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Abstract

We characterized the prevalence, correlates, and prognosis of hypertension-mediated organ 

damage (HMOD) in the community-based Framingham Study. 7898 participants (mean age 

51.6 years, 54% women) underwent assessment for the following HMOD: electrocardiographic 

and echocardiographic left ventricular hypertrophy (LVH), abnormal brain imaging findings 

consistent with vascular injury, increased carotid intima-media thickness (CIMT), elevated carotid-

femoral pulse wave velocity (CFPWV), reduced kidney function, microalbuminuria, and low 

ankle-brachial index (ABI). We characterized HMOD prevalence according to blood pressure (BP) 

categories defined by four international BP guidelines. Participants were followed up for incidence 

of cardiovascular disease (CVD).

The prevalence of HMOD varied positively with systolic BP and pulse pressure but negatively 

with diastolic BP; it increased with age, was similar in both sexes, and varied across BP guidelines 

based on their thresholds defining hypertension. Among participants with hypertension, elevated 

CFPWV was the most prevalent HMOD (40–60%), whereas low ABI was the least prevalent 
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(<5%). LVH, reduced kidney function, microalbuminuria, increased CIMT, and abnormal brain 

imaging findings had an intermediate prevalence (20–40%). HMOD frequently clustered within 

individuals.

On follow-up (median 14.1 years), there were 384 CVD events among 5865 participants with 

concurrent assessment of LV mass, CFPWV, kidney function, and microalbuminuria. For every BP 

category above optimal (referent group), the presence of HMOD increased CVD risk compared to 

its absence.

The prevalence of HMOD varies across international BP guidelines based on their different 

thresholds for defining hypertension. The presence of HMOD confers incremental prognostic 

information regarding CVD risk at every BP category.

Keywords

hypertension; epidemiology; cardiovascular disease; target organ damage; cohort studies; blood 
pressure

Background

National and international blood pressure (BP)/hypertension (HTN) guidelines emphasize 

the importance of screening individuals with elevated BP for the presence of end-organ 

damage, referred to as hypertension-mediated organ damage (HMOD).1–5 Previously 

termed ‘target organ damage,’ HMOD more accurately describes HTN-related structural or 

functional changes in major organ systems (i.e., the heart, the brain, the retina, the kidneys, 

and the vasculature).5

The presence of HMOD plays a central role in the management of people with HTN at 

the time of their diagnosis and during follow-up.5 Thus, detecting HMOD may upgrade 

an individual’s CVD risk (e.g., from low to moderate risk), indicate a need for instituting 

BP-lowering treatment in younger individuals with mildly elevated BP (who may otherwise 

not be treated), guide the timing of initiation of drug therapy in individual patients, or 

suggest the need for home/ambulatory BP monitoring when masked HTN, or white-coat 

HTN are suspected.5 Further, the presence of multiple HMOD in the same person can raise 

a suspicion of a secondary cause for HTN and further escalate CVD risk.6–9 Therefore, 

characterizing the epidemiology of HMOD in the community is of public health importance, 

given the high global burden of elevated BP.10,11

Numerous studies have investigated the prevalence of HMOD in patients with hypertension. 

These studies suggest that HMOD is common in severe or long-standing HTN but is also 

prevalent in less severe HTN, including asymptomatic people with elevated BP.12,13 A 

majority of prior investigations evaluated referral samples, and few assessed a set of HMOD 

concomitantly. Data are limited regarding the relative prevalence of different HMOD in 

unselected community-based samples, the co-clustering of HMOD, and the incremental 

prognostic significance of HMOD on the CVD risk associated with BP stages (grades) 

defined by international guidelines.
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We hypothesized that the prevalence of HMOD increases with age and BP, varies by sex 

and that multiple HMOD frequently cluster in individuals. We postulated that the prevalence 

of HMOD would vary across BP categories defined by various HTN guidelines based on 

their choice of cutpoints for partitioning BP. We posited that the presence of HMOD (and 

its clustering) increases CVD risk associated with any degree of BP elevation. We tested 

these hypotheses in a large community-based sample that has undergone comprehensive 

phenotypic characterization for different HMOD. Accordingly, we evaluated the prevalence, 

the clinical correlates, and the prognostic significance of HMOD in the Framingham Heart 

Study (FHS) cohorts. Specifically, we investigated how the prevalence of HMOD varied 

in people with elevated BP and HTN stages based on major national and international BP 

guidelines and how the presence of HMOD influences CVD risk in the presence of varying 

degrees of BP elevation.

Methods

All data and materials have been made publicly available at the NHLBI data repository 

BioLINCC and can be accessed at https://biolincc.nhlbi.nih.gov/studies/framoffspring/

Study Sample

The design and selection criteria of the Framingham Offspring Study (FOS) and the FHS 

Third Generation (Gen3) cohorts and their companion multi-ethnic Omni-1 and Omni-2 

cohorts have been described previously.14–18 There were 7927 FHS participants (see Figure 

S1 for study sample derivation) who attended the eighth examination cycle of the FOS, 

the third examination cycle of the Omni-1 (2005–2008), and the first examination of the 

Gen3 (2002–2005) and Omni-2 (2003–2005) cohorts who were eligible for inclusion; these 

examination cycles served as ‘baseline’ for the present investigation. Participants at these 

examinations underwent an assessment of HMOD (see below). We excluded participants 

with missing or incomplete blood pressure data (n = 23) or no data on any HMOD (n=6), 

yielding a base sample of 7898 participants for cross-sectional analyses. Of this base sample, 

we excluded participants for analyses of individual HMOD prevalence if a specific measure 

of HMOD was missing (Figure S1). For the incident CVD analyses, we restricted the sample 

to those who underwent assessment for LVH, reduced kidney function, microalbuminuria, 

and CFPWV and excluded people with prevalent CVD at baseline (n=390) yielding a sample 

of 5,865 participants.

The present study complies with the Declaration of Helsinki, and the Boston University 

Medical Center Institutional Review Board approved the study protocol. All study 

participants provided written informed consent.

Measurement of Clinical Covariates

FHS participants underwent assessment of their medical history and a cardiovascular-

focused physical examination at each examination cycle, including standardized 

measurements of resting systolic blood pressure (SBP) and diastolic blood pressure (DBP), 

and laboratory assays of vascular risk factors, including fasting blood total and HDL 

cholesterol, and glucose. Participants were classified as having diabetes mellitus if their 
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fasting blood glucose concentrations were ≥126 mg/dL or if they were treated with anti-

diabetic medications. Current smoking was defined as regular cigarette smoking in the year 

before the baseline examination.

Measurement and Categorization of Blood Pressure

A physician measured BP twice on seated participants (who had rested for at least five 

minutes) using a mercury column sphygmomanometer, an appropriately-sized cuff, and 

a standardized protocol. The average of these two BP readings was used to categorize 

participants. Table S1 shows the categorization of BP according to the following four BP 

guidelines: the Seventh report of the Joint National Committee on Prevention, Detection, 

Evaluation, and Treatment of High Blood Pressure (JNC-7),1 the 2017 American College 

of Cardiology/American Heart Association/American (ACC-AHA) BP guidelines,4 the 2018 

European Society of Cardiology/European Society of Hypertension (ESC-ESH) guidelines,5 

and the 2020 International Society of Hypertension (ISH) Global Hypertension Practice 

guidelines.3

Measurements of HMOD

We assessed the prevalence of eight types of HMOD across four organ systems, i.e., heart 
(electrocardiographic left ventricular hypertrophy [LVH]; echocardiographic LVH7), kidneys 
(reduction in function as measured using the estimated glomerular filtration rate [eGFR];19 

the presence of microalbuminuria20), the vasculature (large artery stiffness as indicated by 

increased carotid-femoral pulse wave velocity [CFPWV];21 carotid intima-media thickness 

(CIMT);22 and a low ankle-brachial index [ABI]23) and the brain (suggested by the 

presence of lacunes, microbleeds, or large white matter hyperintensities on magnetic 

resonance imaging [MRI]24,25). Details of acquisition of each HMOD are provided under 

Supplementary Methods,19,26–38 and their definitions are listed in Table S2.7,21–25,39,40

Definition of Outcome Events

All FHS participants undergo longitudinal surveillance for the occurrence of CVD events 

and death. For the present investigation, CVD was defined as a composite of coronary 

heart disease (myocardial infarction, coronary insufficiency, and angina pectoris), stroke or 

transient ischemic attack, peripheral arterial disease (intermittent claudication), heart failure 

or CVD-related mortality, consistent with prior Framingham publications.41 A panel of three 

physicians adjudicated all CVD events using a standardized protocol as detailed elsewhere.

Statistical Analyses

Prevalence of HMOD across the BP range and in stages defined by each of 
the four HTN guidelines—We evaluated the prevalence of HMOD by organ system 

in our sample. We assessed the variation in the prevalence of HMOD (by organ system) 

across the BP range using SBP categories <120, 120–129, 130–139, 140–149, 150–159, 

≥160 mm Hg, and DBP categories <80, 80–84, 85–89, ≥90 mm Hg. For individuals on 

antihypertensive medications, we imputed SBP/DBP using a method that accounts for the 

number of BP-lowering agents, drug class, and participants’ race.42,43 We also investigated 
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the prevalence of HMOD by quartile of pulse pressure (PP), i.e., <38, 38–45, 46–56, ≥57 

mm Hg.

We assessed the prevalence of each HMOD across the BP categories defined by each of 

the four BP international guidelines; analyses were performed for pooled sexes, by sex, 

and by age groups (dichotomized at the median age of 50 years). We also evaluated the 

co-clustering of HMOD (defined as the presence of ≥1 HMOD and ≥2 HMOD; separate 

analyses for each outcome) within individuals by BP category in each BP guideline.

We conducted secondary analyses assessing the prevalence of HMOD in each BP stage 

(using the AHA/ACC 2017 guidelines), stratifying the stage into two groups (BP stage 

duration <5 versus ≥5 years) based on a subset of Gen 2 and Omni-1 cohort participants who 

attended their previous examination.

Cross-Sectional Correlates of HMOD—We assessed the cross-sectional correlates 

of HMOD using generalized linear models (logistic option) to relate clinical correlates 

(independent variables) to the presence of each HMOD (binary dependent variable) 

adjusting for cohort type. The candidate clinical correlates included age, sex, SBP, DBP, 

smoking, diabetes, and the ratio of total to HDL cholesterol; these variables have been 

associated with target organ damage in the context of elevated BP in the published 

literature.13,44 Analyses were repeated to assess the co-clustering of HMOD, defined as the 

presence of ≥1 HMOD and ≥2 HMOD (separate analyses for each outcome) in a subset with 

all measures of HMOD (N=2874), except CIMT (which was available in a much smaller 

subset). We repeated the analyses substituting PP for SBP and DBP and further including 

mean arterial pressure (MAP) to account conjointly for the pulsatile (PP) and steady-state 

(MAP) components of vascular load.44

Relations of BP categories to CVD incidence according to presence vs. 
absence of HMOD—We cross-classified each BP category defined according to the 2017 

ACC-AHA and ESC-ESH guidelines (separate analyses for each) with the presence versus 

absence of any HMOD in 5865 individuals who were free of prevalent CVD at the baseline 

examination and had available measures of electrocardiographic and echocardiographic 

LVH, eGFR, microalbuminuria, and CFPWV. We chose these four HMOD to permit 

adequate statistical power because using more than four HMOD would result in a smaller 

sample size for these prospective analyses. We chose the ACC-AHA and ESC-ESH 

guidelines because they represent major US and European BP guidelines, respectively. For 

the ESH guidelines, we combined HTN grades 1–3 into a single category (HTN grade 

1 or more). This cross-classification resulted in the primary exposures of eight groups 

(combinations of 4 BP categories by presence or absence of HMOD).

We used multivariable Cox proportional hazards regression to relate the cross-classified 

BP-HMOD categories to CVD incidence adjusting for standard risk factors, after verifying 

the proportionality of hazards assumption (by testing the interaction of log of follow-up 

time*BP-HMOD category). The group with normal BP (ACC/AHA) or optimal BP (ESC/

ESH) and no HMOD served as the referent. Models were adjusted initially for age and sex 

(Model 1), and then for age, sex, smoking, diabetes, the ratio of total to HDL cholesterol, 
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antihypertensive medication, and cohort type (Offspring vs. Third Generation, Offspring 

vs. Omni-1; Model 2). We stratified the baseline hazard by median age (<50 vs. ≥50) for 

both models. We tested for statistical interaction between HMOD and the BP category 

by incorporating a cross-product term HMOD*BP category in the multivariable models. 

A two-sided value of p<0.05 was considered statistically significant for all models. All 

analyses were performed using SAS software version 9.4 (SAS Institute Inc, Cary, NC).

Results

The baseline characteristics of the different samples used in the present investigation are 

shown in Table 1. The samples comprised middle-aged adults with a risk factor profile 

representative of ambulatory adults in the general population.

Prevalence of HMOD across the BP range

The prevalence of different HMOD according to cross-tabulated SBP and DBP categories is 

shown in Table S3. The prevalence of HMOD increased across SBP categories. At any level 

of SBP above 120 mm Hg, DBP was negatively related to the prevalence of HMOD, except 

for electrocardiographic LVH. Groups with DBP <80 mm Hg had the highest prevalence of 

HMOD. Prevalence of HMOD increased with rising pulse pressure; Figure S2 displays the 

co-clustering of HMOD across PP quartiles.

Prevalence of HMOD by BP category using four BP guidelines

The prevalence of each HMOD and co-clustering of HMOD according to each of the 

four international BP guidelines are shown in Figure 1 (for the ACC-AHA and ESC-ESH 

guidelines), and Figure S3 (for JNC-7 and ISH guidelines). Prevalence of HMOD varied 

across BP categories across the guidelines due to varying BP thresholds defining these 

categories.

Among individuals without HTN, the group with normal (JNC-7, ACC-AHA, and ISH 

guidelines) or optimal BP (ESC-ESH guidelines) had the lowest prevalence of HMOD. In 

this group, abnormal brain MRI findings were the most prevalent (15–16%), followed by 

increased CIMT (7–9%) and then LVH and increased CFPWV (3–6%). Reduced eGFR, 

microalbuminuria, and low ABI were relatively infrequent (1–3%). Almost a third of 

individuals in this group had more than one form of HMOD.

Among individuals with HTN, increased CFPWV was the most common form of HMOD 

(prevalence 40–60%), whereas low ABI was the least prevalent (<5%). LVH, reduced 

kidney function, microalbuminuria, increased CIMT, and brain imaging findings had an 

intermediate prevalence (20–40%). HMOD frequently co-clustered in this group, with over 

half (ACC-AHA guidelines) to over three quarters (other guidelines) having more than one 

form of HMOD.

When analyzed by sex, the prevalence of HMOD was generally similar in men and women, 

except for electrocardiographic LVH, which was more prevalent in men (Table S4, A–D), a 

finding consistent across BP guidelines. When analyzed by median age (<50 vs. ≥50 years), 

the prevalence of HMOD was much higher in those aged ≥50 years (Table S5, A–D), except 
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for electrocardiographic LVH, which was more prevalent in those aged <50 years. Increased 

CFPWV, increased CIMT, microalbuminuria, reduced eGFR, and low ABI were rare in 

younger people (<50 years).

In a subset of Gen 2 and Omni-1 cohort participants who attended their previous 

examinations (1998–2001), groups with elevated BP or Stage 1 or higher BP (per 

AHA/ACC 2017 guidelines) of ≥5 years duration had a higher prevalence of HMOD (in 

2005–2008) compared to their counterparts with the same BP stage of <5 years duration 

(Table S6). This finding was consistent across different types of HMOD. Conversely, 

individuals with normal BP ≥5 years had a lower prevalence of HMOD compared to their 

counterparts with the normal BP <5 years duration (Table S6).

Cross-Sectional Clinical Correlates of HMOD

Figure 2 shows the multivariable-adjusted odds ratio (95% CI) of having HMOD (separate 

models for each) with one standard deviation (SD) increment in SBP and DBP (Panel 

A), and PP (Panel B). SBP and PP were directly associated with HMOD, except for 

reduced eGFR, which was not associated with either BP component. Conversely, DBP 

was negatively associated with HMOD, except for reduced eGFR (positive association) and 

abnormal findings on brain MRI (no association).

For the multivariable-adjusted clinical correlates of each HMOD and co-clustering of 

HMOD, age was positively associated with each HMOD, except for electrocardiographic 

LVH, which was negatively related (Table S7). Female sex was negatively associated 

with electrocardiographic LVH and high CFPWV. Diabetes was associated with a 1.8-fold 

odds of high CFPWV and a greater than 3-fold odds of microalbuminuria. Smoking was 

associated with an almost 5-fold odds of having a reduced ABI. Higher SBP, older age, male 

sex, and prevalent diabetes were associated with the co-clustering of HMOD (Table S7).

Relations of BP-HMOD cross-classified groups to CVD Incidence according to BP 
categories defined by the ACC-AHA and ESC-ESH guidelines

On follow-up (median 14.1 years), there were 384 first CVD events (45% women) among 

5865 participants. For both ACC-AHA and ESC-ESH guidelines, the BP categories with 

HMOD had a higher cumulative CVD incidence (approximately three-fold) compared to the 

same BP categories without HMOD (Figure 3).

At any given BP category above the normal (ACC-AHA) or optimal (ESC-ESH) referent 

group, the presence of HMOD was associated with a 2 to 3-fold increase in the risk of 

CVD compared to the referent group in multivariable-adjusted models (Table 2). Each BP 

category with HMOD was associated with higher CVD risk than the same BP category 

without HMOD (compared to the referent group). There was no statistically significant 

interaction of HMOD with BP category (p values for the cross-product term HMOD*BP 

category exceeded 0.85 for both guidelines).

Vasan et al. Page 7

Hypertension. Author manuscript; available in PMC 2023 March 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Discussion

A comprehensive assessment of the prevalence of HMOD (across multiple organ systems) 

in the community is lacking in the published literature. Existing data on HMOD prevalence 

are typically based on the evaluation of patients in HTN clinics or referral samples using a 

limited set of indicators of HMOD. Also, the incremental prognostic significance of HMOD 

across the spectrum of BP stages/grades for CVD risk remains unclear; our investigation 

bridges these fundamental knowledge gaps.

Principal Findings

Our principal findings are four-fold. First, HMOD is frequent in the community. The 

prevalence varies according to the type of HMOD, the degree and duration of BP elevation, 

and the age and sex of individuals. Of note, up to a third of the general population with 

normal levels of BP have some form of HMOD, with the prevalence being higher in older 

people. It is conceivable that the term HMOD in such individuals may be incorrect in this 

context. The frequent occurrence of HMOD in the absence of BP elevation may be because 

of the prevalence of additional risk factors for HMOD (such as diabetes, obesity, smoking, 

and advancing age), the statistical thresholds (percentiles) that we used to define select 

HMOD or the use of sensitive imaging techniques (brain MRI). It is also conceivable that 

clinic BP levels misclassify actual hypertension status in some people or that the presence of 

HMOD may be a marker of future hypertension risk. Future studies that relate BP stage by 

ambulatory BP monitoring to the prevalence of HMOD could investigate if misclassification 

of BP stage contributed to the high frequency of HMOD in people with normal clinic BP.

Second, SBP was directly associated with all forms of HMOD cross-sectionally, except for 

reduced eGFR, which was not associated with SBP in our sample. Conversely, DBP was 

negatively associated with most HMOD, except eGFR (positive association) and abnormal 

brain MRI findings (no association). Pulse pressure was directly associated with all types 

of HMOD except for reduced eGFR. When SBP and DBP categories were cross-classified, 

we observed direct associations of SBP with HMOD and negative associations of DBP with 

HMOD.

Third, the prevalence of HMOD in BP categories defined according to different BP 

guidelines varied based on the SBP and DBP thresholds used to define the BP categories and 

HTN. Thus, for example, the prevalence of HMOD in Stage 1 HTN defined by ACC-AHA 

criteria was lower than that for Stage 1 HTN defined by JNC-7, ESC, or ISH guidelines 

because the latter three used higher SBP and DBP thresholds to define hypertension. HMOD 

prevalence was similar in men and women, with the notable exceptions of ECG LVH 

and high CFPWV, which were more prevalent in men. For any given BP guideline, the 

prevalence of all HMOD (except for ECG LVH) increased in individuals over 50 years 

of age. Several forms of HMOD (high CFPWV or CIMT, microalbuminuria, low eGFR, 

and low ABI) were relatively infrequent in individuals below age 50, indicating a minimal 

diagnostic yield for these tests in younger individuals with HTN.
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Among individuals with HTN, the prevalence of HMOD varied based on the stage/grade, 

the organ system evaluated, and the choice of the diagnostic test. Overall, the prevalence of 

high CFPWV was the highest (ranging from 40–60%), followed by echocardiographic LVH, 

abnormal brain MRI findings, and increased CIMT (20–40%), and then microalbuminuria 

and reduced eGFR (10–20%). Electrocardiographic LVH was infrequent (10–15%), and a 

low ABI was the least prevalent (2–6%).

Co-clustering of HMOD was frequent in people with elevated BP. Between a half (ACC-

AHA guidelines) and three-quarters (all other BP guidelines) of individuals with high BP 

had at least one type of HMOD; between a third (ACC-AHA guidelines) and a half (all other 

BP guidelines) had two or more HMOD types.

Fourth, the presence of HMOD was a powerful predictor of CVD risk at any BP category 

exceeding normal (ACC-AHA) or optimal (ESC-ESH) groups. In people without evidence 

of HMOD, unadjusted CVD incidence rates were similar for elevated BP versus stage 1 

HTN (ACC-AHA guidelines), and for those with normal versus high normal BP (ESC-ESH 

guidelines). The presence of HMOD increased both the absolute risk and the relative risk 

(compared to the referent group) of CVD for any given BP category.

Comparison with the published literature and clinical significance

As noted above, several investigations have assessed the prevalence and co-clustering of 

HMOD among people with HTN.7,8,12,13,45–49 It is challenging to compare the prevalence 

of HMOD in these studies with that in our investigation for reasons noted previously. 

Our investigation underscores the limited clinical utility of most tests to assess HMOD 

in individuals below age 50, except for electrocardiographic or echocardiographic LVH 

or abnormal findings on brain MRI. Assessment of electrocardiographic LVH may seem 

reasonable in this age group; its accessibility may counterbalance its limited sensitivity. 

Among individuals over age 50 years, assessment of CFPWV, echocardiographic LVH, renal 

function and microalbuminuria, brain MRI and carotid sonography have moderate diagnostic 

yield. We were unable to perform a detailed comparative analysis of the predictive value of 

these individual tests for predicting CVD events due to our overall moderate-sized sample. 

Future studies of larger samples could evaluate this premise more comprehensively.

Strengths and limitations

Our investigation has several strengths, including the large community-based sample, the 

conjoint phenotypic characterization of a comprehensive HMOD panel, and the assessment 

of HMOD prevalence based on BP thresholds defined by four major international BP 

guidelines. Additionally, the longitudinal surveillance facilitated an investigation of the 

prognostic impact of HMOD across the full range of BP distribution.

It is also essential to acknowledge several limitations of our investigation. We categorized 

the BP of our participants based on measurements on a single occasion, which may 

misclassify the BP category and their HTN status. Some HMOD measures were available on 

smaller subsamples, which limited our ability to assess their prognostic utility. Additionally, 

we did not evaluate HMOD reflected by retinal vascular changes. Lastly, most of our 

participants were middle-aged white adults of European-ancestry, although we did include 
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the modest-sized, multi-ethnic FHS Omni cohorts. Therefore, the generalizability of our 

results may be limited. Additional studies are warranted to characterize the prevalence and 

prognosis of HMOD in diverse cohorts and across a broader age range.

Perspectives

HMOD was frequent in our large community-based sample, with the prevalence varying 

depending on the organ system screened, the diagnostic test used, and the age of individuals. 

HMOD was infrequent in people below age 50 years (except for electrocardiographic LVH), 

suggesting the low yield of other tests in this age group. Additionally, the varying prevalence 

of different forms of HMOD may guide the choice of clinical tests for detecting HMOD 

in older people with elevated BP, a vital area for future research. Notably, HMOD was 

prevalent in the group with normal BP, underscoring the role of other non-BP correlates 

and raising the possibility of masked hypertension in such individuals. Furthermore, HMOD 

prevalence varied directly with systolic BP and pulse pressure but negatively with diastolic 

BP. These associations raise the importance of pulsatile load in target organ damage and the 

need to target this component of BP to mitigate the adverse consequences of HMOD. The 

presence of HMOD conferred clinically crucial prognostic information regarding CVD risk 

at any given level of BP elevation. These observations support the importance of considering 

HMOD to guide treatment decisions in patients with elevated BP. Future investigations must 

compare the relative cost-effectiveness of screening people with hypertension with specific 

tests for HMOD (e.g., CFPWV versus echocardiographic LVH) and their comparative yield 

in clinical decision-making.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Novelty and Significance

What is new?

• Prevalence of HMOD varies across international BP guidelines and according 

to the age of individuals and the choice of the screening test.

• Elevated CFPWV was the most prevalent HMOD overall, followed by 

echocardiographic LVH and abnormal brain imaging findings.

What is relevant?

• HMOD presence elevates the absolute and the relative risk of CVD at any 

level of BP, a finding consistent across BP guidelines.

• The direct relation of HMOD and pulse pressure underscores the need to 

target pulsatile load to mitigate vascular consequences.

Summary

Assessment of HMOD may be an important adjunct in the management of elevated BP.
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Figure 1. 
Prevalence of HMOD (by type) by different BP guidelines. Left Panel: ACC-AHA 

2017 guidelines; Right Panel: ESC-ESH guidelines. ABI= ankle-brachial index, ASE= 

American society of Echocardiography, CIMT= carotid intimal-medial thickness. ECG= 

electrocardiogram. Echo= echocardiographic. eGFR= estimated glomerular filtration rate, 

LVH= left ventricular hypertrophy, MRI= magnetic resonance imaging, PWV= carotid-

femoral pulse wave velocity, UACR= urine albumin to creatinine ratio.
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Figure 2. 
Association of blood pressure component with the prevalence of HMOD: logistic regression 

models adjusted for age, sex, total/HDL cholesterol ratio, smoking, and diabetes.

Panel A, results for systolic and diastolic BP (mutually adjusted). Panel B. results for PP 

(adjusted for mean arterial pressure).
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Figure 3. 
Cumulative incidence of CVD according to the 2017 ACC-AHA BP categories (Left Panel) 

and the 2018 ESC-ESH BP groupings (Right Panel) stratified by presence versus absence of 

HMOD.
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Table 1.

Baseline characteristics of study samples.

Cross-sectional analyses
Sample for incident CVD 

analysesCharacteristic Largest sample with at 
least one HMOD

Sample to assess co-
clustering

N 7898 2874 5865

Age, y 51.6 ± 15.9 54.0 ± 13.3 49.1 ± 14.7

Women, n (%) 4300 (54) 1540 (54) 3206 (55)

Systolic blood pressure, mm Hg 122 ± 17 122 ± 16 120 ± 16

Diastolic blood pressure, mm Hg 74 ± 10 75 ± 10 75 ± 10

Pulse pressure, mm Hg 47 ± 15 47 ± 14 46 ± 13

Antihypertensive medication, n (%) 2092 (26) 723 (25) 1182 (20)

Body mass index, kg/m2 27.5 ± 5.6 27.0 ± 4.8 26.8 ± 5.0

Prevalent CVD, n (%) 656 (8.3) 178 (6.2) -

Smoking, n (%) 945 (12) 281 (9.8) 743 (13)

Diabetes, n (%) 641 (8.3) 177 (6.2) 309 (5.3)

Total/HDL cholesterol ratio 3.7 ± 1.3 3.6 ± 1.2 3.6 ± 1.3

Lipid-lowering medication, n (%) 1758 (22) 651 (23) 973 (17)

Cohort, n (%)

 Offspring 3110 (39) 1376 (48) 1985 (34)

 Third Generation 4082 (52) 1498 (52) 3656 (62)

 Omni 1 or 2 706 (9) - 224 (4)

ECG Left ventricular hypertrophy, n (%)* 609 (7.8) 222 (7.7) 453 (7.7)

Echo Left ventricular hypertrophy ASE, n (%)* 824 (11) 330 (11) 528 (9.0)

eGFR <60, n (%)* 462 (6.0) 155 (5.4) 224 (3.8)

Urine albumin to creatinine ratio ≥30, n (%)* 445 (6.2) 136 (4.7) 246 (4.2)

Carotid-femoral pulse wave velocity >10 m/sec, n 

(%)*
1470 (20) 592 (21) 928 (16)

Ankle brachial index <0.9, n (%)* 157 (2.7) 50 (1.7) 62 (1.4)

Brain MRI abnormality, n (%)* 842 (20) 612 (21) 628 (19)

Increased CIMT, n (%)* 481 (20) 197 (16) 255 (16)

*
Subsample with available measurements. CIMT= carotid intimal-medial thickness. ECG= electrocardiogram. Echo= echocardiographic. eGFR= 

estimated glomerular filtration rate.
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