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Implications of persistent prehypertension for ageing-related
changes in left ventricular geometry and function:
The MONICA/KORA Augsburg study
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Background |t is unclear whether persistent
prehypertension causes structural or functional alterations
of the heart.

Methods We examined echocardiographic data of 1005
adults from a population-based survey at baseline in 1994/
1995 and at follow-up in 2004/2005. We compared
individuals who had either persistently normal (<120 mmHg
systolic and <80 mmHg diastolic, n =142) or
prehypertensive blood pressure (120-139 mmHg or 80-
89 mmHg, n =119) at both examinations using multivariate
regression modeling.

Results Over 10 years, left ventricular end-diastolic
diameters were stable and did not differ between the two
groups. However, the prehypertensive blood pressure
group displayed more pronounced ageing-related
increases of left ventricular wall thickness (4-4.7 versus
+11.9%, P<0.001) and left ventricular mass (+8.6 versus
+15.7%, P=0.006). Prehypertension was associated with a
raised incidence of left ventricular concentric remodeling
(adjusted odds ratio 10.7, 95% confidence interval 2.82-
40.4) and left ventricular hypertrophy (adjusted odds ratio
5.33, 1.58-17.9). The ratio of early and late diastolic peak
transmitral flow velocities (E/A) decreased by 7.7% in the
normal blood pressure versus 15.7% in the prehypertensive
blood pressure group (P=0.003) and at follow-up the ratio
of early diastolic peak transmitral flow and early diastolic
peak myocardial relaxation velocities (E/EM) was higher
(9.1 versus 8.5, P=0.031) and left atrial size was larger
(86.5 versus 35.3 mm, P=0.024) in the prehypertensive
blood pressure group. Finally, the adjusted odds ratio for

Introduction

The geometry and function of the heart change during
adult life. Most notably, the left ventricular mass (LVM)
increases due to a progressive thickening of the cardiac
walls [1-6]. Moreover, the filling pattern of the left
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incident diastolic dysfunction was 2.52 (1.01-6.31) for the
prehypertensive blood pressure group.

Conclusions Persistent prehypertension accelerates the
development of hypertrophy and diastolic dysfunction of the
heart. J Hypertens 26:2040-2049 © 2008 Wolters Kluwer
Health | Lippincott Williams & Wilkins.
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ventricle undergoes characteristic alterations during the
ageing process, suggesting a slowly evolving diastolic
impairment [7-9]. By contrast, systolic function remains
rather constant in most subjects over time [2]. Aside from
ageing itself, it is unclear which mechanisms account for
these structural and functional changes of the heart.
Interestingly, many aspects of this process resemble
those of chronic pressure overload [3,4] and, indeed,
already young adults with prehypertension were shown
to display an elevated wall thickness and an impaired
relaxation of the left ventricle [6].
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The definition of what is a normal blood pressure and thus
a normal pressure load of the heart is difficult because in
Western societies blood pressure (BP) tends to increase in
most individuals during the ageing process. For the grey
zone between clearly normal and undoubtedly elevated
BP, that is, the range of 120-139 mmHg systolic or 80—
89 mmHg diastolic BP, The Seventh Report of the Joint
National Committee on the Prevention, Detection, Evalu-
ation and Treatment of High Blood Pressure (The JNC
7 Report) coined the term ‘prehypertension’ [10]. The
pathophysiological implications of prehypertension are
difficult to define, given that it represents more than
30% of the overall healthy adult population [11]. However,
the condition may herald arterial hypertension and
has been associated with an increased long-term risk for
cardiovascular events [12—14]. Indeed, prehypertension
may be considered as a starting point in the cardiovascular
disease continuum [15].

In the present study, we investigated whether changes in
left ventricular (LV) geometry and function that occur
with 10 years of ageing differ between individuals who
remain normotensive and those who have persistent
prehypertension over that period.

Methods

Study population

Between October 1994 and June 1995, baseline data were
derived from the third survey (S3) of the population-based
MONICA (Monitoring of Trends and Determinations in
Cardiovascular Disease) — Augsburg/KORA (Cooperative
Research in the Region of Augsburg) study. Only partici-
pants who displayed echocardiographic M-mode tracings
with sufficient quality for quantitative measurements at
baseline were also eligible for an echocardiographic inves-
tigation at follow-up (F3) that was conducted between
March 2004 and May 2005. The MONICA Augsburg
project was part of the international collaborative WHO
MONICA project [16] and investigated the cardiovascular
risk factor profile of randomly selected subjects of
the resident population in cross-sectional surveys [17,18].
The study design, sampling frame and data collection have
been described in detail before [16,18].

A number of S3 baseline participants were not eligible
for the F3 follow-up for the following conditions: death
(58 subjects), interdiction of contact (63 subjects),
migration (41 subjects), and heavy illness (seven subjects).
From 1248 eligible individuals, 1005 participated in the
follow-up study (net response 80.5%). From 1005 subjects,
80 (7.96%) were excluded because of poor echocardio-
graphic images.

On both occasions, all participants underwentan interview
related to personal and family medical history, lifestyle
and nutrition, health behavior and psychosocial factors.
Body height and weight were measured in light clothing.
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Resting BP was measured, under strictly standardized
conditions, at the right arm after participants had been
in a sitting position for a minimum of 30 min, using a
random zero sphygmomanometer (Hawksley—Gelmann,
Lancing, UK; zero range 0-60 mmHg) at baseline and
an oscillometric automatic blood pressure monitor
(HEM-705CP; Omron Corporation, Tokyo, Japan) at
follow-up. BP values were corrected for differences of
observers and devices between the two examinations
(see statistical analysis, below). The mean of the second
and third BP measurement was used for the present
analyses. The BP categories were defined on the basis
of the criteria of The JNC 7 Report [10]. Normal BP
was defined as a systolic BP of less than 120 mmHg
and a diastolic BP of less than 80 mmHg. Prehypertension
was defined as either a systolic BP of 120-139 mmHgor a
diastolic BP of 80-89 mmHg. Arterial hypertension was
considered as either a minimum systolic BP of 140 mmHg
ora minimum diastolic BP of 90 mmHg or both ora current
intake of antihypertensive medication. If the systolic and
diastolic pressure readings belonged to different
categories, the higher of the two readings was used to
assign the BP category. Diabetes mellitus was defined as
disease known to the patient as reported by standard
questionnaire.

From the 925 subjects with adequate echocardiographic
images, who participated in the follow-up study, we
extracted two groups: one with participants who presented
with normal BP levels in the baseline and again with
normal BP in the follow-up examination (142 individuals),
which we called the persistently normotensive (nBP)
group. The second group consisted of individuals who
presented with prehypertensive BP levels in the baseline
study and again with prehypertensive BP in the follow-up
study (119 individuals), which we called the persistently
prehypertensive (preBP) group. Individuals taking anti-
hypertensive medications at either of the two examin-
ations and those who changed their BP status from baseline
to follow-up were excluded from the analyses. Analyses in
this report are restricted to the nBP and preBP group only.
Figure 1 displays the changes in BP category occurring
over time among individuals that initially presented with
normal and with prehypertensive BP levels.

Echocardiography

Echocardiograms were performed using commercially
available echocardiographs (in 1994/1995: Sonos 1500 with
2.5 or 3.5 MHz transducer; in 2004/2005: Sonos 4500 with
2.0—-4.0 MHz transducer; Philips Electronics, Eindhoven,
Netherlands). Two-dimensionally guided M-mode echo-
cardiograms were performed on each subject by one of two
expert sonographers and M-mode and Doppler tracings
were recorded on strip chart paper in the baseline study. In
the follow-up study, all echocardiographic investigations
including M-mode and Doppler tracings, as well as
two-dimensional loops, were digitally stored. To reduce
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Fig. 1
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Changes of blood pressure categories over time. Left: persistently normotensive group (nBP); right: persistently prehypertensive group (preBP).

observer variability, all tracings were analyzed by a single
cardiologist in each study. Echocardiographic measure-
ments were corrected for observer-related differences
and device-related differences between the two examin-
ations (see statistical analysis, below).

All M-mode tracings were obtained at 50 mm/s. Measure-
ments of left ventricular end-diastolic (LVEDD) and end-
systolic (LVESD) diameter, septal (SWT) and posterior
wall thicknesses (PWT), as well as leftatrial diameter, were
performed according to the guidelines of the American
Society of Echocardiography and the European Associ-
ation of Echocardiography [19,20]. Wall thickness was
calculated as the sum of SWT and PWT and relative wall
thickness (RWT) as the ratio (SWT +PWT)/LVEDD.
Left ventricular mass (LVM) was calculated according to
the formula LVM [g] = 0.8 x {1.04 x [(LVEDD +SWT +
PWT)® — (LVEDD)® (g)]} + 0.6 as described by Reichek
and Devereux [21,22]. LVM was indexed (LVMI) for body
height in metres, normalized to the allometric power of
2.7, which linearizes the relations between LVM and
height and identifies the impact of obesity [23]. LV hyper-
trophy was defined as a LVMI greater than 44 g/m?*7 for
women and 48 g/m*7 for men [20]. LV concentric remodel-
ing was defined as a relative wall thickness more than 0.43
and a LVMI or less 44 g/m*” for women and 48 g/m*7 for
men [20]. The left ventricular end-diastolic volume
(LVEDV) and left ventricular end-systolic volume
(LVESV) were determined using the Teichholz equations:
[24] LVEDV (ml)=[7/(2.4+ LVEDD)] x LVEDD? and
LVESV (ml)=[7/(2.4+LVESD)] x LVESD®?. Using
LVEDV and LVESV, the left ventricular ejection fraction
[EF =(LVEDV — LVESV)/LVEDV] was calculated. A
systolic cardiac dysfunction was defined by an ejection
fraction minor than 45%.

All Doppler echocardiographic recordings were regis-
tered with 100 mm/s and performed in expiration. Exam-
inations of mitral inflow were performed by pulsed wave
Doppler with the sample volume at the tips of the mitral

valve in the apical four-chamber view and early (E wave)
and late (A wave) diastolic peak transmitral flow
velocities and ratio of early and late velocities (E/A) were
determined. Doppler tissue imaging of the mitral annulus
was obtained from the apical four-chamber view, using a
1-2 mm sample volume placed in the septal mitral valve
annulus. Early (EM wave) and late (AM wave) diastolic
peak myocardial relaxation velocities and the ratio of
early transmitral flow and early myocardial relaxation
velocities (E/EM) were determined according to Nagueh
et al. [25] Diastolic dysfunction was defined as E/A less
than one. The individuals who presented pseudonorma-
lization, defined as E/A at least one in conjunction with a
left atrial end-systolic diameter, in parasternal long axis
view, more than 38 mm for women and 40 mm for men,
were also considered as having diastolic dysfunction.

All echocardiographic investigations and reading pro-
cedures were performed following a standardized protocol.
The rank correlation for 144 duplicate LVM measure-
ments by the two sonographers at baseline was 0.91 and
there was a mean difference (systematic bias) between
observers of 0.9 g with a standard deviation of 10.8 g [26]. In
the follow-up study, the quality of the echocardiographic
investigations was assessed as previously described by the
Study of Health in Pomerania (SHIP) study group [27].

Body fat

Body fat was calculated as body weight minus fat-free
mass. Fat-free mass was determined by measurement of
bioelectrical impedance analysis with a Body Compo-
sition Analyzer TVI-10 (Danziger Medical Technology,
Heidelberg, Germany) as previously reported in great
detail [26].

Statistical analysis

BP measurements and echocardiography were carried out
with different methods in MONICA baseline survey and
in KORA follow-up study. The observers had changed
after 10 years, as did the devices reflecting technological
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progress or lack of appropriate maintenance options, for
example, for the mercury sphygmomanometer and the
strip paper echocardiograph. Systematic differences
between surveys likely to occur due to different measure-
ment methods were assessed by using data from all
1005 individuals examined on both occasions using a
mixed regression model that estimated the effect of
the measurement methods while adjusting for the con-
founding factors age, sex, BMI and antihypertensive
medication. An interaction term between sex and study
was included to allow for statistically significant effects of
measurement devices in men and women. We specified a
linear model with a common correlation between the two
measurements from a single participant, with correlation
being the same for all individuals, by introducing
individual random intercepts. Systematic differences
estimated from these models were used to derive correc-
tion values, which were applied to all values recorded in
the baseline survey of 1994/1995.

The subjects were compared with regard to their baseline
characteristics using frequencies, mean values and stan-
dard deviations. Statistical significances were tested with
unpaired # tests for continuous and chi-squared: tests for
categorical variables. In the persistent nBP and persistent
preBP groups we considered the absolute differences
between the two groups at baseline and at follow-up as
well as the relative changes, for each group, from base-
line, that is (follow-up —baseline)/baseline, expressed in
percent. Adjusted mean values in the cross-sectional
analysis of baseline and follow-up for clinical, laboratory
and echocardiographic measurements were calculated
with a linear regression model that included age, gender,
height*” and body fat. For the analyses of the relative
changes over the 10-year period, the model included age,
gender, height®’, plus the baseline value of body fat and
its relative changes over the 10-year period. To account
for regression to the mean effects, in the variable for

Implications of persistent prehypertension Markus et al. 2043

which the relative changes were studied, we additionally
adjusted for the overall baseline mean. Incidence
odds ratios (ORs) for left ventricular (LV) concentric
remodeling, LV hypertrophy and diastolic dysfunction,
comparing the persistent preBP group with the persistent
nBP group, were calculated with a logistic regression
model that included age, gender, hcight2'7, the baseline
value of body fat and its relative changes over the 10-year
period. For diastolic dysfunction, the model also included
the presence of diabetes (at baseline and at follow-up).
All analyses were performed using SPSS version 14.0.0 for
Windows (SPSS Inc., Chicago, Illinois, USA).

Results

Clinical and laboratorial characteristics of the study
The characteristics of the study participants are shown in
Table 1. We identified 142 individuals with persistent
normotension and 119 individuals with persistent pre-
hypertension. More than two-thirds of individuals in the
persistent nBP group were women. Individuals in the
persistent preBP group had, on average, higher weights
and more unfavorable cholesterol levels. There were no
individuals, in both groups, with severe aortic or mitral
regurgitation or systolic heart failure. One individual
(0.8%), in the preBP group (P =0.454) presented a history
of myocardial infarct.

Left ventricular mass and geometry

In crosssectional comparisons of the baseline study, LV
wall thickness, relative wall thickness, LV end-diastolic
diameter and LV mass were similar in the persistently
normal and prehypertensive groups (Fig. 2). LV mass
indexed to height®’ was slightly higher in the preBP
group. At the follow-up examination, the persistent
preBP group had significantly higher adjusted mean
values for absolute as well as for relative wall thickness,
LV mass and LV mass®’ as compared with the persistent
nBP group, whereas LV end-diastolic diameter was not

Table1 Characteristics of the persistently normotensive and persistently prehypertensive individuals at the baseline (1994/1995) and the
follow-up examination (2004/2005) of the MONICA-KORA cohort study
1994/1995 2004/2005

nBP (n=142) preBP (n=119) P nBP (n=142) nBP (n=142) P
Systolic blood pressure (mmHg) 103.6 +£8.34 122.6 +£8.49 <0.001 107.2+£7.51 127.8 £6.57 <0.001
Diastolic blood pressure (mmHg) 69.9+6.16 80.1 £ 6.65 <0.001 71.3+4.7 81.1+5.29 0.001
Body weight (kg) 65.5+11.5 76+12.7 <0.001 67.4+12.2 782+128 <0.001
Fat-free mass (kg) 46.9+8.11 54.7 £9.44 <0.001 46.9+£8.24 5549.81 <0.001
Body fat (kg) 18.6 £6.08 21.3+7.95 0.002 20.5+6.9 232+7.6 0.003
Total cholesterol (mg/dl) 211.2+39.5 226.7 £40.6 0.002 207.8 £36.7 219.8+35.2 0.008
LDL cholesterol (mg/dI) 120.9 £41.2 138.2+42.3 0.001 117.6 £30.5 130+30 0.001
HDL cholesterol {mg/dl) 59.8+17.4 545+15.8 0.011 63.4+16.4 57.9+15.1 0.006
Diabetes (%) 0 (0) 1(0.8) NS 1 (0.7) 3 (2.5) NS
Current smoker (%) 44 (31) 35 (29.4) NS 34 (23.9) 34 (28.8) NS
Men (%) 28 (19.7) 75 (63)
Women (%) 114 (80.3) 44 (37) <0.001
Age at baseline (years) 39.7+10.3 42.2+11 NS

Values are presented as means = standard deviation. P values are given for the comparison between nBP and preBP. HDL, high density lipoproteins; LDL, low density
lipoproteins; MONICA-KORA, monitoring of trends and determinations in cardiovascular disease; nBP, normal blood pressure; NS, not significant; preBP, prehypertensive

blood pressure.
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Left-hand panels show the mean values and the 95% confidence interval in 1994/1995 and 2004/2005 (adjusted for age, gender, height>7 and

body fat) for the groups with persistent normotension (nBP) and prehypertension (preBP). Right-hand panels show the relative changes and the 95%
confidence interval over the 10-year period (adjusted for age, gender, height>7, the baseline value of the respective variable under study plus the
baseline value of body fat and its relative changes over the 10-year period). Left ventricular mass (LVM) was indexed and not adjusted for height*7.
LVEDD, left ventricular end-diastolic diameter; RWT, relative wall thickness; WT, wall thickness.
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Table2 Crude incidences and prevalences for left ventricular concentric remodeling, left ventricular hypertrophy and diastolic dysfunction
comparing the groups with persistent normotension and prehypertension

Incidence (%) Prevalence (%)

nBP preBP P nBP preBP P
LV concentric remodeling® 2.33 24.1 <0.001 4.38 255 <0.001
Left ventricular hypertn:)phyb 2.86 171 <0.001 3.52 21.0 <0.001
Diastolic dysfunction® 12.6 421 <0.001 21.3 55.1 <0.001

LV, left ventricular; LVMI, left ventricular mass indexed; nBP, normal blood pressure; preBP, prehypertensive blood pressure. ® Defined by relative wall thickness greater than
0.43 and a LVMI or less 44 g/m?” for women and 48 g/m2” for men [20]. ® Defined by LVMI greater than 44 g/m*” for women and 48 g/m*” for men [20]. ° Defined by £/A
less than one or, to include pseudonormalization, by £/A at least one in conjunction with a left atrial end-systolic diameter, in parasternal long axis view, greater than 38 mm

for women and 40 mm for men.

different between the two groups (Fig. 2). Consequently,
when assessing the temporal changes in terms of relative
changes from baseline, the persistent preBP group
displayed significantly more pronounced relative changes
of absolute and of relative wall thickness as well as of
LV mass and LV mass?’ than the nBP group (Fig. 2).
Stratified analyses in both men and women confirmed
that the greater relative increase of wall thickness found
in the preBP group was statistically significant and of
similar magnitude in both genders (men: +11.6 versus
+4.48%, P=0.006; women: +11.7 versus +4.99%,
P=0.018). By contrast, relative changes over time in
LV end-diastolic diameter were nonsignificant in the
nBP and preBP groups.

The 10-year crude incidences and prevalences of LV
concentric remodeling and LV hypertrophy were sub-
stantially higher in the preBP group as compared with the
nBP group (Table 2). The crude OR was only slightly
artenuated by the adjustment for confounders (Table 3).

Left ventricular function

No marked differences were found crosssectionally
between the nBP and preBP group for left atrial diameter
as well as functional parameters of systole and diastole in
the baseline study in 1994/1995. Likewise, the relative
changes of ejection fraction were small (+0.7% in the
persistent nBP versus +2.5% in the persistent preBP
group) and not significantly different as compared with
baseline measurements within the respective group or in
between groups. In the follow-up study, the ejection
fraction was 67.7% in the persistent nBP versus 69.6%

in the persistent preBP. By contrast, echocardiographic
parameters reflecting diastolic function showed differen-
tial relative changes. Particularly, the E/4 ratio, which was
1.56 in the persistent nBP versus 1.52 in the persistent
preBP group (not significantly different) in the baseline
study, decreased (P = 0.003) more profoundly in the preBP
than in the nBP group (Fig. 3). In addition, the left atrial
size increased significantly more during the 10-years
interval (Fig. 3) and was larger by the time of the
follow-up study (36.5 versus 35.3mm, P =0.024) in the
preBP group. Morcover, in a cross-section analysis of
the follow-up study, individuals in the preBP group
showed a significantly less favorable E/EM ratio as com-
pared with the nBP group (Fig. 3). Other indicators of
diastolic dysfunction (deceleration time and left atrial area)
didn’t show significantly differences between the two
groups. Finally, the crude incidence and prevalence of
diastolic dysfunction was higher in the preBP group as
compared with the nBP group (Table 2) and the crude
OR was only slightly attenuated after the adjustment for
confounders (Table 3).

Discussion

In agreement with cross-sectional patient samples [28,29]
we confirmed that age-related adaptations in cardiac
geometry and function might occur already to a moderate
degree in healthy individuals with a normal BP. This
adaptation, however, was significantly more pronounced
in individuals in whom the BP persisted in the prehy-
pertensive range (i.e., between 120 and 139 mmHg sys-
tolic or between 80 and 89mmHg diastolic without
medication for 10 years). Our observations were made

Table 3 Odds ratio for left ventricular concentric remodeling, left ventricular hypertrophy and diastolic dysfunction comparing the groups

with persistent normotension and prehypertension

Odds ratio (95% confidence interval, P)

Groups (nBP)

Unadjusted (1.00)

Adjusted™ (1.00)

preBP

LV concentric remodeling®
Left ventricular hypertrophy®
Diastolic dysfunction®

13.4 (3.85 to 46.5, P<0.001)
7.02 (2.31 to 21.3, P=0.001)
5.04 (2.41 to0 10.5, P<0.001)

10.7 (2.82 to 40.4, P<0.001)
5.33 (1.58 to 17.9, P=0.007)
2.52 (1.01 to 6.31, P=0.048)

LV, left ventricular; LVMI, left ventricular mass index; nBP, normal blood pressure; preBP, prehypertensive blood pressure. * Adjusted for age, gender, height?7, the baseline
value of body fat and its relative changes over the 10-year period. For diastolic dysfunction further adjustment was made for the presence of diabetes (either at baseline or at
follow-up or both).  Defined by relative wall thickness greater than 0.43 and a LVMI or less 44 g/m?” for women and 48 g/m®” for men [20]. ® Defined by LVMI greater than
44 g/m®”7 for women and 48 g/m?”7 for men [20]. ® Defined by E/A less than one or, to include pseudonormalization, by £/A at least one in conjunction with a left atrial end-
systolic diameter, in parasternal long axis view, greater than 38 mm for women and 40 mm for men.
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Fig. 3
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in a middle-aged, population-based sample after
adjustment for multiple confounders including changes
in body composition. Therefore, prehypertension seems
sufficient to induce substantial cardiac remodeling pro-
cesses in such subjects involving an increase in LV wall
thickness and mass, an impairment of L'V filling pattern,
and a progressive enlargement of the left atrium.

Progressive hypertrophy and diastolic impairment are
characteristic for chronic cardiac pressure overload and
already well established phenomena in patients with
hypertension [30]. The present study adds to this
evidence in that it focused on individuals who constantly
had either normal or prehypertensive BP thereby delib-
erately avoiding contamination of the observed cardiac
effects secondary to hypertension. The results demon-
strate rather clearly that such alterations of the heart can
already occur with increased frequency at BP levels with
an average of 127/81 mmHg if they persist over a period of
10 years.

We excluded close to 50% of individuals with prehyper-
tension at baseline because they left the prehypertensive
BP range and became hypertensive during the follow-up
period. Actually, the changes of LV wall thickness and
diastolic function were even more pronounced in this
group (data not shown) such that the long-term cardiac
implications associated with prehypertension, at a
given point in time, may be even underestimated by

the present analyses of our restricted study sample.
Nevertheless, our prospective observations provide
etiological support to cross-sectional analyses that docu-
mented a linear relationship between BP and LVM even
at systolic BP levels below 140 mmHg [6,31].

End-diastolic diameters did neither differ between the
normotensive and prehypertensive groups nor did they
change on average over time. Thus, the progressive
increase in LV mass found in prehypertensive individuals
results predominantly from the increase in wall thickness
in this group. Such pattern characterizes LV concentric
remodeling of the heart, which is implicated as a
disadvantageous adaption [3,4] and appears to be a
characteristic of the ageing heart [28,29]. Indeed, LV
concentric remodeling has been shown to result in dias-
tolic filling abnormalities, increased oxygen requirement
of myocardium, as well as a greater risk for arrhythmias
and sudden death [9,32].

In the literature, there is some variability in the preva-
lence of LV concentric remodeling and LV hypertrophy
[33—38]. Our data are consistent in the sense that a
sizable proportion of normotensives individuals exhibits
the echocardiographic criteria of LV hypertrophy, with
our study being in the upper range of what has been
reported [33-38]. In the Framingham Heart Study,
normotensive, nonobese individuals, free of cardiopul-
monary disease, showed a prevalence of LV hypertrophy
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of 16 and 19% in men and women, respectively [38]. The
prevalence of LV concentric remodeling in Framingham
study [34] was 8% for men and women, that is lower than
in our sample, but the relative wall thickness cut-off was
higher than ours (0.45 against 0.43). Besides that, a cross-
sectional Italian population-based study [36] showed a
lower prevalence than our study for LV concentric remo-
deling (9.5%) and for LV hypertrophy (14%) in individ-
uals with mild untreated hypertension (mean systolic BP
was 148 mmHg). However, these individuals were less
obese than in our sample. Besides that, definition of LV
hypertrophy is extremely variable and based on as many
19 different echocardiographic criteria [39], which may
partly explain the different prevalences in LV hypertro-
phy and LV concentric remodeling in previous studies.
Actually, as far we know, our study is the first one to
use the lower cut-off that has been suggested by the
American Society of Echocardiography/European Associ-
ation of Echocardiography [20]. Moreover, there is little
dara on the incidence of these conditions. One important
point is that our population was exposed to 10 or more
years of prehypertensive BP levels. It is, therefore,
possible that the prevalences of cardiac structural
abnormalities depend on a time factor, that is, that the
prehypertensive BP levels need to be maintained for
some time until echocardiographic abnormalities occur.

Systolic function did not display any substantial changes
in the two BP groups in the 10-year interval. This may
indicate that persistent prehypertensive BP, at least in
the time frame of our study, does not affect contractility.
Alternatively, our methods might not have been sensitive
enough to discover a subtle deterioration of systolic
function. By contrast, measures of diastolic function
showed significant impairments. Specifically, measure-
ments of relaxation velocities, mitral inflow pattern and
left atrial size were all significantly more markedly altered
in the prehypertensive group. Recently, a cross-sectional
study on young adults with early stages of hypertension
concluded that the first cardiac alterations are LV
geometric abnormalities, whereas, LV diastolic function
seemed only marginally affected, even when multiple
parameters of LV filling were taken into account [40]. Our
results are clearly more marked, probably due to the fact
that our population was older and, in particular, that it was
chronically exposed to prehypertensive BP levels.

Our data highlight the pathophysiological implications of
prehypertension, which seems to amplify the cardiac
responses during the ageing process. In fact, LV
concentric remodeling of the heart and subsequent
development of diastolic dysfunction are important
intermediate steps towards the clinical manifestation of
diastolic heart failure that is now a predominant type of
symptomatic heart failure and cause of morbidity and
mortality in the ageing populations of the industrialized
nations [9,41,42].
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Animportantissue is the translation of the present findings
into the management of individuals with prehypertension.
Evolving evidence suggest that prehypertensive persons -
carry an increased cardiovascular risk [12—-15]. Indeed, the
risk of cardiovascular events appears to double for every
increment by 20 mmHg systolic or 10 mmHg diastolic BP,
starting at levels as low as 115mmHg systolic and
75 mmHg diastolic [43]. The present study suggests that
prehypertension is causally associated with LV concentric
remodeling and impaired diastolic function of the heart.
This may explain some of the cardiovascular risks already
found at BP levels well below the range of established
hypertension. Interestingly, we show that these adap-
tations occur in the absence of progression to hypertension
and after adjustment to potentially confounding factors.
Thus, a more aggressive monitoring of individuals with
persistent prehypertension including echocardiographic
assessment of LV geometry and diastolic dysfunction
might be considered [44]. In this regard, it is important
to realize that nonpharmacological treatment options may
have profound effects on both prehypertension and on
cardiac remodeling [45,46].

Study limitations

This study was conducted in white individuals, so the
results cannot be extended to other ethnic groups. The
study sample was derived from a population-based
sampling frame but loss to follow-up may have introduced
some imbalances in our participants. BP measurements
and echocardiography were carried out with different
methods in MONICA baseline survey and in KORA
follow-up study. The observers had changed after 10 years,
as did the devices reflecting technological progress or
lack of appropriate maintenance options, for example,
for the mercury sphygmomanometer and the strip paper
echocardiograph. Systematic differences between surveys
likely to occur due to different measurement methods
were assessed by using data from all 1005 individuals
examined on both occasions using a mixed regression
model that estimated the effect of the measurement
methods as adjusting for the confounding factors age,
sex, BMI and antihypertensive medication. An interaction
term between sex and study was included to allow for
statistically significant effects of measurement devices in
men and women. We specified a linear model with a
common correlation between the two measurements from
a single participant, with correlation being the same for all
individuals, by introducing individual random intercepts.
Systematic differences estimated from these models were
used to derive correction values that were applied to
all values recorded in the baseline survey of 1994/1995.
However, as the groups included in this analysis were
mostly middle-aged and healthy we do not consider the
quantitative impact of this selection as highly relevant.
In addition, despite extensive efforts to standardize
measurements, the inevitable employment of different
observers and the use of novel echocardiographic and
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BP measurement devices affected the comparisons. On
the contrary, we accounted for these differences through
stringent statistical methods of correction. More impor-
tantly, we cannot conceive of methodological differences
arising from these corrections that would lead to system-
atically biased cardiac results between the persistent nBP
and preBP groups. Additionally, determination of diastolic
function with noninvasive techniques has its limitations.
In the baseline study, only the mitral inflow pattern and
atrial size were evaluated and available for comparisons
with the follow-up findings. However, the consistency of
the findings, including Doppler tissue at follow-up and
changes in atrial size, strongly supports our conclusion of
differentially altered diastolic function in the persistent
prehypertensive group. Finally, exclusion of individuals
who changed their BP category during long-term follow-up
certainly affected our observations. Indeed, at the baseline
survey BP levels of the preBP group were only mildly into
the prehypertensive range (because many individuals with
higher BP readings left the prehypertensive range, became
hypertensive and thus were excluded). This may explain
why at baseline most structural and functional parameters
of the heart were rather similar in the normotensive and, at
that time, mildly prehypertensive group. In addition to
that, this definition may explain some differences with
cross-sectional studies that reflect the entire spectrum of
prevalent prehypertension. Nevertheless, contamination
of our findings by individuals who subsequently had
developed hypertension during follow-up would have
counteracted our intention to study the effects of persist-
ent prehypertension. Moreover, the relative change in
systolic BP was used as a cofounder in a model comparing
changes in LV mass, in the two groups, and has no
influence on the results. Thus, we accepted the fact that
our data may indeed underestimate the implications of
prehypertension for ageing-related adaptations of the
heart.

In conclusion, long-standing prehypertension appears to
be associated with a significantly increased occurrence of
LV concentric remodeling as well as a deterioration of
diastolic ventricular function. These changes were sig-
nificantly stronger than those observed during the ageing
process of individuals with normotension. Thus, our data
suggest that persistent prehypertension amplifies the
typical age-related adaptations of the heart. Future stu-
dies need to assess whether lifestyle modifications or
medications can effectively reduce cardiac remodeling
and, subsequently, the risk of diastolic heart failure in
individuals with prehypertension.

Acknowledgement

Supported by grants of the German Research Foundation
(Deutsche Forschungsgemeinschaft [DFG], DFG Schu
672/12-1), the Federal Ministry of Education and Research
(Bundesministerium fiir Bildung und Forschung [BMBF],
NGFN2 [FKZ-01GS0418, H.S.]), the Competence

Network of Heart Failure (BMBF-01GI10205, M.R.P.M.,
H.W.H., H.S.) and the University of Liibeck Medical
School (J.S. A39-2005). The KORA research platform
(KORA: Cooperative Research in the Region of Augsburg)
and the MONICA Augsburg studies (monitoring trends
and determinants on cardiovascular diseases) were
initiated and financed by the Helmholtz Zentrum
Miinchen-German Research Center for Environmental
Health, which is founded by the Federal Ministry of
Education and Research and by the Bavarian Ministry
of Finance.

The authors had full access to the data and take respon-
sibility for its integrity. All authors have read and agree to
the manuscript as written.

References

1 Ganau A, Devereux RB, Pickering TG, Roman MJ, Schnall PL, Santucci S,
et al. Relation of left ventricular hemodynamic load and contractile
performance to left ventricular mass in hypertension. Circulation 1990;
81:25-36.

2 Slotwiner DJ, Devereux RB, Schwartz JE, Pickering TG, de Simone G,
Ganau A, et al. Relation of age to left ventricular function in clinically normal
adults. Am J Cardiol 1998; 82:621-626.

3 Muiesan ML, Salvetti M, Monteduro C, Bonzi B, Paini A, Viola S, et al. Left
ventricular concentric geometry during treatment adversely affects
cardiovascular prognosis in hypertensive patients. Hypertension 2004;
43:731-738.

4 de Simone G. Concentric or eccentric hypertrophy: how clinically relevant
is the difference? Hypertension 2004; 43:714-715. )

5 de Simone G, Daniels SR, Kimball TR, Roman MJ, Romano C, Chinali M,
et al. Evaluation of concentric left ventricular geometry in humans: evidence
for age-related systematic underestimation. Hypertension 2005; 45:64-68.

6 Drukteinis JS, Roman MJ, Fabsitz RR, Lee ET, Best LG, Russell M,
Devereux RB. Cardiac and systemic hemodynamic characteristics of
hypertension and prehypertension in adolescents and young adults: the
Strong Heart Study. Circulation 2007; 115:221-227.

7 Benjamin EJ, Levy D, Anderson KM, Wolf PA, Plehn JF, Evans JC, et al.
Determinants of Doppler indexes of left ventricular diastolic function in
normal subjects (the Framingham Heart Study). Am J Cardiol 1992;
70:508-515.

8 Ganau A, Saba PS, Roman MJ, de Simone G, Realdi G, Devereux RB.
Ageing induces left ventricular concentric remodelling in normotensive
subjects. J Hypertens 1995; 13:1818-1822.

9 Devereux RB, Roman M), Liu JE, Welty TK, Lee ET, Rodeheffer R, et al.
Congestive heart failure despite normal left ventricular systolic function in a
population-based sample: the Strong Heart Study. Am J Cardiol 2000;
86:1090-1096.

10 Chobanian AV, Bakris GL, Black HR, Cushman WC, Green LA, lzzo JL Jr,
et al. The Seventh Report of the Joint National Committee on Prevention,
Detection, Evaluation, and Treatment of High Blood Pressure: the INC 7
report. JAMA 2003; 289:2560-2572.

11 Qureshi Al, Suri MF, Kirmani JF, Divani AA. Prevalence and trends of
prehypertension and hypertension in United States: National Health and
Nutrition Examination Surveys 1976 to 2000. Med Sci Monit 2005;
11:CR403-CR409.

12 Vasan RS, Larson MG, Leip EP, Evans JC, O'Donnell CJ, Kannel WB, Levy
D. Impact of high-normal blood pressure on the risk of cardiovascular
disease. N Engl J Med 2001; 345:1291-1297.

13 Russell LB, Valiyeva E, Carson JL. Effects of prehypertension on
admissions and deaths: a simulation. [comment][erratum appears in Arch
Intern Med. 2005 Aug 8-22;165(15):1720]. Arch Intern Med 2004;
164:2119-2124.

14 Franco OH, Peeters A, Bonneux L, de Laet C. Blood pressure in adulthood
and life expectancy with cardiovascular disease in men and women: life
course analysis. Hypertension 2005; 46:280-286.

15 Schunkert H. Pharmacotherapy for prehypertension: mission
accomplished? [comment]. N Engl J Med 2006; 354:1742-1744.

16 The World Health Organization MONICA Project (monitoring trends and
determinants in cardiovascular disease): a major international collaboration.
WHO MONICA Project Principal Investigators. J Clin Epidemiol 1988;
41:105-114.

Copyright © Lippincott Williams & Wilkins. Unauthorized reproduction of this article is prohibited.



18

19

20

21

22

23

24

25

26

27

28

29

30

31

32

33

34

35

36

Muscholl MW, Hense HW, Brockel U, Doring A, Riegger GA, Schunkert H.
Changes in left ventricular structure and function in patients with white coat
hypertension: cross sectional survey. BMJ 1998; 317:565-570.

Keil U, Stieber J, Doring A, Chambless L, Hartel U, Filipiak B, et al. The
cardiovascular risk factor profile in the study area Augsburg. Results from
the first MONICA survey 1984/85. Acta Med Scand Suppl 1988;
728:119-128.

Schiller NB, Shah PM, Crawford M, DeMaria A, Devereux R, Feigenbaum H,
et al. Recommendations for quantitation of the left ventricle by two-
dimensional echocardiography. American Society of Echocardiography
Committee on Standards, Subcommittee on Quantitation of Two-
Dimensional Echocardiograms. J Am Soc Echocardiogr 1989; 2:358-367.
Lang RM, Bierig M, Devereux RB, Flachskampf FA, Foster E, Pellikka PA,
et al. Recommendations for chamber quantification: a report from the
American Society of Echocardiography's Guidelines and Standards
Committee and the Chamber Quantification Writing Group, developed in
conjunction with the European Association of Echocardiography, a branch
of the European Society of Cardiology. / Am Soc Echocardiogr 2005;
18:1440-1463.

Reichek N, Devereux RB. Left ventricular hypertrophy: relationship of
anatomic, echocardiographic and electrocardiographic findings.
Circulation 1981; 63:1391-1398,

Devereux RB, Alonso DR, Lutas EM, Gottlieb GJ, Campo E, Sachs |,
Reichek N. Echocardiographic assessment of left ventricular hypertrophy:
comparison to necropsy findings. Am J Cardiol 1986; 57:450-458.

de Simone G, Devereux RB, Kimball TR, Mureddu GF, Roman MJ, Contaldo
F, Daniels SR. Interaction between body size and cardiac workload:
influence on left ventricular mass during body growth and adulthood.
Hypertension 1998; 31:1077-1082.

Teichholz LE, Kreulen T, Herman MV, Gorlin R. Problems in
echocardiographic volume determinations: echocardiographic-
angiographic correlations in the presence of absence of asynergy. Am J
Cardiol 1976; 37:7-11.

Nagueh SF, Middleton KJ, Kopelen HA, Zoghbi WA, Quinones MA.
Doppler tissue imaging: a noninvasive technique for evaluation of left
ventricular relaxation and estimation of filling pressures. J Am Coll Cardiol
1997; 30:1527-1533.

Hense HW, Gneiting B, Muscholl M, Broeckel U, Kuch B, Doering A, et al.
The associations of body size and body composition with left ventricular
mass: impacts for indexation in adults. J Am Coll Cardiol 1998; 32:451 -
457.

John U, Greiner B, Hensel E, Ludemann J, Piek M, Sauer S, et al.

Study of Health In Pomerania (SHIP): a health examination survey in an east
German region: objectives and design. Soz Praventivmed 2001; 46:186-
194.

Schillaci G, Mannarino MR, Pucci G, Pirro M, Helou J, Savarese G,

et al. Age-specific relationship of aortic pulse wave velocity with left
ventricular geometry and function in hypertension. Hypertension 2007,
49:317-321.

Nikitin NP, Loh PH, de Silva R, Witte KK, Lukaschuk El, Parker A, et al. Left
ventricular morphology, global and longitudinal function in normal older
individuals: a cardiac magnetic resonance study. Int J Cardiol 2008;
108:76-83.

Ganau A, Devereux RB, Roman MJ, de Simone G, Pickering TG, Saba PS,
et al. Patterns of left ventricular hypertrophy and geometric remodeling in
essential hypertension. J Am Coll Cardiol 1992; 19:1550-1558.
Gardin JM, Brunner D, Schreiner PJ, Xie X, Reid CL, Ruth K, et al.
Demographics and correlates of five-year change in echocardiographic left
ventricular mass in young black and white adult men and women: The
Coronary Artery Risk Development in Young Adults (CARDIA) study. J Am
Coll Cardiol 2002; 40:529-535.

Wachtell K, Smith G, Gerdts E, Dahlof B, Nieminen MS, Papademetriou V,
et al. Left ventricular filling patterns in patients with systemic hypertension
and left ventricular hypertrophy (the LIFE study). Losartan Intervention for
Endpoint. Am J Cardiol 2000; 85:466-472.

Levy D, Garrison RJ, Savage DD, Kannel WB, Castelli WP. Prognostic
implications of echocardiographically determined left ventricular mass in
the Framingham Heart Study. N Engl J Med 1990; 322:1561-1566.
Krumholz HM, Larson M, Levy D. Prognosis of left ventricular geometric
patterns in the Framingham Heart Study. J Am Coll Cardiol 1995;25:879—
884.

Kannel WB. Left ventricular hypertrophy as a risk factor: the Framingham
experience. J Hypertens Suppl 1991; 9:53-88; discussion S8-S9.
Mancia G, Carugo S, Grassi G, Lanzarotti A, Schiavina R, Cesana G,
Sega R. Prevalence of left ventricular hypertrophy in hypertensive patients
without and with blood pressure control: data from the PAMELA
population. Pressioni Arteriose Monitorate E Loro Associazioni.
Hypertension 2002; 39:744-749.

37

38

39

40

41

42

43

44

45

46

Implications of persistent prehypertension Markus et al. 2049

Mancia G, Bombelli M, Corrao G, Facchetti R, Madotto F, Giannattasio C,
et al. Metabolic syndrome in the Pressioni Arteriose Monitorate E Loro
Associazioni (PAMELA) study: daily life blood pressure, cardiac damage,
and prognosis. Hypertension 2007; 49:40-47.

Levy D, Savage DD, Garrison RJ, Anderson KM, Kannel WB, Castelli WP.
Echocardiographic criteria for left ventricular hypertrophy: the Framingham
Heart Study. Am J Cardiol 1987; 59:956-960.

Cuspidi C, Esposito A, Negri F, Sala C, Masaidi M, Giudici V, et al. Studies
on left ventricular hypertrophy regression in arterial hypertension: a clear
message for the clinician? Am J Hypertens 2008; 21:458-463.

Palatini P, Frigo G, Vriz O, Bertolo O, Dal Follo M, Daniele L, et al. Early
signs of cardiac involvement in hypertension. Am Heart J 2001;
142:1016-1023.

Kitzman DW, Gardin JM, Gottdiener JS, Arnold A, Boineau R, Aurigemma
G, et al. Importance of heart failure with preserved systolic function in
patients > or = 65 years of age. CHS Research Group. Cardiovascular
Health Study. Am J Cardiol 2001; 87:413-419.

Chen HH, Lainchbury JG, Senni M, Bailey KR, Redfield MM. Diastolic heart
failure in the community: clinical profile, natural history, therapy, and impact
of proposed diagnostic criteria. J Card Fail 2002; 8:279-287.
Lewington S, Clarke R, Qizilbash N, Peto R, Collins R. Age-specific
relevance of usual blood pressure to vascular mortality: a meta-analysis of
individual data for one million adults in 61 prospective studies. Lancet
2002; 360:1903-1913.

Zhang Y, Lee ET, Devereux RB, Yeh J, Best LG, Fabsitz RR, Howard BV.
Prehypertension, diabetes, and cardiovascular disease risk in a
population-based sample: the Strong Heart Study. Hypertension 2006;
47:410-414.

Park S, Rink LD, Wallace JP. Accumulation of physical activity leads to a
greater blood pressure reduction than a single continuous session, in
prehypertension. J Hypertens 2006; 24:1761-1770.

Staffileno BA, Minnick A, Coke LA, Hollenberg SM. Blood pressure
responses to lifestyle physical activity among young, hypertension-prone
African-American women. J Cardiovasc Nurs 2007; 22:107-117.

Copyright © Lippincott Williams & Wilkins. Unauthorized reproduction of this article is prohibited.



