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Abstract The detection of left ventricular hypertrophy (LVH)
is recommended for risk prediction, and changes in LV geom-
etry may provide further prognostic information. Obesity is a
major determinant of LVH, but the approach to LVH detection
in obese hypertensives remains a challenge. In the present
review, we discuss evidence leading to the recent acceptance
of the use of LV mass indexed to height2.7 or height1.7 rather
than body surface area, for LVH detection and its regression in
obesity. We also review recent findings which indicate that
obesity-induced LVH may be associated with concentric LV
remodeling, and hence, that the presence of concentric LVH in
obesity should not be assumed to indicate a cause of LVH
other than obesity. We also discuss recent evidence for obesity
and blood pressure producing additive and interactive effects
on LV mass, and hence, that weight loss and blood pressure
reduction are required to achieve appropriate regression.

Keywords Obesity . Left ventricular mass index .

Hypertension . Left ventricular geometry . Concentric
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Introduction

Left ventricular hypertrophy (LVH) and its regression
predict cardiovascular events independent of convention-
al risk factors as well as coronary artery disease [1, 2].
Furthermore, as compared to a normal LV geometry, an
increase in LV wall thickness or LV mass (LVM) exceed-
ing that of increases in LV internal diameter or volume
(concentric LV remodeling), is associated with a worse
prognosis independent of LVM per se [3, 4]. The impor-
tance of LVH detection is acknowledged by recent guide-
lines [5]. The presence of LVH determines overall risk
stratification and is an important therapeutic target in
managing hypertension. Key factors which contribute to
the development of LVH and alterations in LV geometry
include obesity and hypertension. Given the current in-
creasing prevalence of obesity worldwide [6], and recent
changes in approaches to LVH detection and the clinical
implications thereof, a review of the current state of
knowledge in the field is timeous and of importance.
An understanding of the role of LVH in obesity has
major implications with respect to appropriate risk pre-
diction and adequately guiding clinical interventions to
prevent the development and regression of LVH.

Despite ongoing research since the late 1950s [7], unre-
solved controversies as to the combined role of obesity and
hypertension as causes of LVH and concentric LV remodeling
still remain. The purpose of this review is to highlight some
recent advances with regard to the relative roles of obesity and
hypertension in the development of alterations in LVmorphol-
ogy. In the present review, we discuss the impact of different
types of indexation of LVMon the prevalence of LVH and risk
prediction in obesity and hypertension. Second, we summa-
rize current notions of obesity-induced alterations in LV ge-
ometry. Third, we review the present understanding of inter-
active effects of obesity and hypertension on LVH. In all
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sections, we consider the implications of these data for risk
assessment and clinical interventions to prevent and/or reduce
LVH and adverse LV remodeling.

Which Index of LVM is Preferable to Identify LVH
in Obesity?

The prevalence of LVH in obesity varies widely. Indeed, prev-
alence rates ranging from 6.2 to 48.4 % have been reported
(Table 1). Although, the severity and duration of obesity, as
well as the presence (or absence) of comorbidities contribute
to this wide range; the most important factor which determines
whether LVH is considered to be present in obesity is the use
of different indexes of LVM employed to normalize LVM to
body size (Table 1). In this regard, LVM may be indexed to
body surface area (BSA), where indexation to BSA is largely
designed to eliminate the impact of body size, including the
effects of obesity. In contrast, LVM indexation to allometric
signals of height is employed to eliminate the impact of growth,
but not obesity on LVM. Indexing LVM to allometric signals of
height has now been acknowledged by guidelines [5].

The prevalence of LVH in normal weight hypertensives
ranges from 5.6 % using LVM indexed to BSA to 11.7 %
using LVM indexed to height2.7 [8] (Table 1). In obese hyper-
tensives, however, the impact of differences in LVM index-
ation on the prevalence of LVH is far greater, ranging from
9.5 % using LVM indexed to BSA to 48.4 % using LVM
indexed to height2.7 [8] (Table 1). In large community-based

studies, the prevalence of LVH in overweight and obese indi-
viduals is markedly higher when LVM is indexed to various
allometric signals of height (height2.7 or height1.7) as com-
pared to when LVM is indexed to BSA [9••, 10, 11] (Table 1).

Although indexation to BSA is commonly used, it was
criticized for ‘overadjustment’ and hence disregarding the ef-
fects of obesity on the LV [12]. The argument in favor of
indexing LVM to BSA is that it is hypertensive-related LVH
that is of interest when risk predicting. This argument assumes
that obesity does not produce pathological LVH. However,
assuming that obesity does indeed produce pathological
LVH, in order to adjust for growth effects on the LV, index-
ations to various allometric signals of body height were intro-
duced in order to accommodate the nonlinear association of
body height with LV mass. Although LVM indexed to
height2.7 may eliminate the differences in LVM due to body
height [12], it has subsequently been suggested to overcorrect
for body height. Indeed, residual negative correlations were
identified between LVM indexed to height2.7 and height [9••].

Hence, a further refinement of the allometric signal of
height is LVM indexed to height1.7, which results in no resid-
ual negative correlation [9••].

The purpose of identifying LVH is risk prediction. Hence,
clinically, the impact of the different indexes of LVM on the
hazard ratios and population attributable risk for cardiovascu-
lar events is of importance. In this regard, allometric ap-
proaches, that increase the prevalence of LVH (height1.7 or
height2.7) (Table 1) without decreasing LVH-associated rela-
tive risk, result in increases in the population attributable risk.

Table 1 Impact of indexation of left ventricular mass (LVM) on the prevalence (%) of left ventricular hypertrophy (LVH) associated with obesity

% LVH

LVM index Threshold Population (n) Normal weight Overweight Obese P value Reference

LVM/BSA ≥125 Hypertensives (4176) 5.6 8.3 9.5 de Simone et al. (2013) [8]

LVM/height2.7 ≥51 Hypertensives (4176) 11.7 25.3 48.4 de Simone et al. (2013) [8]

LVM/height1.7 ≥60 women ≥81 men Community study (2524) 8.2 24.7 46.9 <0.0001 Chirinos et al. (2010) [9••]

LVM/BSA ≥83 women ≥111 men Community study (5004) 9.1 7.5 8.5 0.19 Chirinos et al. (2010) [9••]

LVM/height1.7 ≥60 women ≥80 men Community study (5004) 9.2 17.6 40.4 <0.0001 Chirinos et al. (2010) [9••]

LVM/BSA ≥125 Community study (793) 5.0 8.3 6.2 0.22 Sibiya et al. (2014) [10]a;
Booysen et al. (2015) [11]*

LVM/BSA ≥95 women ≥115 men Community study (793) 13.9 19.3 18.9 0.18 Sibiya et al. (2014) [10]a;
Booysen et al. (2015) [11]a

LVM/height2.7 ≥51 Community study (793) 7.5 20.8 31.1 <0.0001 Sibiya et al. (2014) [10]a;
Booysen et al. (2015) [11]a

LVM/height2.7 ≥47 women ≥50 men Community study (793) 10.3 25.5 41.8 <0.0001 Sibiya et al. (2014) [10]a;
Booysen et al. (2015) [11]a

LVM/height1.7 ≥73.6 women ≥83.2 men Community study (793) 10.3 28.1 43.2 <0.0001 Sibiya et al. (2014) [10]a;
Booysen et al. (2015) [11]a

BSA body surface area, LVM left ventricular mass, LVH left ventricular hypertrophy
a% LVH in normal weight, overweight, and obese calculated from data in Sibiya et al. (2014) [10] and Booysen et al. (2015) [11]
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Indeed, a 2- to 3-fold increase in the prevalence of LVH using
LVM indexed to height2.7 (19.5 % for common threshold;
21.0% for sex-specific thresholds) compared to LVM indexed
to BSA (6.8 % for common threshold; 9.0 % for sex-specific
thresholds) was noted, whereas hazard ratios (HR) for all car-
diovascular events were only reduced by 20 % when
employing height rather than BSA indexes (LVM indexed to
height2.7: HR=1.92; LVM indexed to BSA: HR=2.39) [13].
Hence, comparing the population attributable risk of different
methods of defining LVH, LVM indexed to height2.7 maxi-
mizes the population attributable risk for cardiovascular
events (15.54 %) as compared to LVM indexed to BSA
(8.87 %) [8, 13]. The age- and sex-adjusted population attrib-
utable risk for cardiovascular events was on average 1.8 fold
greater when LVM was indexed to height2.7 in comparison to
LVM indexed to BSA. Hence, for risk prediction and conse-
quently risk reduction following appropriate interventions,
LVH defined using height2.7 is preferable to that defined using
LVM indexed to BSA. Indeed, the current European Society
of Hypertension (ESH) and European Society of Cardiology
(ESC) guidelines (2013) [5] recommend the use of LVM
indexed to height2.7 or height1.7 in overweight or obese pa-
tients in preference to LVM indexed to BSA, in order to avoid
the possible underdiagnosis of obesity-related pathological
LVH.

Why was LVM indexed to height1.7 recommended as an
alternative to LVM indexed to height2.7 in the 2013 ESH/ESC
guidelines [5]? As indicated in the aforementioned discussion,
LVM indexed to height2.7 produces a residual negative rela-
tionship between LVM indexed to height2.7 and height [9••].
Hence, it was suggested that the hazard ratios and population
attributable risk due to LVM indexed to height2.7 incorporate a
component of non-modifiable risk [9••], that is, the risk of
cardiovascular events associated with short stature [14].
Chirinos et al. (2010) [9••] argue that it is risk based upon
LVM alone which is of practical relevance from a clinical
perspective. Notably, in the Multiethnic Study on Atheroscle-
rosis (MESA), the hazard ratios for all-cause mortality were
significant for LVM indexed to height1.7 (HR=1.60, p=0.02),
whereas LVM indexed to height2.7 failed to predict all-cause
mortality (HR=1.42, p=0.09) [9••]. Nevertheless, in the ME-
SA, the hazard ratios for cardiovascular events were higher for
LVM indexed to height2.7 (HR=1.73, p=0.001) than they
were for LVM indexed to height1.7 (HR=1.53, p=0.01) [9••].

Direct comparisons of hazard ratios (and consequently cal-
culated population attributable risks) from the studies of de
Simone et al. (2005) [13] and Chirinos et al. (2010) [9••] are
problematic due to differences in the characteristics of the
populations. The hazard ratios provided by de Simone et al.
(2005) [13] and de Simone (2013) [8] were obtained in a
population in which 32 % were overweight and 56 % were
obese; however, in the two studies (Asklepios and MESA)
included in the Chirinos et al. (2010) [9••] analysis, the

maximum body mass indexes (BMIs) were 29.2 and
31.0 kg/m2, respectively. Hence, the hazard ratios upon which
Chirinos et al. (2010) recommended LVM indexed to height1.7

in preference to height2.7 were obtained from population sam-
ples where a very limited number of obese participants were
included [9••]. In the Strong Heart Study in which 35 % of
participants were overweight and 48%were obese, the hazard
ratios for cardiovascular events for LVM indexed to height1.7

were 1.76 (p=0.003, for common threshold) and 1.53 (p=
0.03, for sex-specific thresholds) compared to 1.92
(p<0.001, for common threshold) for LVM indexed to
height2.7 [13, 15•]. Thus, in a population with a high preva-
lence of overweight and obesity, the population attributable
risks due to LVM indexed to height1.7 (12.03 % using a com-
mon threshold and 9.58% using sex-specific thresholds) [15•]
are lower than those due to LVM indexed to height2.7

(15.54 % age and sex-adjusted using a common threshold)
[13]. Hence, although it is clear that LVM indexed to BSA
is not advisable when assessing cardiovascular risk associated
with LVH in overweight or obese patients [5], whether index-
ation to height2.7 or height1.7 should be employed for use in
clinical practice requires clarification. Further outcomes-based
studies particularly in overweight and obese patients are re-
quired in order to resolve this issue.

Assuming that allometric signals for height2.7 or height1.7

are best employed to index LVM in overweight and obese
patients, what thresholds should be used? Most studies rec-
ommend sex-specific thresholds [8, 9••], as sex is an indepen-
dent determinant of LVM, which is not totally accounted for
by indexations of LVM [9••]. In this regard, de Simone et al.
(2013) [8] recommend that the threshold values of 47 g/m2.7 in
women and 50 g/m2.7 as suggested for the general population
are also used in obese individuals. Chirinos et al. (2010) [9••]
recommend threshold values of 60 g/m1.7 for white or black
women and 80 or 81 g/m1.7 for white or black men, based
upon 95 % values in reference samples. In addition, as signif-
icant ethnic differences in indexed LVM have been reported
[9••, 16], ethnic specific thresholds have been recommended.
Based upon prognostically validated data for cardiovascular
and total mortality, threshold values of 55 and 68 g/m1.7 for
Chinese women and men, respectively, and 71 and 81 g/
m1.7 for Hispanic women and men, respectively, have been
recommended [9••]. However, as previously indicated, a
caveat to these proposed thresholds is that the prognostic
validation of these thresholds for LVM indexed to height1.7

was performed in a population sample with a very low
prevalence of obesity [9••].

In summary, in keeping with the important outcomes data
provided by de Simone et al. (2005 and 2013) [8, 13], and
Chirinos et al. (2010) [9••], showing a poor prognostic ability
(cardiovascular events or all-cause mortality) of LVM indexed
to BSA in comparison to either LVM indexed to height2.7 or
height1.7, the ESH/ESC guidelines recommend the use of
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LVM indexed to height2.7 or height1.7 and the use of sex-
specific thresholds in overweight or obese patients [5]. With
respect to the American Heart Association guidelines, the
Joint National Committee (JNC) 8 is silent on this issue, but
the American Society of Echocardiography (ASE) committee
has previously recommended LVM indexed to BSA [17], an
approach which is clearly outdated when applied to obese
individuals.

Impact of Obesity on LV Geometry: Concentric
or Eccentric?

There are considerable inconsistencies in studies evaluating
whether concentric or eccentric LVH predominate in obesity.
In this regard, as compared to eccentric LVH, concentric LVH
is well-recognized as carrying a higher risk for cardiovascular
events and concentric LV geometry alone may predict out-
comes [3, 4]. Based upon the current understanding of the
hemodynamic alterations that accompany obesity in normo-
tensive persons (increases in LV filling volume and hence
stroke volume, together with decreases in total peripheral re-
sistance), predictions were that obesity should associate with
mainly eccentric LVH [7, 18] and hence may be amore benign
form of LVH than for example hypertensive LVH. Indeed,
earlier studies report the presence of eccentric LVH in obesity
[19]. Hence, previously, the presence of concentric LVH was
frequently seen as an indicator that the cause of LVH is
through increases in blood pressure rather than obesity. How-
ever, as highlighted in recent reviews [7, 18], this is not the
case. What is the present state of knowledge regarding the LV
geometric changes in obesity associated LVH?

One of the factors that may explain the controversy of
whether obesity determines concentric or eccentric LVH is
the coexistence of elevations in blood pressure. In this regard,
it has been suggested that uncomplicated obesity (that is obe-
sity which is not accompanied by comorbidities such as hy-
pertension, diabetes mellitus, and dyslipidemia) is associated
with eccentric LVH, whereas obesity accompanied by hyper-
tension (complicated obesity) is more likely to result in con-
centric LVH and concentric remodeling. Indeed, the hemody-
namic alterations which accompany complicated obesity (de-
creases in filling volume and hence stroke volume together
with increases in peripheral resistance) differ from those that
occur in uncomplicated obesity and indeed would favor in-
creases in LV concentric remodeling [7, 20].

Although the concept of uncomplicated versus complicated
obesity is conceptually sound, obesity most commonly occurs
together with comorbidities [18, 20] and infrequently occurs
in isolation. Hence, in order to accurately identify the inde-
pendent effects of obesity on LV geometry, it is important that
adequate adjustments for confounders are made in analyses
[7]. Indeed, increases in blood pressure are associated with

concentricity and decreases in blood pressure due to antihy-
pertensive therapy are accompanied by reductions in the prev-
alence on concentric LVH and concentric remodeling across
BMI categories (36 to 4 % in normal weight; 33 to 4 % in
overweight, 35 to 7 % in obese, 34 to 11 % in severely obese)
[21]. However, many previous studies have failed to adequate-
ly adjust for blood pressure or the presence of hypertension
[7]. In a study of participants not receiving treatment for hy-
pertension, in which approximately 7 % of participants had
concentric LVH, 16 % concentric LV remodeling, and 15 %
eccentric LVH, our group was the first to show that obesity is
associated with a predominance of concentric LVH and re-
modeling after adequate adjustments for blood pressure in-
cluding ambulatory blood pressure [22]. In a larger cohort of
participants not receiving treatment for hypertension (n=606,
6.8 % with concentric LVH, 16.0 % with concentric LV re-
modeling, 14.0 % with eccentric LVH), and with a high prev-
alence of central (abdominal) obesity (36.0 %), we now con-
firm these data and show that after adjustments for potential
confounders including systolic blood pressure, waist circum-
ference is strongly related to concentric LVH (beta coeffi-
cient=0.64±0.21, p=0.002). Nevertheless, in this larger sam-
ple size, we also show a modest relationship between waist
circumference and eccentric LVH (beta coefficient=0.32±
0.14, p=0.025). Importantly, the association of obesity with
a predominance of concentric LVH and remodeling is con-
firmed by data from a large magnetic resonance imaging
(MRI) study showing that obesity is associated with increases
in the LVmass to volume ratio, and that these relationships are
attributed to increases in LVM and not decreases in LV vol-
ume, even after adjusting for blood pressure or the presence of
hypertension [23••].

The impact of body fat distribution may in part account for
conflicting data on the impact of obesity on changes in LV
geometry. Even after adjustments for confounders including
hypertension or blood pressure, magnetic resonance imaging-
determined visceral adiposity (visceral fat or abdominal sub-
cutaneous fat) is associated with an increased LV wall thick-
ness and LV concentricity and is negatively associated with
LV end-diastolic volume (p<0.0001 for all), whereas lower
body subcutaneous fat is negatively associated with LV wall
thickness and LV concentricity and positively associated with
LVend-diastolic volume (p<0.0001 for all) [24••]. Moreover,
in a separate study, intra-abdominal adipose tissue area was
noted to be an independent determinant of LV relative wall
thickness (p<0.0001), whereas lean body mass determined
LVend-diastolic diameter (p<0.0001) [25]. In a larger cohort
of randomly selected community participants (n=796), with a
high prevalence of central (abdominal) obesity (45.7 %), we
now show that irrespective of whether hypertension is present
or absent, that abdominal obesity is associated with an in-
crease in LV wall thickness and end-diastolic dimensions,
but that the wall thickness changes exceed the internal
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diameter changes. Hence, LV relative wall thickness is in-
creased (Fig. 1, middle panels). Increases in the LV mass to
volume ratio have also been associated with increases in waist
circumference, waist-to-hip ratio, and fat mass, but not with
BMI [23••], and LV mass to volume ratio is in fact negatively
associated with lean body mass [23••]. Indeed, a 10-kg in-
crease in lean body mass is associated with a 0.04-g/ml and
a 0.07-g/ml decrease in LV mass to volume ratio in women
and men, respectively. In comparison, a 10-kg increase in fat
mass is associated with a 0.02-g/ml and a 0.06-g/ml increase
in LV mass to volume ratio in women and men, respectively
[23••].

In a meta-analysis of 22 echocardiographic studies in obese
individuals, eccentric LVH prevailed over concentric LVH
[26•]. However, ∼80 % of these studies included participants
with complicated obesity, and yet, no adjustments for either
the presence of hypertension or blood pressure were made
[26•]. Despite eccentric LVH being the principle form of
LVH in that study [26•], concentric LVH also occurred
in a notable fraction (34 %) of obese individuals. Impor-
tantly, these data [26•] are in contrast to relations be-
tween obesity and MRI-determined LVM (which avoids
the possibility of poor echocardiographic windows in
obesity) where correlations between waist circumference
and LV mass to volume ratio (a 3-dimensional measure
of concentric geometry) are noted [23••] and where con-
centric rather than eccentric LVH is the predominant
geometric pattern in obesity [18, 27].

In support of an association of obesity with a concentric
rather than eccentric geometry, various bariatric surgery-
induced weight loss studies have reported reductions in LV
relative wall thickness after surgery [25, 28, 29••, 30, 31•]
(Table 2). Indeed, after weight loss, LV relative wall thickness
in the obese group may be no different from that of the lean
group [25]. Moreover, a substantial decrease in the prevalence
of concentric LVH and remodeling follow weight reduction,
with more modest decreases in the prevalence of eccentric
LVH [29••, 30] (Table 2). In a meta-analysis of bariatric sur-
gery studies, a significant decrease in relative wall thickness
(and hence, a less concentric LV geometry) together with re-
ductions in LVM and LVM indexed to height2.7 occurred [31•]
(Table 2). Nevertheless, after a 45.1 % reduction in excess
BMI at 3 months after bariatric surgery, only the change in
systolic blood pressure (p<0.0001) determined changes in
relative wall thickness [29••]. These data point to an im-
portant role of systolic blood pressure in the development
of concentric LVH in obesity. Also, in support of an asso-
ciation of obesity with concentric rather than eccentric
LVH, dietary weight loss interventions are associated with
reductions in the prevalence of concentric LVH, whereas
the prevalence of eccentric LVH is increased [32]. Howev-
er, no adjustments were made for reductions in systolic
blood pressure [32] (Table 2).

It is of interest to note that gender-specific differences in
LV geometry in obesity may occur [33]. Although, concentric
LVH is present in both obese men and women, concentric
LVH predominates in obese men, whereas concentric and ec-
centric LVH occur in women. The relationship between BMI
and LVM to volume ratio is steeper in men (a 0.13 increase in
LVM to volume ratio per unit increase in BMI) compared to
women (a 0.06 increase in LVM to volume ratio per unit
increase in BMI) [33]. These gender differences in LV geom-
etry may in part explain the greater cardiovascular mortality
associated with obesity in men compared to women [34] and
may also explain some of the contrasting findings of obesity-
associated LV geometry in other studies.

In summary, contrary to the original studies suggesting that
obesity-induced LVHwas eccentric in nature [19], subsequent
work has demonstrated that obesity-induced LVH is also as-
sociated with concentric LV remodeling and although still
debated, concentric LVH may in fact predominate depending
on which fat depot and gender one considers. However, the
confounding effects of blood pressure are difficult to exclude.
Therefore, before definitive conclusions can be reached on the
impact of obesity on LV geometry, further intervention stud-
ies, which include adjustments for ambulatory blood pressure,
are required. At this point, however, the presence of concentric
LVH in obese individuals should not be seen as an indicator
that the cause of LVH is through an effect other than obesity.

Additive or Interactive Effects of Obesity and Blood
Pressure on LVH and LV Geometry?

Obesity and hypertension frequently coexist [18, 20], and in a
large cross-sectional community-based study (n=1185) in
which 45.9 % of participants were hypertensive and 43.3 %
were obese [11], 26.3 % were both obese and hypertensive.
Hence, it is important to understand the possible additive and/
or interactive effects of obesity and blood pressure on LVH.
Additive effects would require managing each risk factor in-
dependently to achieve appropriate LVH regression. In con-
trast, interactive effects would suggest that if appropriate man-
agement of one risk factor is not possible, then lower targets
for the other risk factor may nevertheless achieve LVH regres-
sion. Hence, for example, if blood pressure, rather than obe-
sity, is the risk factor that is successfully managed (weight
reduction often does not achieve therapeutic targets, and if it
does, these targets are often not sustained), then lowering
blood pressure to a greater extent in obese as compared to lean
hypertensives may nevertheless achieve a similar reduction in
LVM index.

It is well accepted that overweight and obesity are signifi-
cant determinants of LVH independent of blood pressure (in-
cluding ambulatory blood pressure) [35]. Furthermore, both
systolic blood pressure and intra-abdominal adipose tissue
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area (visceral fat) are independent determinants of LV wall
thickness [25]. Moreover, in a large study sample derived

from a community with a high prevalence of obesity
(43.6 %), central abdominal obesity (45.7 %), and

Fig. 1 The impact of obesity (increased waist circumference, WC) and
hypertension (HT) on left ventricular mass (LVM) indexed to height2.7 or
height1.7, relative wall thickness, mean wall thickness, and left
ventricular (LV) end-diastolic diameter. NT, normotensive;

*p<0.05, **p<0.005, ***p<0.0001 versus normal WC plus NT;
†p<0.05, ††p<0.005, †††p<0.0001 versus increased WC plus NT;
#p<0.05, ##p<0.0001 versus normal WC plus HT
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hypertension (46.4 %), we show the independent effects of
abdominal obesity and hypertension on LVM index and LV
wall thickness (Fig. 1, upper and middle panels). The magni-
tude of the separate effects of obesity and hypertension on
LVM has recently been highlighted. In this regard, in a 20-
year follow-up study of 2426 participants, a 1-kg/m2 increase
in BMI was reported to increase LVM by 2.5 g, and a 10-
mmHg increase in mean arterial pressure increased LVM by
6.2 g [36•]. The odds ratio (OR) for developing abnormal LV
geometry after 20 years was similar for a 10-mmHg increase
in systolic blood pressure (OR=1.22, p<0.0001) as compared
to a 1-kg/m2 increase in BMI (OR=1.07, p<0.0001) [35]. In
addition, in severely obese subjects, the impact of systolic
blood pressure (standardized beta-coefficient=0.21, p=
0.001) on LVM indexed to height2.7 was similar to that of
BMI (standardized beta-coefficient=0.18, p=0.002) [37].
Hence, the separate effects of obesity and blood pressure on
LV mass and geometry, with the obvious additive action of
both risk factors, are well-recognized. However, the possibil-
ity of interactive effects of obesity and hypertension on LVH
and LV geometry is less well appreciated.

In cross-sectional studies, strong interactive effects, where
obesity potentiates the effects of increased blood pressure on
LVM, have been shown [38]. Moreover, in severely obese
subjects, an interactive effect of BMI and hypertension on
LVM was noted (p<0.0001 for interaction), where the

increase in LVM indexed to height2.7 was more pronounced
in patients with hypertension compared to those without hy-
pertension [37]. In a larger study sample, we confirm our
previous data showing that in multivariate-adjusted models,
obesity potentiates the effects of increased blood pressure on
LVM [38] as well as shows the interactive effects of obesity
and blood pressure on various indexes to height of LVM
(Fig. 1, lower panels). In this regard, independent of con-
founders and the individual terms, blood pressure-waist cir-
cumference interactions were noted for LVM indexed to
height2.7 (p<0.02) and height1.7 (p<0.05) (Fig. 1, lower
panels). Importantly, as we had previously described [38],
despite similar increases in blood pressure, independent of
confounders, hypertension increased LVM index in those with
abdominal obesity (increased waist circumference), but not in
those with a normal waist circumference (Fig. 1, lower
panels). Hence, relationships between blood pressure and
LVMI are greater in obese as compared to lean individuals
[38]. Are there longitudinal data to support an interactive ef-
fect of obesity and hypertension on LVM?

After 8 years, the risk of developing LVH in hypertensives
is 8.5 (p<0.0001) and 4.4 (p=0.001) times greater in obese
and overweight hypertensives, respectively, compared to nor-
mal weight hypertensives [35]. Further, BMI predicts a lack of
decrease in LVM over a 4-year treatment period in hyperten-
sives independent of percentage increase in blood pressure

Table 2 Impact of reductions in body size in obesity on the prevalence of alterations in LV geometry and changes in relative wall thickness

Comparator group Number Conc LVH
(%)

Conc remod
(%)

Concentricitya

(%)
Ecc LVH
(%)

Weight loss Reference

Prior to bariatric surgery 66 20 15 35 24.2 45 %↓ in BMI,
21 % ↓ in BW

Hsuan et al.
(2010) [29••]6 months after bariatric

surgery
66 3 2 5 14

Prior to bariatric surgery 41 20 17 37 34 36 % ↓ in BMI,
36 % ↓ in BW

Luaces et al.
(2012) [30]1 year after bariatric surgery 41 7 5 12 29

Baseline 60 20 22 42 7 9 % ↓ in BW de las Fuentes et al.
(2009) [32]After 6 months of dietary

intervention
60 11 7 18 20

Relative wall thickness P value

Prior to bariatric surgery 354 0.49 33 % ↓ in BMI,
33 % ↓ in BW

Owan et al.
(2011) [28]2 years after bariatric surgery 338 0.46 <0.01

Prior to bariatric surgery 66 0.43 45 % ↓ in BMI,
21 % ↓ in BW

Hsuan et al.
(2010) [29••]6 months after bariatric

surgery
66 0.35 <0.001

Lean 44 ∼0.27 BMI=24.4 Kardassis et al.
(2012) [25]10 years after bariatric

surgery
44 ∼0.30 0.08 vs. lean BMI=31.5, p<0.001

vs. lean and obese

Obese 44 ∼0.34 0.001 vs. lean BMI=42.5

6 studies, 10.4 months
after bariatric surgery

206 Standardized mean
difference=−0.20
(95 % CI −0.12
to −0.19)

<0.0001 Average ↓ in BMI of
26 to 33 %

Cuspidi et al.
(2014) [31•]

Conc concentric, remod remodeling, ecc eccentric, LVH left ventricular hypertrophy
a Concentric LVH plus concentric remodeling
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and class of antihypertensive medication [39•]. However, a
lack of reduction in LVM was also independently associated
with an increase in systolic blood pressure over time [39•].
Thus, in contrast to cross-sectional data which show a steeper
slope of the relationship between blood pressure and LVM
index in obesity [38], longitudinal data suggest that a greater
reduction in blood pressuremay be required to achieve a given
decrease in LVM index in obesity. To date, there are no data to
show whether complete LVH regression may be achieved in
obese hypertensives just with antihypertensive medication ti-
trated to achieve lower than normal blood pressure targets.

In summary, there is sufficient evidence to support a view
that obesity and blood pressure may have both additive and
interactive effects on LVM. Interactive effects between obesi-
ty and blood pressure suggest that to achieve complete LVH
regression, current approaches to LVH regression should tar-
get both weight loss and blood pressure reduction. Neverthe-
less, if weight loss programs do not achieve target body
weight, then blood pressure lowering may require lower tar-
gets than currently accepted to achieve adequate LVH regres-
sion. Further studies are required to address this question.

Conclusions

The past decade has seen considerable advances in our under-
standing of obesity-associated LVH. It is now accepted that in
overweight and obese individuals, to identify LVH and its
regression, LVM should be indexed to height to an allometric
signal rather than to BSA. The issue of whether height2.7 or
height1.7 should be employed nevertheless still requires reso-
lution, but sex-specific thresholds for both have been provid-
ed. Second, there is sufficient evidence to indicate that in
patients with obesity-associated LVH, obesity may be the
cause of either concentric or eccentric LV remodeling. Hence,
clinically, it is a spurious assumption that the presence of
concentric LVH indicates a cause of LVH other than obesity.
Third, there is sufficient evidence to support a view that obe-
sity and blood pressure may have both additive and interactive
effects, and that both weight loss programs and blood pressure
reduction are required to achieve appropriate LVH regression.
If weight loss programs do not achieve target body weight,
then blood pressure lowering may require lower targets than
currently accepted to achieve adequate LVH regression.
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