
1

Hypertensive heart disease is a syndrome characterized by left 
ventricular hypertrophy (LVH), systolic and diastolic dys-

function alongside the clinical manifestations of heart failure.1 
In susceptible patients, the myocardium progressively thickens 
in response to elevated arterial pressure to minimize myocar-
dial wall stress (σ) according to the LaPlace’s Law: σ=[P×r]/2h, 
where P is the left ventricular (LV) pressure, r is the LV radius, 
and h is the myocardial wall thickness. These changes are initially 
adaptive to maintain cardiac output and function. Over time, the 
LV can decompensate and fail.1–3 Two major processes drive the 
transition from ventricular adaptation to decompensation: cardiac 

myocyte dysfunction/death and myocardial fibrosis.4 Myocyte 
dysfunction/death occurs in response to chronic exposure to neu-
rohormonal factors and progressive myocardial ischemia associ-
ated with elevated wall stress.5,6 Myocardial fibrosis, a common 
final pathology in all heart failure causes, is characterized by an 
increase in collagen volume fraction of myocardial tissue that can 
be assessed noninvasively using contrast-enhanced cardiovascu-
lar magnetic resonance (CMR) techniques.7
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), and normal RI ranges were 

established in 180 healthy volunteers. The utility of the RI was examined in 256 asymptomatic hypertensive patients and 10 
patients with heart failure with preserved ejection fraction. Hypertensive patients underwent multimodal cardiac assessment: 
contrast-enhanced cardiovascular magnetic resonance, echocardiograms, 24-hour blood pressure monitoring, and cardiac 
biomarkers (high-sensitivity cardiac troponins, NT-proBNP [N-terminal pro-B-type natriuretic peptide], and galectin-3). 
Blood pressure accounted for only 20% of the variance observed in LV mass. Although there was no association between 
blood pressure and myocardial fibrosis, LV mass was independently associated with fibrosis. Compared with hypertensive 
patients without LVH (n=191; 74.6%) and those with HTN-LVH and normal RI (n=50; 19.5%), patients with HTN-LVH and 
low RI (HTN-LVH/low RI; n=15, 5.9%) had an amplified myocardial response: elevated indexed LV masses (83±24 g/m2), 
more fibrosis (73%), and higher biomarkers of myocardial injury and dysfunction (P<0.05 for all). RI was similar in HTN-
LVH/low RI and heart failure with preserved ejection fraction (4.1 [3.4–4.5] versus 3.7 [3.4–4.0], respectively; P=0.15).

Conclusions—We suggest that RI provides an approach for stratifying hypertensive patients and is suitable for testing in 
other disease cohorts to assess its clinical utility.

Clinical Trial Registration—URL: https://clinicaltrials.gov. Unique identifier: NCT02670031.    
(Circ Cardiovasc Imaging. 2017;10:e006840. DOI: 10.1161/CIRCIMAGING.117.006840.)

Key Words:  blood pressure ◼ heart diseases ◼ hypertrophy, left ventricular ◼ magnetic resonance imaging 
◼  natriuretic peptide, brain

Circ Cardiovasc Imaging is available at http://circimaging.ahajournals.org� DOI: 10.1161/CIRCIMAGING.117.006840

© 2017 The Authors. Circulation: Cardiovascular Imaging is published on behalf of the American Heart Association, Inc., by Wolters Kluwer 
Health, Inc. This is an open access article under the terms of the Creative Commons Attribution Non-Commercial-NoDerivs License, which permits 
use, distribution, and reproduction in any medium, provided that the original work is properly cited, the use is noncommercial, and no modifications or 
adaptations are made.

Received June 22, 2017; accepted July 26, 2017.
From the Department of Internal Medicine, Singapore General Hospital, Singapore (V.J.G.); Department of Cardiology, National Heart Centre Singapore 

(T.-T.L., J.B., J.I.W., B.S., C.J.P., C.P.Y.S., B.A., S.A.C., C.W.L.C.); National University Heart Centre Singapore (C.-H.L.); Duke-NUS Medical School, 
Singapore, Singapore (S.A.C., C.W.L.C.); and Depatrment of Laboratory Medicine, Changi General Hospital, Singapore (T.C.A.).

The author is presenting this work at the European Society of Cardiology Scientific Congress meeting in Barcelona, Spain on August 28, 2017.
*Drs Goh and Le contributed equally to this work.
The Data Supplement is available at http://circimaging.ahajournals.org/lookup/suppl/doi:10.1161/CIRCIMAGING.117.006840/-/DC1.
Calvin W.L. Chin, MD, PhD, National Heart Centre Singapore, 5 Hospital Dr, Singapore 169609, Singapore. E-mail calvin.chin.w.l@nhcs.com.sg

Novel Index of Maladaptive Myocardial Remodeling 
in Hypertension

Vera J. Goh, MD*; Thu-Thao Le, PhD*; Jennifer Bryant, PhD; Jia Ing Wong; Boyang Su, PhD;  
Chi-Hang Lee, MD; Chee Jian Pua, BSc; Chloe P.Y. Sim, BSc; Briana Ang, BSc;  

Tar Choon Aw, MD MPP; Stuart A. Cook, MD, PhD; Calvin W.L. Chin, MD, PhD

Magnetic Resonance Imaging

mailto:calvin.chin.w.l@nhcs.com.sg


2    Goh et al    Risk Stratification in Hypertensive LVH 

Hypertensive LVH is associated with adverse prognosis, 
above and beyond the effects of blood pressure (BP).8–14 Four 
LV geometric patterns have conventionally been described: 
normal, concentric remodeling, concentric hypertrophy, and 
eccentric hypertrophy,15 but the 3-dimensional (3D) pheno-
type of LVH shows the true situation to be far more nuanced.16 
Both concentric and eccentric LVH patterns are associated 
with increased cardiovascular events. LV geometry has lim-
ited incremental prognostic value when LV mass and other 
cardiovascular risk factors are considered.10,17–22 Therefore, 
a better marker of adverse remodeling is needed to identify 
high-risk hypertensive LVH phenotypes.

Ventricular dilatation and myocardial thickening are 2 
important determinants of increased LV mass and myocardial 
wall stress. We hypothesize that an index of LV end-diastolic 
volume (EDV) and wall thickness (Remodeling Index [RI]) 
may provide a more clinically relevant readout of adverse ven-
tricular remodeling by combining the effects of LV volumes 
and wall thickness in a single metric. Using multi-imaging 
techniques (CMR and echocardiography), ECG, compre-
hensive BP assessment (office and 24-hour ambulatory), 
and cardiac biomarkers (high-sensitive cardiac troponin I/T 
[hsTnI/T], NT-proBNP [N-terminal pro-B-type natriuretic 
peptide], and galectin-3), we aim to examine the myocardial 
response and the potential role of RI in hypertensive patients.

Methods

Derivation of the Novel RI
The Law of LaPlace states the factors that determine LV generated 
wall stress, σ, as:

σ=
PR

2t
, � (1)

where P is intra-LV pressure generated during passive filling (at end 
of diastole), R is LV radius, and t is LV wall thickness.23,24 Assuming 
LV to be spherical, LV volume is related to radius (R):
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Substituting Equation 3 into Equation 1, we have

σ = ⋅c P
t

c
EDV

where =
3

3
3

4
2

, Π � (4)

We define EDV

t

3

 as the RI, which describes the geometric relation-

ship between LVEDV and wall thickness and it is proportionate to the 
LV generated wall stress ( σ∞ ⋅P RI ). LVEDV and maximum wall 
thickness (across the 16 segments) were used in the calculation of RI.

Patient Population
The REMODEL study (Response of the Myocardium to Hypertrophic 
Conditions in the Adult Population) consists of adults with essential 
hypertension. We excluded individuals with known secondary causes 
of hypertension; those with previously diagnosed significant coro-
nary artery disease (previous myocardial infarction, ≥70% luminal 
stenosis on invasive angiography, or positive cardiac stress tests), 
cerebrovascular events, heart failure, atrial fibrillation; and those 
with contraindications to gadolinium contrast and CMR (implantable 

devices, cerebral aneurysmal clips, cochlear implants, estimated glo-
merular filtration rate <30 mL/min per 1.73m2, severe claustrophobia, 
and women who are pregnant or breastfeeding).

Healthy volunteers between 20 and 69 years old (n=180) with-
out cardiac symptoms, coronary artery risk factors, and clinical and 
family history of cardiovascular disease were prospectively recruited 
from the community. The inclusion and exclusion criteria of this co-
hort have been described in detail previously.25

Patients in the REMODEL cohort did not have heart failure. We 
examined the role of RI in patients with hypertension and heart fail-
ure with preserved ejection fraction (HFpEF) who had been referred 
for CMR evaluation. These patients did not have other diagnoses that 
could account for heart failure, such as ischemic heart disease, valvu-
lar heart disease, or infiltrative cardiomyopathies.

The study was conducted in accordance with the Declaration 
of Helsinki and approved by the local research ethics committee. 
Written informed consent was obtained from all participants.

Cardiovascular Procedures and Biochemical 
Markers
All participants in REMODEL underwent comprehensive cardiovas-
cular assessment including 24-hour ambulatory BP, ECG, echocar-
diography, CMR, and cardiac biochemical markers.

Electrocardiography
A standard 12-lead ECG was obtained in all participants. ECGs were 
scored according to the Romhilt–Estes score that includes voltage 
criteria, ST-T abnormalities, QRS duration and other variables to di-
agnose LVH on ECG.26

Echocardiography
Echocardiography was performed in all hypertensive patients 
(ProSound F75; Hitachi Aloka Medical Ltd., Tokyo, Japan). Cardiac 
dimensions, function, and severity of valvular heart disease (if 
present) were assessed according to the European Association of 
Echocardiography/American Society of Echocardiography guide-
lines.15,27,28 Diastolic function was assessed using pulse-wave and tis-
sue Doppler imaging. Trans-mitral early (E), late diastolic velocities, 
and deceleration time of early filling velocity were measured at the 
tips of the mitral valve leaflets in the apical 4-chamber view. Early 
diastolic velocities (e') of the medial and lateral mitral annulus were 
measured using tissue Doppler imaging. Diastolic function was as-
sessed using the E/e' ratio.

Cardiovascular Magnetic Resonance
CMR was performed in all participants (Siemens Ingenia 1.5T; 
Siemens AG, Healthcare Sector, Erlangen, Germany). Balanced 
steady-state free precision cine images of the vertical and horizon-
tal long-axis planes and the sagittal LV outflow tract view were ac-
quired (acquired voxel size 1.6×1.3×8.0 mm; 30 phases per cardiac 
cycle). Short-axis cines were obtained from the mitral valve annulus 
to the apex (acquired voxel size 1.6×1.3×8.0 mm; 30 phases per 
cardiac cycle). Image analysis was performed in our dedicated re-
search laboratory using standardized protocols for measuring cardi-
ac volumes, function and LV mass (CMR42; Circle Cardiovascular 
Imaging, Calgary, Canada).25 End-diastolic myocardial wall thick-
ness was measured semiautomatically in the short-axis views (50 
chords per myocardial slice), according to the standard 16-seg-
ment model (Data Supplement). Short-axis slices that did not have 
complete ring of myocardium were excluded in the wall thickness 
analysis.

Myocardial fibrosis was assessed using 2 approaches: late 
gadolinium–enhanced imaging (focal replacement fibrosis) and 
myocardial T1 mapping (diffuse myocardial fibrosis). Late gado-
linium–enhanced imaging started 8 minutes after 0.1 mmol/kg of 
gadobutrol (Gadovist; Bayer Pharma AG, Germany). An inversion-
recovery fast gradient echo sequence was used. The inversion time 
was optimized to achieve appropriate nulling of the myocardium. 
Myocardial T1 mapping was performed using the Modified Look-
Locker inversion-recovery sequence (flip angle 35°; minimum TI 
100 ms; TI increment of 80 ms). Native and postcontrast myocardial 
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T1 (15 minutes after contrast administration) were acquired using a 
heartbeat acquisition scheme of 5(3)3 and 4(1)3(1)2, respectively. 
Extracellular volume fraction was quantified using an approach as 
described previously.29 Recently, we have demonstrated an excellent 
correlation between interstitial volume on CMR and the amount of 
histological fibrosis that had an adverse prognostic impact on pa-
tients with aortic stenosis.30 Interstitial volume was defined as ex-
tracellular volume fraction × myocardial volume, where myocardial 
volume (mL)=myocardial mass (g)/1.05 g/mL.

Cardiac Biochemical Markers
All biochemical analyses were performed in a single freeze–thaw 
cycle >3 assay runs using the same lot of reagents in an accred-
ited laboratory (Changi General Hospital, Singapore). Serum 
NT-proBNP (proBNP II STAT; Roche Diagnostics, Pensberg, 
Germany) and hsTnT (STAT; Roche Diagnostics, Pensberg, 
Germany) were assayed using electrochemiluminescence im-
munoassay on the Cobas E602 analyzer (Roche Diagnostics 
Asia-Pacific, Singapore). Serum hsTnI (ARCHITECT STAT 
High-Sensitive Troponin-I; Abbott Diagnostics, Abbott Park, IL) 
and galectin-3 (ARCHITECT Galectin-3; Abbott Diagnostics) 
were determined using chemiluminescent microparticle immuno-
assay on the ARCHITECT i2000SR analyzer (Abbott Laboratories 
[Diagnostics], Singapore). Blood samples were collected on the 
day of CMR.

The manufacturer-reported lower limit of detection (LOD) and 
the 99th percentile upper reference limit for NT-proBNP were 5 
and 135 pg/mL, respectively.31 The LOD and 99th percentile upper 
reference limit for hsTnT were 5 and 14 pg/mL, respectively.32 The 
LOD for hsTnI was 1.1 ng/L. We have determined previously that 
the 99th percentile upper reference limit for hsTnI was 26 ng/L.33 
Serum galectin-3 had a manufacturer-reported LOD of 1.0 ng/mL.34 
All biochemical concentrations lower than the detection levels were 
assigned a value equivalent to half the LOD.

Statistical Analysis
Continuous variables were assessed for normal distribution using the 
Shapiro–Wilk test. Data were presented in either mean±SD or me-
dian (interquartile range), as appropriate. Depending on the normal-
ity of the data, parametric Student t test and 1-way ANOVA or the 
nonparametric Mann–Whitney U test and Kruskal–Wallis test were 
used to compare groups of continuous data. Categorical data were 
compared using the χ2 tests. We used multivariable linear and logis-
tic regression models to assess association between variables, adjust-
ing for potential confounders (age, sex, systolic BP [SBP], treatment 
duration, and where appropriate, LV mass, and LV concentricity). 
Log-transformed NT-proBNP, hsTnT/I, and galectin-3 concentra-
tions were used in correlations and regression analyses because of 
non-normal distribution.

Normal RI ranges were established in healthy volunteers using 
the 95% prediction interval: mean ± t

0.975, n-1
 (√(n+1)/n)·(SD). To 

account for the effects of sample size on the reference range, 95% 
confidence intervals of the upper and lower reference limits were 
estimated.35 Values within these confidence limits were considered 
indeterminate/borderline.25

Analyses were performed using GraphPad Prism 6 (GraphPad 
Software, Inc., San Diego) and STATA/MP version 13.0 (StataCorp, 
TX). Statistical significance was taken as a 2-sided P<0.05.

Results
Baseline Characteristics
Patients in REMODEL (n=256; men=66%) were older and 
had higher body mass index compared with healthy volunteers 
(n=180; men=51%). Hypertensive patients in REMODEL had 
close to normal BPs as they were receiving antihypertensive 
treatment (Table  1). Twelve patients had moderate valvular 
heart disease diagnosed on echocardiography and corroborated 

Table 1.   Baseline Characteristics of Healthy Volunteers and 
Patients with Hypertension

 

Healthy 
Volunteers 
(n=180)

REMODEL 
(n=256) P Value

Clinical characteristics

 � Age, y 45±13 58±11 <0.001

 � Males, n (%) 91 (51) 169 (66) <0.01

 � Hyperlipidemia, n (%) … 93 (36) …

 � Diabetes mellitus, 
n (%)

… 28 (11) …

 � 24-h SBP, mm Hg … 130±13 …

 � 24-h DBP, mm Hg … 80±10 …

 � Office SBP, mm Hg 130±16 142±19 <0.001

 � Office DBP, mm Hg 79±11 81±13 0.07

 � Heart rate, bpm 75 [67–83] 68 [60–77] <0.001

 � Body surface area, m2 1.70±0.20 1.79±0.21 <0.001

 � Romhilt–Estes ECG 
score

… 3 [1–4] …

Myocardial structure and function

 � LV end-diastolic 
volume, mL/m2 75±12 74±15 0.25

 � LV end-systolic 
volume, mL/m2 30±7 28±9 0.07

 � LV stroke volume, 
mL/m2 45±7 45±8 0.92

 � LV ejection fraction, % 60±5 62±6 0.02

 � RV end-diastolic 
volume, mL/m2 84±15 74±13 <0.001

 � RV end-systolic 
volume, mL/m2 39±11 30±9 <0.001

 � RV stroke volume, 
mL/m2 45±7 45±8 0.85

 � RV ejection fraction, % 54±7 61±7 <0.001

 � LV mass, g/m2 45±9 53±15 <0.001

 � Interstitial volume, 
mL/m2 … 12.5 [11.0–14.3] …

 � Max. wall thickness, 
mm

7.6±1.5 8.9±1.9 <0.001

 � LA volume, mL/m2 45±11 51±14 <0.001

 � RA area, cm/m2 11.4±2.0 12.1±2.3 <0.01

 � Diastolic function E/e′ … 8.0±2.1 …

Biochemical markers

 � Serum creatinine, 
µmol/L

76±18 82±19 <0.01

 � NT-proBNP, pg/mL 26.5 [13.1–41.1] 35.6 [14.1–76.7] <0.01

 � High-sensitive troponin 
T, pg/mL

2.5 [2.5–2.5] 5.5 [2.5–7.8] <0.001

 � High-sensitive troponin 
I, ng/L

0.5 [0.5–1.9] 1.7 [0.8–3.4] <0.001

 � Galectin-3, ng/mL 11.4 [10.0–13.2] 12.6 [10.6–14.6] <0.001

DBP indicates diastolic blood pressure; LA, left atrial; LV, left ventricular; 
NT-proBNP, N-terminal pro-B-type natriuretic peptide; RA, right atrial; RV, right 
ventricular; and SBP, systolic blood pressure.
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on CMR (aortic regurgitation, n=5; tricuspid regurgitation, 
n=5; mitral regurgitation, n=2). No patients had aortic stenosis.

Hypertensive LVH and Myocardial Fibrosis
The thickest LV segments were predominantly localized in the 
basal septum in the majority (74.2%) of patients with hyper-
tension (Figure 1A), with an asymmetrical ratio of 1.36 (1.27–
1.48). Conversely, only 4 patients (1.6%) had maximal wall 
thickening in the apical segments. Regardless of the methods 
of assessment, SBP accounted for only 5% to 20% of the vari-
ance in LV mass (24-hour SBP: r=0.44, P<0.001; office SBP: 
r=0.22, P<0.01) and maximal wall thickness.

Thirty-eight patients had midwall fibrosis and 2 had inci-
dental myocardial infarction. Midwall fibrosis was predomi-
nantly present in the basal and midventricular septum and can 

involve the RV insertion points (Figure 1B). Positive correla-
tions were observed between SBP and interstitial volume (24-
hour SBP: r=0.36, P<0.001; office SBP: r=0.21, P<0.01), and 
there were small differences in BPs between those without 
and with myocardial midwall fibrosis (24-hour SBP: 129±13 
versus 134±16 mm Hg, respectively; P=0.04). Conversely, LV 
mass correlated strongly with myocardial interstitial volume 
(r=0.91; P<0.001) and was higher in those with midwall fibro-
sis (65±25 versus 51±11 g/m2; P<0.001; Figure 2). Indeed, LV 
mass was an independent determinant of myocardial fibrosis 
(using either CMR approaches) after adjusting for age, sex, 
SBP, and treatment duration (Data Supplement).

Indexed LV mass and myocardial fibrosis were inde-
pendently associated with serum cardiac troponin T and 
I (Figure  2; Data Supplement). As a marker of cardiac wall 

Figure 1. Maximal wall thickening were predominantly localized in the basal anterior segments and septum (A). Midwall myocardial fibro-
sis was predominantly present in the basal and midventricular septum (B). Maximal wall thickness (mm) and proportion of segments (%) 
with midwall fibrosis are presented in A and B, respectively.
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stress, NT-proBNP was associated with increased indexed LA 
and LV volumes, LV mass, and myocardial fibrosis (but not RV 
volumes) independent of age, sex, SBP, and creatinine levels 
(Data Supplement). Conversely, no correlations were observed 
between galectin-3 and LV mass (r=−0.07; P=0.35), myocar-
dial interstitial volume (r=−0.03; P=0.71) and LV volumes.

RI as a Marker of Advanced Hypertrophy
We established age- and sex-specific RI reference ranges in 
healthy volunteers (Figure 3). Women had increased RI when 
compared with men (7.3±1.3 versus 6.3±1.0; P<0.001) and RI 
correlated inversely with age (r=−0.43; P<0.001).

Based on these normal values, 15 patients in the 
REMODEL cohort had RI values below the normal range. 
All 15 patients had LVH as defined by age- and sex-specific 
CMR criteria.25 Compared with patients with hypertension 
without LVH (n=191; RI=6.1±1.0) and those with hyperten-
sive LVH and normal RI (n=50; RI=5.7±0.8), patients with 
hypertensive LVH and low RI (n=15; RI=4.0±0.7) were the 
youngest (45±16 years old; P<0.001) and had a relatively 
short duration of hypertensive treatment (2.0 years [0.3–3.8 
years]; Table 2).

Hypertensive patients with low RI values represented 
a group with advanced LVH: highest Romhilt–Estes ECG 
scores, increased LV mass index, most myocardial fibrosis 
(assessed by interstitial volumes and proportion of patients 
with replacement fibrosis), impaired diastolic function, and 
elevated cardiac biochemical markers of cardiac injury and 
decompensation (Table 2; Figure 4). We further demonstrated 
the incremental value of RI and the novel classification (nor-
mal, hypertensive LVH with normal RI, and hypertensive 
LVH with low RI) compared with conventional geometric 
classification (Data Supplement).

One patient with hypertension had a higher than normal RI 
(man=73 years; RI=9.1). Indexed LVEDV was increased for 
age, whereas LV mass, stroke volume, and systolic function 
were normal. He had no valvular heart or history of coronary 
artery disease.

Discussion
To date, this is the largest prospective study to systematically 
examine the effects of BP on ventricular remodeling using 
multi-imaging and biochemical approaches. BP correlated 
only modestly with LV mass (accounting for <20% of the 
variance observed), and it was not associated with myocar-
dial fibrosis. Instead, LV mass was positively and indepen-
dently associated with myocardial fibrosis, and both LV mass 
and myocardial fibrosis were independently associated with 
circulating markers of myocardial injury and cardiac dys-
function. The novel RI, derived from the biophysical model 
of myocardial wall stress, risk stratified patients with hyper-
tensive LVH. A lower than normal RI was associated with 
LVH on CMR, increased myocardial fibrosis and injury and 
heart failure.

Currently, the diagnosis and management of hyperten-
sion relies primarily on brachial BP. However, the difficulties 
associated with all noninvasive techniques of measuring BP 
are well recognized.36,37 Contemporary management places 
great emphasis on achieving BP targets, but the specific tar-
gets (particularly in older patients) remain controversial. 
Compared with previous recommendations, less stringent but 
different BP targets were recently proposed by all major orga-
nizations.38–40 Adding to this complexity, a more recent trial 
demonstrated a significant reduction in mortality in patients 
(including >75 years) intensely treated to achieve SBP 
<120 mm Hg,41 challenging the new targets and increasing 

Figure 3. Sex- and age-specific reference ranges of Remodeling Index (RI) in a healthy population.
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uncertainty among physicians. These limitations signal a criti-
cal need of a more reliable marker to monitor the progression 
of hypertensive heart disease.

The myocardium thickens to minimize myocardial wall 
stress in the presence of elevated BP.2 However, excessive 
LVH carries an increased risk of adverse cardiac events, 

Table 2.   Characteristics of Patients With Hypertension Stratified by the Presence of Left Ventricular Hypertrophy and 
Remodeling Index

 HTN no LVH (n=191) HTN-LVH Normal RI (n=50) HTN-LVH Low RI (n=15) P Value

Clinical characteristics

 � Age, y 59±10 58±11 45±16 <0.001

 � Male, n (%) 128 (67) 30 (60) 11 (73) 0.54

 � Hyperlipidemia, n (%) 72 (38) 16 (32) 5 (32) 0.74

 � Diabetes mellitus, n (%) 24 (13) 3 (6) 1 (7) 0.36

 � Duration of treatment, y 6.9 [3.7–15.5] 10.3 [3.7–18.7] 2.0 [0.3–3.8] <0.001

 � Antihypertensive Medications, n 1.0 [1.0–2.0] 2.0 [1.0–2.0] 2.0 [1.0–2.0] 0.35

 � 24-h SBP, mm Hg 127±12 136±12 145±16 <0.001

 � 24-h DBP, mm Hg 79±9 82±11 89±14 <0.001

 � Office SBP, mm Hg 140±17 148±20 152±33 <0.01

 � Office DBP, mm Hg 80±11 82±15 90±21 0.02

 � Body surface area, m2 1.79±0.19 1.78±0.21 1.88±0.33 0.23

 � Romhilt–Estes ECG score 1 [0–4] 4 [3–4] 6 [4–7] <0.001

 � ECG strain pattern, n (%) 0 0 7 (46%) <0.001

Myocardial structure and function

 � Remodeling Index 6.1±1.0 5.7±0.8 4.0±0.7 <0.001

 � LV end-diastolic volume, mL/m2 70±10 87±19 77±21 <0.001

 � LV end-systolic volume, mL/m2 27±6 34±13 34±15 <0.001

 � LV stroke volume, mL/m2 43±7 53±10 43±11 <0.001

 � LV ejection fraction, % 62±6 61±7 57±9 0.01

 � RV end-diastolic volume, mL/m2 72±11 84±16 70±16 <0.001

 � RV end-systolic volume, mL/m2 29±8 32±11 27±9 0.04

 � RV stroke volume, mL/m2 43±6 52±9 42±11 <0.001

 � RV ejection fraction, % 60±7 62±8 62±9 0.17

 � Max wall thickness, mm 8.3±1.3 9.5±1.5 13.2±2.3 <0.001

 � LV mass, g/m2 47±7 65±13 83±24 <0.001

 � Interstitial volume, mL/m2 11.5 [10.3–13.1] 15.9 [13.8–19.0] 19.7 [15.8–26.1] <0.001

 � Late gadolinium enhancement, n (%) 18 (9) 9 (18) 11 (73) <0.001

 � LA volume, mL/m2 48±11 59±15 55±23 <0.001

 � RA area, cm/m2 12±2 13±2 11±2 <0.001

 � Diastolic function E/e' 7.8±1.9 8.6±2.2 9.7±3.2 <0.001

Biochemical markers

 � Serum creatinine, µmol/L 82±19 82±21 84±23 0.90

 � NT-proBNP, pg/mL 29.6 [13.2–68.1] 50.0 [30.6–96.0] 56.3 [2.5–182.9] <0.01

 � High-sensitive troponin T, pg/mL 5.1 [2.5–6.7] 7.1 [2.5–11.1] 8.5 [7.2–12.0] <0.001

 � High-sensitive troponin I, ng/L 1.4 [0.5–2.7] 3.5 [1.6–6.6] 5.4 [2.9–9.2] <0.001

 � Galectin-3, ng/mL 12.4 [10.5–14.4] 12.6 [10.4–14.5] 15.7 [13.1–18.0] 0.05

DBP indicates diastolic blood pressure; HTN, hypertensive; LA, left atrial; LV, left ventricular; LVH, left ventricular hypertrophy; NT-proBNP, N-terminal 
pro-B-type natriuretic peptide; RA, right atrial; RI, Remodeling Index; RV, right ventricular; and SBP, systolic blood pressure.



7    Goh et al    Risk Stratification in Hypertensive LVH 

independent of BP.8–11 Myocardial fibrosis is an important 
mediator in the transition between adaptive hypertrophy and 
cardiac decompensation,4 and it is a common histological 
hallmark of cardiac decompensation.7,42 Indeed, LV mass and 
myocardial fibrosis demonstrated significant and independent 
associations with circulating biomarkers of myocardial injury 
and cardiac decompensation, over and above the effects of 
increased BPs. This relationship between the myocardium 

and adverse outcomes justifies the complementary role of 
assessing the myocardium in the management of hyperten-
sive LVH.

This study examined a novel myocardial marker, the RI 
that incorporates LVEDV and myocardial wall thickness. 
Both are important determinants of myocardial mass and 
wall stress. In the absence of invasive pressure measurements, 
myocardial wall stress is estimated based on a spherical 
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biophysical model. The advantage of using a spherical model 
is the ease of application and its ability to reflect the effects 
of cardiac geometry on function.45 Exaggerated wall thicken-
ing from pressure-overloaded conditions such as hypertension 
would result in a low RI. In this cohort, ≈6% of all hyper-
tensive patients (23% of those with hypertensive LVH) had 
low RI according to the normal age- and sex-specific ranges 
established in 180 healthy volunteers. Hypertensive patients 
with low RI have LVH, myocardial fibrosis, and elevated 
biochemical markers of cardiac injury and dysfunction. All 
patients with ECG strain pattern had low RI. This ECG pat-
tern is highly specific for myocardial fibrosis and has been 
shown to be associated with worse outcomes in aortic stenosis 
and hypertension.46–48 The RI provided incremental value to 
hypertensive LVH in the association with markers of cardiac 
decompensation.

When LV dilatation exceeds the relative effects of 
wall thickening to maintain wall stress, RI increases. In 
this study, only 1 hypertensive patient had a higher than 
normal RI. Of note, in patients with dilated cardiomy-
opathy and systolic dysfunction, a higher than normal RI 
was associated with increased cardiovascular events (Data 
Supplement).

Clinical Implications
We examined the role of RI in 10 patients with hyperten-
sive HFpEF (7 men; median, 57 years [range, 37–75 years]). 
All patients with hypertensive HFpEF had LVH and low 
RI values. The RI values were not significantly different 
between asymptomatic patients with hypertensive LVH and 
low RI in REMODEL and those with hypertensive HFpEF 
(4.1 [3.4–4.5] versus 3.7 [3.4–4.0], respectively; P=0.15). 
Two patients with hypertensive LVH and low RI developed 
hypertension-related events over 5.2-month [3.0–7.8-month] 
follow-up: one was in the emergency department for hyper-
tensive emergency and the other had an acute myocardial 
infarction. No events occurred in the other patients groups.

The RI is an index easily derived on routine CMR. It 
holds potential as a marker to monitor progression of dis-
ease and response to therapies targeted at the myocardium.49 
Hypertensive patients with HFpEF had lower than normal RI, 
highlighting the potential role of differentiating patients with 
dyspnea and suspected HFpEF.

Study Limitations
A longer follow-up with higher event rates would be neces-
sary to clearly demonstrate the incremental prognostic value 
of RI over traditional predictors. The RI was derived using 
a spherical model according to the LaPlace’s Law. In the 
spherical model, the radius (R in the wall stress formula) is 
estimated from LVEDV, which can be measured accurately 
on routine CMR. Conversely, the ellipsoid model requires 2 
to 3 linear measurements in 1 to 2 cardiac views to estimate 
R (depending on the specific model used). This will not only 
increase the complexity but also introduce more variation 
and error in the measurements and calculations. Regard-
less of the model used, each was associated with systematic 
differences in assessing wall stresses.45 We have excluded 
hypertensive patients with impaired estimated glomerular 

filtration rate <30 mL/min per 1.73 m2 because of the risks 
of nephrogenic systemic fibrosis. In large population-based 
studies, the prevalence of stages 4 and 5 chronic kidney dis-
ease in hypertensive patients was <5%.50,51 Therefore, the 
impact of excluding these individuals, if any, is likely small.

Conclusions
The RI is a marker of advanced hypertrophy in patients with 
hypertensive LVH. Its true potential should be examined in 
larger cohorts with long-term follow-up.
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CLINICAL PERSPECTIVE
Longstanding hypertension ultimately leads to heart failure. In response to the increased afterload, cardiac hypertrophy is 
initially compensatory to maintain wall stress and cardiac function. Over time, cardiac decompensation occurs. The transi-
tion from adaptive hypertrophy to cardiac decompensation is mediated by myocyte death and myocardial fibrosis. We have 

developed a novel risk marker ( Remodeling Index =
EDV

WT

3

, where EDV is the left ventricular end-diastolic volume and 

WT is the maximal myocardial wall thickness) based on a spherical model of LaPlace’s wall stress. Normal Remodeling 
Index values were established 180 healthy volunteers. With advanced hypertrophy from wall thickening, Remodeling Index 
values will be lower than normal. In 256 patients with hypertension, patients with hypertensive left ventricular hypertrophy 
and low Remodeling Index (n=15) had more advanced hypertrophy: increased mass, most myocardial fibrosis, impaired 
diastolic function, and elevated cardiac biochemical markers of myocardial injury and decompensation. This marker holds 
important potential in identifying patients with hypertensive LVH at risk of cardiac decompensation.




