.249 (−0.009 to 0.508) 0.059 −0.087 (−0.145 to 0.319) 0.463

 � Carotid intima-media thick-
ness

0.121 (0.026 to 0.218) 0.013 0.299 (0.255 to 0.343) <0.0001 0.030 (0.008 to 0.051) 0.007 −0.031 (−0.057 to −0.004) 0.024 0.203 (0.147 to 0.261) <0.0001 0.026 (−0.005 to 0.057) 0.094 −0.050 (−0.077 to −0.023) <0.0001

(Continued ) Multivariable analysis was adjusted for sex only in all participants model, age at 17.7 y, and covariates at 17.7 and 24.5 y such as low-density lipoprotein cholesterol, 
insulin, triglyceride, high-sensitivity C-reactive protein, high-density lipoprotein cholesterol, heart rate, fasting plasma glucose, systolic blood pressure, total fat mass or 
lean mass depending on the outcome, moderate to vigorous physical activity at 15.5 y, smoking status, and family history of hypertension/diabetes/high cholesterol/
vascular disease. Skewed variables were logarithmically transformed before analyses. Effect estimate was from linear mixed-effect model analyses for repeated mea-
sures. HOMA-IR was computed from (fasting insulin×fasting glucose/22.5). HOMA-%β was computed as ([20×fasting plasma insulin]/[fasting plasma glucose−3.5]). 
A 2-sided P<0.05 is considered statistically significant. HOMA-%β indicates HOMA-percent pancreatic beta-cell function; HOMA-IR, homeostatic model assessment 
of insulin resistance; and PWV, pulse wave velocity.
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associated with cIMT at 24.5 years (Table  4). Higher 
cfPWV at 17.7 years was associated with higher insulin 
(standardized regression coefficient (β)=0.06, SE=0.12, 
P=0.014), HOMA-IR (β=0.05, SE=0.12, P=0.026) and 
HOMA-%β (β=0.05, SE=0.11, P=0.028) at 24.5 years, 
but insulin, HOMA-IR and HOMA-%β at 17.7 years were 
not associated with cfPWV at 24.5 years, after adjustment 
for baseline covariates (Figure 2A and Table 4). cfPWV at 
17.7 years was not associated with glucose at 24.5 years; 
however, higher glucose at 17.7 years was associated with 
higher cfPWV at 24.5 years. There were no statistically 
significant temporal or bidirectional associations between 
cfPWV at 17.7 years and LDL or triglyceride at 24.5 years. 
However, cfPWV at 17.7 years had a borderline negative 
temporal association with HDL at 24.5 years (β=−0.04, 
SE=0.15, P=0.051), but not vice versa (Table 4).

Higher cIMT at 17.7 years was associated with 
lower insulin (β=−0.05, SE=0.14, P=0.029), HOMA-IR 
(β=−0.05, SE=0.14, P=0.033) and HOMA-%β at 24.5 
years, but insulin, HOMA-IR and HOMA-%β at 17.7 years 
were not associated with cIMT at 24.5 years, after adjust-
ment for baseline covariates (Figure  2B and Table  4). 
cIMT at 17.7 years was not associated with glucose at 
24.5 years; however, higher glucose at 17.7 years was 
associated with higher cIMT at 24.5 years. There were no 
statistically significant temporal associations of cIMT with 
any measure of lipid indices in either causal path (Table 4).

DISCUSSION
We present novel temporal causal longitudinal results 
from a very large birth cohort where arterial stiffness, 

assessed using cfPWV, and cIMT during adolescence 
were examined as potential predictors of dysglycemia, 
insulin resistance, and dyslipidemia. First, we observed 
that higher cfPWV at 17.7 years was associated with 
the risk of hyperinsulinemia whereas higher cIMT was 
associated somewhat paradoxically with the risk of 
decreased insulin at 24.5 years. Second, we reported 
that cfPWV and cIMT progression were directly associ-
ated with the 7-year increase in HDL and triglyceride. 
Also, cIMT was directly associated with the increase in 
LDL and glucose and negatively associated with beta-
cell function. Lastly, using cross-lagged temporal causal 
models, higher adolescent cfPWV temporally preceded 
higher fasting insulin, insulin resistance, and beta-cell 
function in young adulthood, whereas higher adoles-
cent cIMT preceded lower fasting insulin, insulin resis-
tance, and beta-cell function.

Arterial Stiffness With the Risk of Dysglycemia, 
Insulin Resistance, and Dyslipidemia
Young-onset type 2 diabetes has a worse prognosis 
than adult-onset type 2 diabetes because the beta-cell 
function deteriorates rapidly and the disease poten-
tially has a long duration.1,3–5 Recent evidence among 
apparently healthy adults aged 48.3±12.0 years fol-
lowed up for 3.72 years suggests that higher arterial 
stiffness measured with brachial-ankle PWV may be 
associated with an increased risk of incident type 2 
diabetes.6 Another study conducted in adults with an 
average age of 71.9±5.6 years and followed up for 
4.43 years reported that higher cfPWV was associated 

Table 3.  Longitudinal Progression in Arterial Stiffness and Carotid Intima-Media Thickness in Relation to Progression in 
Fasting Metabolic and Lipid Indices From Age 17.7 to 24.5 Years

Table 3.  Continued

Low-density lipoprotein, mmol/L High-density lipoprotein, mmol/L Triglyceride, mmol/L Insulin, mU/L Glucose, mmol/L HOMA-IR HOMA-%β

Effect estimate (95% CI) P value Effect estimate (95% CI) P value Effect estimate (95% CI) P value Effect estimate (95% CI) P value Effect estimate (95% CI) P value Effect estimate (95% CI) P value Effect estimate (95% CI P value

All 3862 participants

  Carotid-femoral PWV 0.495 (−0.081 to 1.072) 0.093 0.584 (0.285 to 0.883) <0.0001 0.145 (0.010 to 0.281) 0.036 0.056 (−0.126 to 0.238) 0.545 0.367 (−0.104 to 0.838) 0.127 0.121 (−0.076 to 0.318) 0.227 −0.054 (−0.247 to 0.138) 0.581

 � Carotid intima-media thick-
ness

0.164 (0.094 to 0.235) <0.0001 0.288 (0.257 to 0.321) <0.0001 0.043 (0.026 to 0.060) <0.0001 −0.017 (−0.039 to 0.006) 0.147 0.235 (0.181 to 0.289) <0.0001 0.020 (−0.004 to 0.044) 0.108 −0.064 (−0.087 to −0.040) <0.0001

1719 male participants

  Carotid-femoral PWV 0.515 (−0.290 to 1.321) 0.210 0.884 (−0.112 to 0.655) 0.165 0.157 (−0.047 to 0.361) 0.131 −0.036 (−0.326 to 0.255) 0.809 0.561 (−0.220 to 1.342) 0.158 <0.0001 (−0.301 to 0.301) 0.999 −0.159 (−0.473 to 0.156) 0.322

 � Carotid intima-media thick-
ness

0.233 (0.123 to 0.343) <0.0001 0.238 (0.188 to 0.287) <0.0001 0.055 (0.027 to 0.083) <0.0001 −0.001 (−0.040 to 0.039) 0.974 0.268 (0.174 to 0.363) <0.0001 0.021 (−0.019 to 0.061) 0.303 −0.067 (−0.109 to −0.026) 0.002

2143 female participants

  Carotid-femoral PWV 0.501 (0.320 to 1.324) 0.231 1.016 (0.571 to 1.459) <0.0001 0.137 (−0.044 to 0.318) 0.137 0.149 (−0.071 to 0.369) 0.185 0.099 (−0.389 to 0.587) 0.690 0.249 (−0.009 to 0.508) 0.059 −0.087 (−0.145 to 0.319) 0.463

 � Carotid intima-media thick-
ness

0.121 (0.026 to 0.218) 0.013 0.299 (0.255 to 0.343) <0.0001 0.030 (0.008 to 0.051) 0.007 −0.031 (−0.057 to −0.004) 0.024 0.203 (0.147 to 0.261) <0.0001 0.026 (−0.005 to 0.057) 0.094 −0.050 (−0.077 to −0.023) <0.0001

(Continued ) Multivariable analysis was adjusted for sex only in all participants model, age at 17.7 y, and covariates at 17.7 and 24.5 y such as low-density lipoprotein cholesterol, 
insulin, triglyceride, high-sensitivity C-reactive protein, high-density lipoprotein cholesterol, heart rate, fasting plasma glucose, systolic blood pressure, total fat mass or 
lean mass depending on the outcome, moderate to vigorous physical activity at 15.5 y, smoking status, and family history of hypertension/diabetes/high cholesterol/
vascular disease. Skewed variables were logarithmically transformed before analyses. Effect estimate was from linear mixed-effect model analyses for repeated mea-
sures. HOMA-IR was computed from (fasting insulin×fasting glucose/22.5). HOMA-%β was computed as ([20×fasting plasma insulin]/[fasting plasma glucose−3.5]). 
A 2-sided P<0.05 is considered statistically significant. HOMA-%β indicates HOMA-percent pancreatic beta-cell function; HOMA-IR, homeostatic model assessment 
of insulin resistance; and PWV, pulse wave velocity.
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with incident type 2 diabetes.21 In the current study, we 
report a temporal association between cfPWV and risk 
for deterioration of glycemic status among adolescents 
followed up for 7 years. We observed that higher glu-
cose at 17.7 years was associated with higher arterial 
stiffness at 24.5 years contrary to the adult’s study,6 
and higher arterial stiffness at 17.7 years was associ-
ated with higher insulin concentration and insulin resis-
tance at 24.5 years. Our present study in over 3800 
adolescents overcame several limitations of the adults 
studies6,21 in that we utilized gold standard measure of 
arterial stiffness, accounted for important covariates, 
such as accelerometer measured physical activity, dual-
energy X-ray absorptiometry–measured body composi-
tion, lipids, an inflammatory biomarker, blood pressure, 
resting heart rate, smoking status, family history of 
diabetes and cardiovascular diseases, with a longer 

follow-up period of 7 years. We also utilized several sta-
tistical modeling approaches including the autoregres-
sive cross-lagged causal models6 to untangle temporal 
relationships between arterial stiffness and the risk fac-
tors for developing young-onset type 2 diabetes. The 
independent effect of arterial stiffness on the devel-
opment of type 2 diabetes may be critical in disease 
prevention and health promotion since a randomized 
controlled trial of 699 adolescents assigned to metfor-
min, metformin plus rosiglitazone, and metformin plus 
lifestyle intervention arm failed to improve insulin sen-
sitivity and beta-cell function over 4 years.4,5 An obser-
vational study found no association between metformin 
use and decreased arterial stiffness in adults with type 
2 diabetes,22 hence, future intervention on young-onset 
type 2 diabetes may consider a concurrent reduction 
of arterial stiffness in addition to diabetes therapy. This 

Table 4.  Autoregressive Cross-Lagged Temporal Path Analyses of cfPWV and cIMT With Metabolic Risks at 17.7 and 24.5 Years 
of Age

cfPWV cIMT

Autoregressive B β SE P value  B β SE P value

LDL T1  LDL T2 0.729 0.580 0.026 <0.0001 LDL T1  LDL T2 0.730 0.582 0.026 <0.0001

HDL T1  HDL T2 0.868 0.623 0.027 <0.0001 HDL T1  HDL T2 0.867 0.621 0.027 <0.0001

Triglyceride T1  triglyceride T2 0.475 0.404 0.029 <0.0001 Triglyceride T1  triglyceride T2 0.475 0.403 0.029 <0.0001

Insulin T1  insulin T2 0.216 0.194 0.030 <0.0001 Insulin T1  insulin T2 0.223 0.200 0.030 <0.0001

Glucose T1  glucose T2 0.743 0.678 0.021 <0.0001 Glucose T1  glucose T2 0.743 0.678 0.021 <0.0001

HOMA-IR T1  HOMA-IR T2 0.194 0.170 0.030 <0.0001 HOMA-IR T1  HOMA-IR T2 0.202 0.177 0.030 <0.0001

HOMA-%β T1  HOMA-%β T2 0.259 0.241 0.027 <0.0001 HOMA-%β T1  HOMA-%β T2 0.263 0.244 0.027 <0.0001

cfPWV T1  cfPWV T2 0.496 0.356 0.033 <0.0001 cIMT T1  cIMT T2 −0.094 −0.054 0.041 0.022

LDL T1  cfPWV T2 0.0001 0.003 0.003 0.900 LDL T1  cIMT T2 0.003 0.023 0.003 0.429

cfPWV T1  LDL T2 0.347 0.023 0.304 0.253 cIMT T1  LDL T2 −0.481 −0.026 0.355 0.176

HDL T1  cfPWV T2 0.0001 −0.002 0.007 0.942 HDL T1  cIMT T2 0.001 0.004 0.007 0.887

cfPWV T1  HDL T2 −0.300 −0.036 0.154 0.051 cIMT T1  HDL T2 0.125 0.012 0.180 0.489

Triglyceride T1  cfPWV T2 −0.014 −0.031 0.013 0.278 Triglyceride T1  cIMT T2 −0.015 −0.034 0.014 0.257

cfPWV T1  triglyceride T2 0.088 0.024 0.080 0.272 cIMT T1  triglyceride T2 −0.035 −0.008 0.094 0.711

Insulin T1  cfPWV T2 −0.014 −0.048 0.009 0.118 Insulin T1  cIMT T2 −0.008 −0.027 0.010 0.399

cfPWV T1  insulin T2 0.286 0.055 0.116 0.014 cIMT T1  insulin T2 −0.295 −0.045 0.136 0.029

Glucose T1  cfPWV T2 0.011 0.093 0.003 <0.0001 Glucose T1  cIMT T2 0.013 0.112 0.003 <0.0001

cfPWV T1  glucose T2 0.075 0.006 0.254 0.767 cIMT T1  glucose T2 −0.006 0.0001 0.297 0.983

HOMA-IR T1  cfPWV T2 −0.009 −0.029 0.008 0.310 HOMA-IR T1  cIMT T2 0.0001 −0.002 0.009 0.960

cfPWV T1  HOMA-IR T2 0.275 0.050 0.123 0.026 cIMT T1  HOMA-IR T2 −0.307 −0.045 0.144 0.033

HOMA-%β T1  cfPWV T2 −0.015 −0.052 0.008 0.069 HOMA-%β T1  cIMT T2 −0.013 −0.045 0.009 0.142

cfPWV T1  HOMA-%β T2 0.248 0.048 0.113 0.028 cIMT T1  HOMA-%β T2 −0.264 −0.041 0.132 0.046

Autoregressive cross-lagged temporal path analyses were adjusted for sex, time in years between ages 17.7 and 24.5 y, and other covariates at 17.7 y such as age, 
low-density lipoprotein cholesterol, insulin, triglyceride, high-sensitivity C-reactive protein, high-density lipoprotein cholesterol, heart rate, fasting plasma glucose, systolic 
blood pressure, total fat mass or lean mass depending on the outcome, moderate to vigorous physical activity at 15.5 y, smoking status and family history of hypertension/
diabetes/high cholesterol/vascular disease. Skewed variables were logarithmically transformed before analyses. A 2-sided P<0.05 is considered statistically significant. 
HOMA-IR was computed from (fasting plasma insulin×fasting plasma glucose/22.5). HOMA-%β was computed as ([20×fasting plasma insulin]/[fasting plasma glu-
cose−3.5]). β indicates standardized regression; B, unstandardized regression; cfPWV, carotid-femoral pulse wave velocity; cIMT, carotid intima-media thickness; HDL, 
high-density lipoprotein cholesterol; HOMA-%β, HOMA-percent pancreatic beta-cell function; HOMA-IR, homeostatic model assessment of insulin resistance; LDL, 
low-density lipoprotein; Time T1, 17.7 y of age; and Time T2, 24.5 y.
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could potentially interrupt the vicious cycle of arterial 
stiffness and incident young-onset type 2 diabetes.

Among our participants, arterial stiffness preceded 
higher insulin and insulin resistance but did not precede 
higher glucose. This is in contrast to the adult study 
where increased brachial-ankle PWV temporally pre-
ceded fasting blood glucose.6 This adult study lacked 
information on fasting insulin and insulin resistance, and 
the disparity in findings may also be associated with the 
modality of arterial stiffness measured and participants’ 
age.6 For instance, the brachial-ankle PWV quantifies 
the muscular and peripheral arterial segment rather than 
the central arterial segment accessed by the cfPWV.23,24 
Of note, among overweight/obese adolescents, arterial 
stiffness progression was associated with the 7-year 
increase in pancreatic beta-cell function after controlling 
for fat mass, cardiometabolic, and lifestyle factors. We 
have recently shown that higher arterial stiffness may 
temporally contribute to overweight and obesity and that 
the associations may be bidirectional, which suggests 
a complex intersection between hemodynamic vascu-
lar and metabolic function.13,24 Central arterial stiffness 
predicts hard cardiovascular events25 and may be clini-
cally useful in predicting early risk of young-onset type 

2 diabetes (hyperinsulinemia, insulin resistance, and 
compensatory increase in beta-cell function)2 because 
arterial stiffness alters blood circulation to high-flow, 
low-resistance organs such as the liver and pancreas.23,24 
However, we could not examine whether arterial stiffness 
predicts incident young-onset type 2 diabetes due to the 
extremely low number of participants with the disease.

Higher adolescent arterial stiffness did not appear to 
predict an elevated risk of dyslipidemia in young adult-
hood, probably due to the limited number of participants 
at risk of dyslipidemia. Nonetheless, the 7-year increase 
in cfPWV was independently associated with the 
increase in triglyceride and HDL during the 7-year fol-
low-up period. Previous epidemiological and intervention 
studies in which elevated cfPWV predicted dyslipidemia 
have been inconsistent.23 However, the cross-lagged 
causal findings suggest a slight possibility in which 
higher arterial stiffness in adolescence may temporally 
precede lower HDL in young adulthood. Consistent with 
the foregoing, the independent associations of arterial 
stiffness progression with the 7-year increase in HDL 
may reflect a physiologic adaptation to progressively 
stiffening elastic arteries at young age. Given the con-
vergence of hemodynamic arterial function with liver and 

Figure 2. Temporal causal relationships between arterial measures and insulin resistance.
Autoregressive cross-lagged temporal causal associations of arterial stiffness (A) and carotid intima-media thickness (B) with insulin resistance 
from 17.7 to 24.5 y among 3862 adolescents from the ALSPAC (Avon Longitudinal Study of Parents and Children) birth cohort. Analyses were 
adjusted for sex, time in years between ages 17.7 and 24.5 y, and other covariates at 17.7 y such as age, low-density lipoprotein cholesterol, 
triglyceride, high-sensitivity C-reactive protein, high-density lipoprotein cholesterol, heart rate, systolic blood pressure, total fat mass, lean mass, 
moderate to vigorous physical activity at 15.5 y, smoking status, and family history of hypertension/diabetes/high cholesterol/vascular disease. 
Homeostatic model assessment of insulin resistance (HOMA-IR) was computed from (fasting insulin×fasting glucose/22.5). PWV indicates 
pulse wave velocity.
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pancreatic function,13,23,24 these findings in an apparently 
healthy young cohort may suggest that higher arterial 
stiffness contributes to dyslipidemia. Hence, the mech-
anism which explains temporal causal associations of 
arterial stiffness with dyslipidemia and metabolic organ 
damage warrants further research.13,23,24,26

Carotid Intima-Media Thickness With the 
Risk of Dysglycemia, Insulin Resistance, and 
Dyslipidemia
cIMT is predictive of cardiovascular events27 and 
increased cIMT has been reported in persons with type 
2 diabetes and impaired glucose tolerance.28 We now 
report the temporal relationships between cIMT and 
metabolic factors associated with the risk factors for 
developing young-onset type 2 diabetes. We observed 
that higher glucose in adolescence was associated with 
higher cIMT in young adulthood, in consonance with a 
previous study among middle-aged adults.29 However, 
higher cIMT in adolescence was not associated with 
higher glucose at 24.5 years. In contrast to arterial stiff-
ness findings, higher cIMT at 17.7 years was associated 
with a risk of low insulin at 24.5 years, which is consis-
tent with the negative association with fasting insulin, 
insulin resistance, and beta-cell function in the cross-
lagged temporal findings. The 7-year cIMT progression 
was associated with a 7-year increase in glucose in both 
sexes and weight categories, the decrease in beta-cell 
function in both sexes, and the decrease in insulin con-
centration among females. These consistent findings 
across different models suggest that higher cIMT may 
precede pancreatic beta-cell failure, insulin insufficiency, 
and dysglycemia, which are also precursors of young-
onset type 2 diabetes.1

Similarly, cIMT progression was associated with the 
increase in LDL, HDL, and triglyceride in both sexes 
and across weight categories, but there were no tem-
poral causal relationships. Taken together, a single 
cIMT measure may be limited in detecting a subtle 
increase in dysglycemia and dyslipidemia risk in an 
apparently healthy young population, but cIMT progres-
sion, that is, repeated measures over time, may better 
predict increased risk, independent of cardiovascu-
lar, metabolic, inflammatory, and lifestyle risk factors. 
Lifestyle modification due to repeated arterial mea-
surements (Hawthorne effect) might not influence our 
findings because the proportion of cigarette smokers, 
involvement in physical activity, and overweight sta-
tus increased across the 7 years.13 We observed that 
neither cfPWV nor cIMT progression had statistically 
significant associations with the increase in insulin 
and insulin resistance among overweight/obese par-
ticipants, partly due to <25% prevalence of overweight 
and <5% prevalence of obesity at 17.7 years. Besides, 
obesity seems to minimally influence the relationship 

of vascular function and structure with the risk of 
youth-onset type 2 diabetes.3 Clinically, our findings 
could enhance new targets for intervention on reduc-
ing arterial stiffness and carotid wall thickness from 
adolescence for an early attenuation of risks for the 
development of young-onset type 2 diabetes and dys-
lipidemia.6,24 From a public health perspective, repeated 
measures of arterial stiffness and cIMT may be a sim-
ple screening tool for identifying at-risk individuals 
rather than expensive investigations or treatment.13,23,24

Strengths and Limitations
Using an extensively phenotyped large birth cohort 
(ALSPAC) with repeated measures of variables dur-
ing adolescence and young adulthood we investigated 
temporal causal associations of cfPWV and cIMT with 
metabolic risk factors associated with the development 
of young-onset type 2 diabetes and dyslipidemia. The 
application of advanced statistical tools, such as autore-
gressive cross-lagged models, provides an attempt at 
understanding causal path although clinical trials are 
gold standard for inferring causality. Available ALSPAC 
data enabled us to control for objectively or directly 
measured variables such as physical activity, fat mass, 
lean mass. We lacked dietary data at the studied time 
points, but we controlled for participants’ body compo-
sition and metabolic indices, which partly reflect par-
ticipants’ diet.30 Ambulatory blood pressure data was 
unavailable; however, we controlled for repeated systolic 
blood pressure measurements. Few (<0.4%) adoles-
cents developed incident young-onset type 2 diabetes 
during the 7-year follow-up; hence, we could not inves-
tigate whether arterial stiffness predicts incident young-
onset type 2 diabetes. Therefore, a longer follow-up 
is warranted when investigating disease incidence in 
a healthy young cohort. The diagnosis of young-onset 
type 2 diabetes was based on fasting plasma glucose 
>7mmol/L or reported physician diagnosis since gly-
cated hemoglobin measures were unavailable. However, 
the American Diabetes Association advised that fasting 
plasma glucose is as equally appropriate as glycated 
hemoglobin in diagnosing traits for type 2 diabetes.2 Our 
participants were mostly Caucasian with minimal geo-
graphic variations; thus, our findings may not be gener-
alizable to other racial groups. We could not exclude the 
possibility of residual confounding of other unmeasured 
variables, such as the level of uric acid, which could 
potentially affect both peripheral hemodynamic and 
metabolic indices.31 Moreover, the likelihood of an asym-
metric time course in vascular alteration and metabolic 
derangement may partly explain the difference in tra-
jectories. However, a recent study among middle-aged 
healthy adults concluded that peripheral hemodynamic 
abnormalities may temporally precede incident type 2 
diabetes in the causal path.6
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Perspectives
In a 7-year prospective assessment of the temporal 
causal relationships of arterial stiffness and carotid 
thickness with risk factors for developing young-onset 
type 2 diabetes and dyslipidemia, we demonstrate that 
higher cfPWV in adolescence was associated with risk 
of hyperinsulinemia in young adulthood, whereas higher 
cIMT in adolescence was associated with the risk of low 
insulin concentration at the end of the observation period. 
cfPWV and cIMT progressions were directly associated 
with the progressive increase in HDL and triglyceride 
across the 7-year follow-up. Adolescent arterial stiff-
ness may be a precursor of hyperinsulinemia, insulin 
resistance, and low HDL in young adulthood rather than 
a consequence. However, carotid thickness in adoles-
cence may be a precursor of insulin insufficiency and 
decreased beta-cell function in young adulthood. Future 
interventions aimed at improving insulin sensitivity and 
beta-cell function may consider a concurrent reduction 
of arterial stiffness and carotid thickness with diabetic 
therapy thus interrupting the vicious cycle of arterial 
stiffness or carotid thickness and type 2 diabetes. Also, 
future studies are warranted to examine the potential 
pathological role of vascular stiffness in the develop-
ment of metabolic diseases in the young population.
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