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Abstract

The association between anthropometric measurements and postural changes in systolic blood pressure (SBP) has not been
frequently reported. This study aimed to investigate the association of body mass index (BMI) and waist circumference
(WC) with postural changes in SBP in two German cross-sectional studies. Data were derived from 506 participants of the
population-based German National Cohort (NAKO) pretest and from 511 participants of the convenience sample-based
MetScan studies. Linear regression models were used to estimate the association between BMI and WC with the difference
between standing and sitting SBP (dSBP). Odds ratios (ORs) for an increase (dSBP>10mmHg) or decrease
(dSBP < —10 mmHg) in dSBP were calculated using logistic regression. The results were pooled by meta-analysis using
an inverse variance model. In pooled analysis, a 5 kg/m?® higher BMI was associated with a 1.46 mmHg (95% confidence
interval (CI) 0.98-1.94) higher dSBP, while a 5 cm higher WC was associated with a 0.51 mmHg (95% CI 0.32-0.69) higher
dSBP. BMI or WC were associated with a higher odds of an increase in dSBP (adjusted OR, 1.71; 95% CI 1.36-2.14 per
5kg/m? higher BMI and 1.22; 95% CI 1.05-1.40 per 5cm higher WC) but with a reduced odds of a decline in dSBP
(adjusted OR, 0.67; 95% CI 0.44—1.00 per 5 kg/m* higher BMI and 0.84; 95% CI 0.72-0.99 per 5 cm higher WC). The
associations between WC and dSBP were no longer statistically significant after BMI adjustments. In conclusion, higher
BMI and higher WC were associated with higher postural increases in SBP; however, WC was not related to postural
changes in SBP once adjusted for BML
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Graphical Abstract

Both, body mass index (BMI) and waist circumference (WC) were positively associated with postural dSBP, a measure of
cardiovascular reactivity, in two independent populations from Germany. Further, WC was no longer significantly related to

postural dSBP once BMI was accounted for.

506 participants of the population-based German National Cohort (NAKO) pretest, and 511 participants of the
convenience sample-based MetScan studies

Postural change in systolic blood pressure (SBP) expressed as difference between standing SBP and sitting SBP
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and the autonomic nervous system [1]. Several population-
based studies have reported orthostatic hypotension (OH)
[defined as a systolic blood pressure (SBP)/diastolic blood
pressure (DBP) decrease of at least 20/10 mmHg within
3min of standing] [2] as a predictor for various cardio-
vascular disease (CVD) outcomes and all-cause mortality
[3-6]. In contrast, the number of studies that examine
postural blood pressure (BP) response as a quantitative trait
is limited, and thus, there are questions open as to whether
subtler changes (increases or decreases) in postural BP
response are related to disease risk.

Findings from the Atherosclerosis Risk in Communities
(ARIC) study, a cohort of middle-aged participants, suggest
that both increases and decreases in the response of SBP to
a change in body position may confer a higher risk of
incident hypertension[7]. However, after adjustment for
seated SBP, this association was only observed in the group
with a decrease in SBP. Moreover, while there was a
U-shaped association between postural changes in SBP and
incidence of lacunar stroke, only negative changes in SBP

were associated with increased incidence of thrombotic and
cardiometabolic stroke [8]. These findings suggest that
different biological mechanisms may underlie the two
responses in BP upon standing. Likewise, a study in a
community of elderly men reported a linear dose-response
relationship between postural changes in SBP and all-cause
mortality [9].

In parallel, relatively little is known about the predis-
posing factors for subtle postural changes in SBP, regard-
less of their direction. This information could provide clues
of potential pathophysiological relevance for BP control.
Increasing levels of general and abdominal adiposity are
important risk factors for incident stroke and hypertension
[10, 11]. A higher body mass index (BMI) was reported in
those with an increase in SBP upon standing in the ARIC
study [7, 12], whereas a higher BMI was associated with a
lower likelihood of OH in a community of mid- to late-life
adults [13]. However, the association between anthropo-
metric measurements and postural changes in SBP has not
been frequently reported.
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Thus, we aimed to investigate whether BMI and waist
circumference (WC) were associated with postural chan-
ges in SBP and subtler changes in SBP in two cross-
sectional studies on adult populations in Germany. We
also tested the hypothesis that associations would be
stronger among those with higher levels of seated SBP and
DBP at baseline.

Materials and methods
Pretest of the German National Cohort (NAKO)

NAKO is an ongoing population-based study initiated in
March 2014 that includes 205,000 participants recruited
in 18 study centers across Germany, which is designed to
investigate a broad range of potential causes of major
disease groups [14]. To implement standardized study
protocols and build infrastructure in the NAKO, two
pretests were conducted during the period of May 2012 to
April 2013 [15]. An invitation was sent by mail to eli-
gible subjects (20- to 69-year-old residents in the catch-
ment area of the municipal registries covered by the
respective study center) informing them about the study.
Approximately 200 participants were randomly recruited
per study center. In the present study, we utilized data
collected from participants enrolled in three study centers
in the Berlin-Brandenburg cluster area (Max Delbriick
Center for Molecular Medicine in the Helmholtz Asso-
ciation (MDC), Charité—Universitdtsmedizin Berlin and
the German Institute of Human Nutrition). In addition to
computer-assisted personal interviews, health screening
examinations and blood sampling under fasting condi-
tions, these centers implemented an extended BP protocol
with the aim of studying its feasibility in terms of
acceptance, duration and technical-methodological
issues. The protocol is an adapted version from the one
utilized in the ARIC study [16]. Participants who repor-
ted a history of dizziness or syncope in response to a
change in body position were excluded from the study
protocol. In total, 653 individuals participated in the
NAKO pretest 2, out of which 644 subjects underwent the
extended BP protocol (398 women and 246 men) (Sup-
plementary Fig. 1). Initially, version 1 (n = 122) of the
extended BP protocol included shorter time intervals
between standing measurements; however, due to feasi-
bility reasons, a longer time interval between measure-
ments was applied in versions 2 and 3. Thus, this analysis
is based upon data obtained from 522 study participants
from version 2/3 of the extended BP protocol. In addi-
tion, 28 participants out of the total sample underwent
repeated measurements within 10 days for reliability
assessment.
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The Metabolic Syndrome and Body Scan (MetScan)
study

The cross-sectional MetScan study was established to
investigate whether metabolic syndrome and its parameters
can be better predicted using a 3D body surface scanner
than using traditional recording methods [17, 18]. Between
February 2016 and June 2017, eligible participants aged
18-79 years were recruited as a convenience sample by the
MDC using a standardized recruitment protocol. Partici-
pants were asked to fill out a questionnaire to assess self-
reported information on lifestyle and socioeconomic factors,
medication intake and past medical history, as well as to
undergo a physical examination that included the extended
BP protocol and blood sampling. In total, 516 men and
women agreed to be enrolled in the study (Supplementary
Fig. 1). In agreement with the NAKO pretest, participants
who reported a history of dizziness/syncope by postural
changes were excluded from the BP protocol. Furthermore,
20 study participants out of the total sample underwent
repeated BP measurements within 34 days for reliability
assessment.

Anthropometric measures

Measurements were performed manually by trained per-
sonnel according to World Health Organization (WHO)
guidelines. Height (cm) was assessed using a Seca 285 sta-
diometer (Hamburg, Germany) or an equivalent model,
weight (kg) was measured using a Seca mBCA-515 bioe-
lectrical impedance analysis device (Hamburg, Germany) or
an equivalent model, and WC (cm) was measured using
Seca 201 tape (Hamburg, Germany) [15, 18]. BMI was
calculated as body weight divided by the square of body
height (kg/m?).

Measurement of postural dSBP and outcome
ascertainment

SBP and DBP (mmHg) were measured three times in the
sitting position after 5 min of rest and recorded at 2-min
intervals using an Omron Hem-705IT device. Sitting BP
was calculated as the mean BP levels of the second and
third measurements [19]. Thereafter, participants were
asked to stand up, and the first standing BP measurement
was taken. In the NAKO pretest, five measurements were
recorded every 45 s (version 2/3) while the individual was
standing. In methodological analyses, we observed that the
fifth measurement did not provide significant information
when classifying participants into different BP groups
(agreement between inclusion and exclusion of the fifth
measurement, as assessed using kappa coefficient was 0.86)
[20], and therefore, the fifth measurement was omitted. In
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MetScan, the measurements were recorded using version 2/
3 of the NAKO pretest, with the exception that the fifth
standing measurement was not assessed.

To assess the reliability of standing BP based on the 28
and 20 participants in the NAKO pretest and MetScan,
respectively, we calculated the intraclass correlation coef-
ficient (ICC) and 95% confidence intervals (CIs) by analysis
of variance by dividing the between-subject variance by the
total variance (sum of between- and within-subject var-
iances) [21]. Reliability for the first measurement was
generally lower than that for the following measurements.
Therefore, and since BP stabilization usually occurs during
the first 30 s after standing [1], standing BP was defined as
the average of the second to fourth measurement on
standing. Based on this definition, the reliability of standing
SBP was good (ICC: 0.70, 95% CI 0.45-0.85 in the NAKO
pretest within 10 days of repeated measurement and 0.86,
95% CI 0.70-0.94 in MetScan within 34 days of repeated
measurement, Supplementary Table 1).

Postural changes in SBP were expressed as the dif-
ference between standing SBP and sitting SBP (dSBP). In
addition, we categorized postural dSBP into three groups
using the following cutoff points: dSBP < —10 mmHg
(decrease in BP upon standing), dSBP >10mmHg
(increase in BP upon standing) and a range in postural
dSBP between>—10 to <10 mmHg (stable BP upon
standing). These categories are similar to those reported
previously in the ARIC population [8].

Statistical analysis

Out of the 522 study participants in the NAKO pretest, we
further excluded 16 individuals with missing information on
BMI, WC and BP measurements that precluded the calcu-
lation of dSBP, resulting in 506 participants (190 men, 316
women) finally being included in the analysis. In the
MetScan study, 5 participants were excluded due to
incomplete data on BP measurements. Thus, 511 subjects
(187 men, 324 women) were included in the analysis.

Binary values are expressed as percentages, while
quantitative variables are expressed as medians and inter-
quartile ranges (IQRs). To optimize statistical power, the
missing values for the following self-reported CVD risk
variables were categorized as nonexposed: diabetes mellitus
(DM) (n=94, n=9), stroke (n=100, n=9), current
smokers (n =106, n = 13), hypertension (n =75, n=14),
and previous myocardial infarction (MI) (n =78, n = 10) in
the NAKO pretest and MetScan, respectively.

Linear regression analysis was used to estimate beta (p)
coefficients and 95% Cls for the association of continuous
BMI and WC with dSBP. The influence of potential con-
founders was addressed by adjusting for age (continuous),
sex (male/female), DM (self-reported DM or fasting plasma

glucose level >7 mmol/l or glycated hemoglobin level
>48 mmol/mol), self-reported stroke (yes/no) and seated
SBP (continuous). In further models, we examined the
association of WC with dSBP with additional adjustment
for BMI to assess to what extent WC was related to dSBP
beyond what could be statistically accounted for by BMI. In
an alternative approach, to avoid collinearity, we also
examined the multivariable-adjusted association of BMI-
adjusted residuals of WC with dSBP but found almost
identical results. In a sensitivity analysis, we excluded
participants with missing data on these covariates and
repeated all analyses (participants included n =405 in the
NAKO pretest and n =501 in MetScan).

Other variables evaluated as potential confounding fac-
tors were smoking, antihypertensive medication and sea-
sonality (i.e., spring, summer, fall, winter).

To examine the association between BMI, WC, and
postural increases/decreases in SBP upon standing, odds
ratios (ORs) with 95% ClIs were calculated by applying
unconditional logistic regression models. BMI and WC
were evaluated as continuous and categorical exposures
using standard definitions [22]. BMI (kg/mz) categories
were defined according to the WHO definition as obesity
(230), overweight (225 to <30) and the reference group
normal weight (<25), whereas WC (cm) was dichotomized
as 294 for men, >80 for women (high WC) and <94 for
men, <80 for women (normal WC, reference group). We
adjusted the models for the aforementioned confounders.

In addition, a meta-analysis of the results was performed
using an inverse variance model and random effects model,
expressed as pooled estimated effects (f, ORs) and
95% Cls.

We tested for sex differences by including statistical
interaction terms with sex and both exposures in the linear
models. Furthermore, we assessed the statistical interaction
for age (60 years as a cutoff), self-reported stroke and DM.
To evaluate whether BP could modify the association
between anthropometric measurements and dSBP upon
standing, we conducted statistical interactions and stratified
analyses using 140/90 mmHg as a cutoff. Additional
adjustments were performed for antihypertensive drug
therapy, assessed according to the Anatomical Therapeutic
Chemical classification codes C01-CO4 and C06-C09.

Calculations were performed using SAS v.7.1 and Rev-
Man v.5.4.1 programs.

Results

Table 1 summarizes the distribution of selected baseline
characteristics by study population. Overall, baseline char-
acteristics did not differ across studies, with the exception
of self-reported stroke, smoking, and monthly household
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Table 1 Distribution of baseline characteristics of the study participants of the population-based NAKO pretest and the MetScan studies

NAKO-pretest study

MetScan study

All n =506 Men n =190 Women n =316 All n=511 Men n =187 Women n =324

Age (years) 52 (43-62) 54 (43-63) 52 (42-60) 52 (36-65) 55 (40-68) 52 (34-63)
Monthly household income, %

<1500 € 17.8 14.7 19.8 114 6.9 14.0

1500-2999 € 41.7 429 40.9 43.8 38.4 47.0

3000-5999 € 36.9 39.6 354 39.2 459 35.1

26000 € 34 2.8 3.8 5.7 8.7 39
Current smokers®, % 19.4 253 15.8 9.6 8.6 10.2
Diabetes Mellitus, % 6.1 6.3 6.0 7.4 8.0 7.1
Hypertension, % 27.7 33.7 24.1 27.8 32.1 253
Stroke, % 22 32 1.6 1.6 0.5 22
Previous MI, % 1.2 2.6 0.3 1.4 1.6 1.2
BMI, kg/m? 25.3 (23.1-28.9) 26.9 (24.4-29.6) 24.4 (22.2-27.8) 25.4 (22.5-28.3) 25.9 (24.0-28.3) 24.5 (21.7-28.3)
WC, cm 88.5 (79.1-98.4) 96.0 (90.1-105.5) 83.6 (75.7-92.2) 88.0 (77.5-98.8) 95.5 (87.1-104.6) 83.1 (74.0-93.1)

Waist-hip ratio
Waist-height ratio
Total cholesterol, mg/dl
HDL-cholesterol, mg/dl
LDL-cholesterol, mg/dl
HbA1c, mmol/mol

Antihypertensive therapy, %

SBP (mmHg)
DBP (mmHg)

Ambient temperature (°C)

Postural changes in
SBP, mmHg

0.9 (0.8-0.9)

0.5 (0.5-0.6)

224.4 (193.3-247.5)
54.1 (46.4-69.9)
38.6 (35.3-40.8)
22.7

124 (114-134)

77 (71-84)

23.3 (22.6-24.1)
1.7 (=2.8-5.7)

Postural change in SBP (mmHg) category, %

Decline < —10

Decline > —10 to <5

Decline >-5 to
Increase <5

Increase 25 to <10
Increase >10

Postural changes in
DBP, mmHg

44
115
54.6

19.8
9.9
4.0 (1.4-6.3)

Postural change in DBP (in mmHg) category, %

Decline < —10
Decline > —10 to <0
Increase >0 to <10

Increase >10

0.2
15.8
76.3
7.7

1.0 (0.9-1.0)
0.5 (0.5-0.6)

2204 (189.5-247.5)
50.3 (42.5-58.0)
38.6 (36.4-40.8)
30.0

129 (121-138)

80 (74-84)

23.3 (22.7-24.1)
1.7 (=3.0-5.7)

42
11.1
55.3

20.5
8.9
3.5 (1.1-1.5)

16.3
77.4
6.3

0.8 (0.8-0.9)
0.5 (0.5-0.6)

224.0 (193.3-247.5)
61.9 (50.3-73.5)
37.5 (35.3-40.8)
18.4

119 (109-130)

75 (70-81)

233 (22.6-24.1)
1.7 (—2.1-5.9)

44
117
54.1

19.3
10.4
4.1 (1.5-6.3)

0.3
15.5
75.6
8.5

0.9 (0.8-0.9)

0.5 (0.4-0.6)

216.6 (185.6-243.6)
58.0 (50.3-69.6)
131.5 (108.3- 158.6)
35.0 (32.0-38.0)
23.8

121 (112-133)

76 (70-82)

22.0 (21.0-23.0)
2.0 (—2.0-6.0)

3.9
9.8
55.6

21.5
9.2
4.5 (2.0-7.5)

12.1
71.8
9.9

0.9 (0.9-1.0)
0.5 (0.5-0.6)

2127 (185.6-239.7)
54.1 (46.4-58.0)
135.3 (108.3- 162.4)
35.0 (32.0-38.0)
273

129 (119-138)

79 (73-84)

22.0 (21.0-23.0)

2.0 (—2.5-5.8)

2.7
10.2
58.8

20.8
7.5
4.0 (1.5-6.8)

12.3
81.8
59

0.8 (0.7-0.9)
0.5 (0.4-0.6)

216.7 (185.6-247.5)
61.9 (54.1-73.5)
131.5 (108.3- 158.6)
35.1 (32.0-38.6)
21.9

116 (108-126)

74 (68-80)

22.0 (21.0-23.0)

2.0 (—1.6-6.1)

4.6
9.6
53.7

219
10.2
5.0 (2.4-7.6)

12.0
75.6
12.3

Continuous variables expressed as median (IQR). Missing values: Monthly household income (n =41, n = 54), total cholesterol (n =7, n=11),
HbAlc (n =106, n = 13), HDL-cholesterol (n = 106, n =11), LDL-cholesterol (n = 11), in NAKO-pretest and MetScan, respectively

CVD cardiovascular diseases, MI myocardial infarction, BMI body mass index, WC waist circumference, SBP systolic blood pressure, DBP
diastolic blood pressure, HbAlc glycated hemoglobin

“Smoker variable: NAKO-pretest: never, current, former-smokers. MetScan: never, current, former-smokers defined as having smoked until
3 months previous to the enrollment

income <1500 euros, which presented a higher prevalence
in the NAKO pretest, whereas the proportion of partici-
pants with DM was higher in MetScan. The average pos-
tural response in dSBP (mmHg) was similar across the
NAKO pretest (mean 1.7, standard deviation (SD) 7.0,
range —20.8-29.5, median 1.7) and MetScan (mean 1.9,
SD 6.6, range —21.7-27.5, median 2.0). The proportions of
study participants who had increases in postural SBP upon
standing were 9.9% in the NAKO pretest and 9.2% in
The proportions of participants who had

MetScan.
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decreases were 4.4% and 3.9%, respectively. Postural
dSBP did not differ across sexes in either study. Orthostatic
SBP changes presented higher variability than orthostatic
DBP changes (NAKO pretest: SD for DBP change:
4.3 mmHg, SD for SBP change: 7.0 mmHg) (MetScan
study: SD for DBP change: 3.9 mmHg, SD for SBP change:
6.7 mmHg).
The distribution of characteristics of the study popula-
tions was, in general, similar for those who did not have
missing covariate information (Supplementary Table 2).
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Table 2 Association of body
mass index (per 5 kg/mz) and
waist circumference (per 5 cm)
with postural change in blood

dSBP (95% CI)

NAKO-pretest study

(n=506)

MetScan study
(n=>511)

Pooled estimates

pressure (in mmHg)
BMI, per 5 kg/m?

Crude

Model 1

Model 2

Model 3

WC, per 5cm

Crude

Model 1

Model 2

Model 3

Model 4 (adjusted for BMI)

1.48 (0.85-2.10)
1.52 (0.87-2.18)
1.38 (0.71-2.05)
1.57 (0.89-2.24)

0.36 (0.14-0.58)
0.48 (0.22-0.74)
0.41 (0.14-0.67)
0.48 (0.20-0.74)

0.98 (0.36-1.60)
1.04 (0.37-1.70)
1.12 (0.44-1.80)
1.35 (0.67-2.02)

0.28 (0.08-0.48)
0.41 (0.16-0.66)
0.44 (0.18-0.69)
0.53 (0.28-0.79)

1.23 (0.74-1.72)
1.29 (0.81-1.76)
1.25 (0.77-1.73)
1.46 (0.98-1.94)

0.32 (0.17-0.46)
0.44 (0.26-0.62)
0.42 (0.24-0.60)
0.51 (0.32-0.69)

—0.37 (=0.95-0.22)

0.38 (—=0.17-0.94) 0.01 (=0.72-0.75)

Model 1: adjusted by age and sex. Model 2: Model 1+ adjusted by diabetes mellitus and self-reported
stroke. Model 3: Model 2 + adjusted by seated SBP. Model 4: Model 3 + adjusted for BMI. Results were
almost identical when we included BMI-adjusted WC residuals in the model

BMI body mass index, WC waist circumference, SBP systolic blood pressure

The multivariable association of BMI and WC with
postural dSBP is shown in Table 2. A 5kg/m? higher BMI
was associated with a 1.57 mmHg higher postural dSBP in
the NAKO pretest (95% CI 0.89-2.24). Similarly, a 5 kg/m2
higher BMI was associated with a 1.35 mmHg higher dSBP
in MetScan (95% CI 0.67-2.02) (fully adjusted models).
The pooled estimate was 1.46 mmHg per 5kg/m?® higher
BMI (95% CI 0.98-1.94).

Similarly, a 5cm higher WC was associated with a
0.48 mmHg higher postural dSBP in the NAKO pretest
(95% CI 0.20-0.74) and with a 0.53 mmHg higher dSBP in
MetScan (95% CI 0.28-0.79) (Model 3). The pooled esti-
mate was 0.51 mmHg per Scm higher WC (95% CI
0.32-0.69). As expected, BMI and WC were highly corre-
lated (Spearman’s correlation coefficient (r), 0.87;
p<0.0001 in the NAKO pretest and 0.87, p<0.0001 in
MetScan). When additionally adjusted for BMI, the asso-
ciation of WC with dSBP was no longer statistically sig-
nificant (Table 2, Model 4). The results were almost
identical when we used a model that included BMI and
BMI-adjusted WC residuals (data not shown). Moreover,
our models were unaltered after inclusion of anti-
hypertensive therapy and smoking: a 5 kg/m? higher BMI
was associated with a 1.49 mmHg higher postural change in
SBP (95% CI 0.80-2.17), and a 5cm higher WC was
associated with a 0.43 mmHg higher postural change in
SBP (95% CI 0.16-0.70) (unadjusted for BMI) in the
NAKO pretest. In the MetScan study, a 5 kg/m> higher BMI
was associated with a 1.36 mmHg higher postural change in
SBP (95% CI 0.67-2.06), and a 5cm higher WC was
associated with a 0.53 mmHg higher postural change in
SBP (95% CI 0.26-0.79). BMI-adjusted models remained

unchanged for the association of WC with postural changes
in SBP after further adjustments for these variables (NAKO
pretest: f —0.42; 95% CI —1.00-0.16 and in MetScan:
0.29; 95% CI —0.28-0.87). Likewise, the inclusion of
seasonality into the models of BMI (per 5kg/m*) (NAKO
pretest 5 1.45, 95% CI 0.77-2.13; MetScan S 1.37, 95% CI
0.68-2.04) and into the models of WC (per 5 cm) (NAKO
pretest 5 0.41, 95% CI 0.14-0.68; MetScan f 0.54, 95% CI
0.28-0.80) with postural changes in BP did not change the
point estimates substantially. Similarly, our BMI-adjusted
models remained unaltered for the association of WC with
postural changes in SBP after further inclusion of season-
ality (NAKO pretest f —0.46, 95% CI —1.05-0.12; MetS-
can f 0.39, 95% CI —0.16-0.95).

When we cross-classified participants based on BMI and
WC, we found the largest increase in dSBP among obese
participants with high WC (3.8 mmHg; IQR —0.7; 8.0 in
the NAKO pretest and 2.9 mmHg; IQR —1.2; 8.3 in
MetScan, compared to non-obese participants with normal
WC or compared to non-obese participants with high WC,
Table 3). Similarly, the proportion of individuals with an
increase (>10 mmHg) in postural dSBP was higher in this
group.

Table 4 presents the association of continuous and
categorical anthropometric measurements with the like-
lihood of having (1) either a >10 mmHg increase or a
<10 mmHg decrease in postural SBP; (2) a >10 mmHg
increase in postural SBP; and (3) a <—10 mmHg decrease in
postural SBP.

In MetScan, a 5kg/m® higher BMI was statistically sig-
nificantly associated with a 1.57-fold OR of having a postural
increase or decrease in SBP (95% CI 1.18-2.07), while a 5 cm
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Table 3 Postural Changes in

. Non-obese Non-obese Obese
SBP (mmHg) in non-obese normal WC high WC high WC
persons with normal or high
waist circumferepce, and in NAKO-pretest study
obese persons with normal or
high waist circumference n (%) 204 (40.4) 194 (38.3) 108 (21.3)
Mean + SD 0.8+6.4 1.3+£6.7 4.1x8.1
Median (IQR) 1.1 (=3.7-5.0) 1.3 (=3.2-5.5) 3.8 (—0.7-8.0)
Minimum —19.5 —18.8 —20.8
Maximum 25.8 29.5 26.5
Decline <10 mmHg in SBP 12 (5.9) 6 (3.1 4 (3.7)
on standing, n (%)
Increase >10 mmHg in SBP 13 (6.4) 17 (8.8) 20 (18.5)
on standing, n (%)
MetScan study
n (%) 231 (45.2) 194 (38.0) 86 (16.8)
Mean + SD 1.0+£54 25+6.8 34+8.7
Median (IQR) 1.2 (—-2.7-5.2) 2.7 (—1.3-7.7) 29 (—1.2-8.3)
Minimum —19.2 —21.7 —19.8
Maximum 14.2 19.7 27.5
Decline <10 mmHg in SBP 7 (3.0) 9 (4.6) 4 4.7
on standing, n (%)
Increase >10 mmHg in SBP 6 (2.6) 25 (12.9) 16 (18.6)

on standing, n (%)

Continuous variables expressed as median (interquartile range, IQR). Obesity: BMI = 30 kg/m?. High WC:
WC 294 cm in men, WC >80 cm in women. Normal WC: WC <94 ¢cm in men, WC < 80 cm in women

WC waist circumference, SBP systolic blood pressure, BMI body mass index

higher WC was significantly associated with a 1.19-fold OR
(95% CI 1.06-1.32) for an increase or a decrease. When
compared to the normal weight study population, participants
who were overweight had an OR of 2.90 (95% CI 1.45-5.83),
and participants with obesity had a 3.87-fold OR (95% CI
1.78-8.43) of having an increase or a decrease in postural
SBP; individuals with a high WC compared to those with a
low WC had a 3.26-fold OR (95% CI 1.59-6.71).

A 5kg/m? higher BMI was associated with a 1.53-fold
OR (95% CI 1.14-2.05) of having a postural increase in
dSBP in the NAKO pretest and a 1.93-fold OR (95% CI
1.42-2.63) in MetScan. Compared to the normal weight
BMI category, obesity was associated with a 2.76-fold
(95% CI 1.27-5.99) OR of having an increment in postural
SBP in the NAKO pretest and a 9.71-fold (95% CI
3.47-27.14) OR in MetScan. In MetScan, this association
was also observed for overweight (OR 6.76, 95% CI
2.59-17.59), yet with a lower point estimate.

Similarly, a 5 cm higher WC was associated with a 1.13-
fold (95% CI 1.00-1.27) OR of having an increment in pos-
tural dSBP in the NAKO pretest and a 1.31-fold (95% CI
1.16-1.48) OR in the MetScan. These associations were
attenuated after adjustments for BMI. Compared to the low
WC category, high WC was associated with an OR of 6.69 for
an increment in dSBP in MetScan (95% CI 2.54-17.54) and
remained statistically significant after adjustment for BMIL.
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In pooled analysis, BMI or WC were associated with
higher odds of an increase in dSBP (OR, 1.71; 95% CI
1.36-2.14 per 5kg/m? higher BMI and 1.22; 95% CI
1.05-1.40 per 5 cm higher WC). No statistically significant
association was observed between the anthropometric
measurements and a decrease in dSBP in either of the stu-
dies, although the number of cases was low. However, in
the pooled analysis, BMI or WC were associated with
reduced odds of a decline in dSBP (OR, 0.67; 95% CI
0.44-1.00 per Skg/m” higher BMI and 0.84; 95% CI
0.72-0.99 per 5 cm higher WC).

In the NAKO pretest, a 5 kg/m* higher BMI was statis-
tically significantly associated with a 3.30 mmHg (95% CI
1.92-4.68) higher postural dSBP in individuals with a sit-
ting BP > 140/90 mmHg (Supplementary Table 3). Simi-
larly, a 5 cm higher WC was significantly associated with a
1.37 mmHg (95% CI 0.79-1.94) higher postural dSBP in
individuals with a sitting BP > 140/90 mmHg but not in
those with a sitting BP < 140/90 mmHg. In MetScan, the
interaction terms were not statistically significant, and we
observed significant associations of anthropometric mea-
sures with postural dSBP in both groups. However, con-
sistent with the NAKO pretest, the point estimates were
lower among those with BP < 140/90 mmHg than among
those with BP > 140/90 mmHg. Similarly, as for the main
analysis, all associations of WC with postural dSBP were
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Table 4 Association between anthropometric measurements and postural changes in SBP, expressed as odds ratio (OR), 95% confidence

intervals (CI)

Odds ratio for the specified change in SBP upon standing

Increase or
decrease in SBP

Increase in SBP

(>10 mmHg in SBP on

standing)

Decrease in SBP

(£<—10 mmHg in SBP on

standing)

NAKO-pretest study (n = 506)
BMI, per 5 kg/m®
BMI categories

Normal weight

Overweight

Obese

WC, per 5 cm, not adjusted
for BMI

WC, per 5 cm, adjusted
for BMI

WC categories, not adjusted for BMI
Normal WC
High WC
WC categories, adjusted for BMI
Normal WC
High WC
MetScan study (r = 511)
BMI, per 5 kg/m?
BMI categories
Normal weight
Overweight
Obese

WC, per 5 cm, not adjusted
for BMI

WC, per 5 cm, adjusted
for BMI

WC categories, not adjusted for BMI
Normal WC
High WC
WC categories, adjusted for BMI
Normal WC
High WC
Pooled estimates
BMI, per 5 kg/m®
BMI categories
Normal weight
Overweight
Obese

WC, per 5 cm, not adjusted
for BMI

WC, per 5 cm, adjusted
for BMI

WC categories, not adjusted for BMI
Normal WC
High WC

1.24 (0.95-1.61)

1 (reference)

0.97 (0.51-1.87)
1.66 (0.87-3.18)
1.04 (0.93-1.16)

0.82 (0.64—1.05)

1 (reference)
0.94 (0.54-1.64)

1 (reference)
0.63 (0.31-1.25)

1.57 (1.18-2.07)

1 (reference)

2.90 (1.45-5.83)
3.87 (1.78-8.43)
1.19 (1.06-1.32)

1.09 (0.86-1.40)

1 (reference)
3.26 (1.59-6.71)

1 (reference)
2.32 (0.99-5.40)

1.39 (1.10-1.75)

1 (reference)

1.67 (0.57-4.88)
2.47 (1.08-5.63)
1.11 (0.97-1.27)

0.95 (0.71-1.26)

1 (reference)
1.71 (0.51-5.80)

1.53 (1.14-2.05)

1 (reference)

1.46 (0.66-3.21)
2.76 (1.27-5.99)
1.13 (1.00-1.27)

0.80 (0.60-1.08)

1 (reference)
1.41 (0.70-2.80)

1 (reference)
0.77 (0.33-1.77)

1.93 (1.42-2.63)

1 (reference)
6.76 (2.59-17.59)
9.71 (3.47-27.14)
1.31 (1.16-1.48)

1.21 (0.91-1.60)

1 (reference)
6.69 (2.55-17.55)

1 (reference)
3.93 (1.33-11.58)

1.71 (1.36-2.14)

1 (reference)
3.06 (0.68-13.77)
4.94 (1.44-16.89)
1.22 (1.05-1.40)

0.99 (0.66-1.48)

1 (reference)
2.95 (0.64-13.61)

0.61 (0.35-1.06)

1 (reference)

0.50 (0.16-1.53)
0.50 (0.15-1.69)
0.82 (0.66-1.02)

0.89 (0.59-1.36)

1 (reference)
0.45 (0.18-1.14)

1 (reference)
0.67 (0.22-2.09)

0.74 (0.40-1.34)

1 (reference)

0.51 (0.16-1.69)
0.51 (0.12-2.11)
0.87 (0.69-1.09)

0.84 (0.53-1.34)

1 (reference)
0.68 (0.21-2.20)

1 (reference)
1.00 (0.23-4.38)

0.67 (0.44-1.00)

1 (reference)

0.50 (0.22-1.14)
0.51 (0.20-1.28)
0.84 (0.72-0.99)

0.87 (0.64—1.19)

1 (reference)
0.53 (0.26-1.10)
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Table 4 (continued)

Odds ratio for the specified change in SBP upon standing

Increase or
decrease in SBP

Decrease in SBP
(£—10mmHg in SBP on
standing)

Increase in SBP
(>10 mmHg in SBP on
standing)

WC categories, adjusted for BMI
Normal WC
High WC

1 (reference)
1.18 (0.33-4.24)

1 (reference)
0.78 (0.32-1.92)

1 (reference)
1.67 (0.34-8.27)

BMI (kg/mz) categories were defined according to the WHO definition as normal weight (<25), overweight (225 to <30), or obese (230); WC (cm)
was dichotomized as normal WC (<94 in men, <80 in women), or high WC (294 in men, >80 in women).

Model 1: adjusted by age, sex, diabetes, stroke and seated SBP

BMI body mass index, WC waist circumference, SBP systolic blood pressure

attenuated after adjustments for BMI. Further adjustments
of the association of BMI and postural dSBP by anti-
hypertensive treatment among those with BP > 140/90 had a
minimal impact on the point estimates in the NAKO pretest
(OR 3.30, 95% CI 1.89-4.71) and in MetScan (OR 2.07,
95% CI 0.42-3.72) (data not shown).

Neither the NAKO pretest nor MetScan showed evidence
of a statistical interaction for age and anthropometric mea-
surements: in the NAKO pretest, the p value for BMI x age 60
was 0.22 and p value for WC x age 60 was 0.23; in MetScan,
the p value for BMIxage 60 was 0.50 and p value for
WC x age 60 was 0.32. However, the point estimates for the
association between anthropometric measurements and pos-
tural changes in SBP were higher in the population older than
60 years of age (Supplementary Table 5).

Likewise, the interaction terms for sex x BMI and sex x
WC were non-statistically significant: in the NAKO pretest,
the p value for BMIx sex was 0.84, and the p value for
WC x sex was 0.21. In MetScan, the interaction terms were
BMI x sex (p =0.06) and WC x sex (p =0.12).

In the NAKO pretest, the interaction terms for stroke x BMI
(p =0.0004) and stroke x WC (p =0.002) were statistically
significant, yet the few cases precluded us from performing
stratified analyses. However, sensitivity analyses excluding
study participants with a self-reported history of stroke showed
that the point estimates were lower, although there was a
similar direction of the effect (data not shown).

Discussion/conclusion

The main finding of the current study was that both BMI
and WC were positively associated with postural changes in
SBP, a measure of cardiovascular reactivity, in two inde-
pendent populations from Germany. Furthermore, WC was
no longer significantly related to postural changes in SBP
once BMI was accounted for (either by direct adjustment or
by using BMI-adjusted WC residuals in the models). These
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data suggest that adiposity in general is associated with a
larger increase in postural changes in SBP, whereas body fat
distribution as assessed by WC is not additionally related to
postural changes in SBP beyond BMI. Our results also
suggest that sitting BP levels may modify these
associations.

The present findings are in agreement with the ARIC
study, in which those with postural increases in SBP had
higher BMIs than those in the reference group, while
decreases in SBP were not significantly related to BMI [7].
Our results indicated that participants with obesity and high
WC had higher values of postural changes in SBP than the
overall study population. Likewise, the proportion of those
with an increase in SBP upon standing was higher in the
study population with obesity and high WC. Both expo-
sures analyzed as continuous variables had similar asso-
ciations with our outcome of interest across studies.
Furthermore, once adjusted for BMI, the association
between WC and postural changes in SBP was no longer
significant. These data suggest that adiposity in general
plays a major role, whereas abdominal body shape does not
add further information.

Observational studies assessing health-related correlates
of subtle postural BP increases are scarce; nevertheless,
there are some potential mechanisms that may explain our
findings. Under physiological circumstances, SBP drops by
5-10 mmHg after changing position [23], and factors such
as the autonomic nervous system, intravascular volume,
duration of erect posture, postprandial state and temperature
(ambient, indoor and clinical) may influence the home-
ostasis of BP [24, 25]. Adiposity appears to impair auto-
nomic function, potentially explained by alterations in
insulin- and leptin-mediated sympathetic nervous system
activation and baroreceptor dysfunction [26-29]. Interest-
ingly and in line with our pooled estimates, previous studies
have reported inverse relationships between BMI and OH in
both men and women and in participants with neurological
conditions [13, 28, 30]. Furthermore, recent evidence
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suggests that baroreflex sensitivity is impaired in metabolic
syndrome [31] and that there is a link between inflammatory
pathways and autonomic dysfunction and atherothrombosis
in OH [32]. In addition, postural changes in SBP and BMI
appear to have a joint genetic regulation by one or more genes
on Chr. 13q [33]. In this context, questions arise as to when
subtle postural changes in SBP begin in the lifetime and
whether subtle postural increases in SBP are an earlier
measure of the disease process or an independently acting
mechanism [34]. In fact, a mean postural increase in SBP of
15.2 mmHg (range 11.3—43.8 mmHg) was associated with
incident hypertension in the ARIC population; however, the
association did not remain statistically significant after
adjustments for seated SBP [7]. In addition, the ARIC study
showed that values of postural change in SBP lower than
20 mmHg conferred elevated hazard ratios for lacunar stroke
[8]. Similarly, higher odds for silent cerebral infarction were
also observed for values of postural SBP change lower than
20 mmHg in an older population from Japan [35]. In the
context of our findings, 9% of the participants in both the
NAKO pretest and the MetScan studies had an increase of
more than 10 mmHg in SBP upon standing. This frequency
increased up to 16.9% in the NAKO pretest and to 12.4% in
the MetScan study when only the population older than 60
years of age was considered. Taken together, one may
speculate that these groups of participants might be at an
elevated risk of overt clinical cerebrovascular events.
Nevertheless, our cross-sectional design limits us from
drawing clinical interpretations. Therefore, further research in
the field of orthostatic changes in BP (in particular increases)
and their clinical validation are essential to elucidate pre-
valence, incidence, and independent prognostic significance
in different populations.

In contrast to previous population-based studies in which
median values of postural changes in SBP were near
OmmHg [4, 7], our mean value of postural dSBP was
between 1.7 and 2.0 mmHg. This discrepancy might be
partly explained by our exclusion criteria, in which study
participants with a history of dizziness or syncope by a
change in posture were not included as part of the extended
BP protocol. Therefore, the present findings should be
interpreted in relation to a population that excludes people
with symptomatic systolic OH. Nevertheless, our aim was
to study subtler responses to postural changes in SBP rather
than clinical OH. Notably, 0.4% and 0.8% of the NAKO
pretest and MetScan study participants, respectively,
included in this study had asymptomatic postural dSBP
>20 mmHg (data not shown). In addition, sex differences in
BP regulation have been previously reported [12, 36], and
there is evidence of sex differences in BP hemodynamics in
overweight and obese populations [37]. However, we found
similar responses to systolic postural changes among men
and women. Consistent with the ARIC study [8], we

observed less variability in orthostatic DBP changes than in
postural SBP changes. Consequently, we focused our ana-
lysis on postural changes in SBP. Moreover, in a com-
plementary analysis, we did not find associations between
anthropometric measurements and dDBP, except for BMI in
the NAKO pretest: a 5kg/m” higher BMI was associated
with a 0.64 mmHg higher postural dDBP (95% CI
0.21-1.07) (data not shown).

We further evaluated the modification of the main effect
by baseline, seated SBP, and our associations were stronger
among those with higher levels of seated SBP. In hyper-
tensive populations, baroreceptor responsiveness is
impaired, possibly through different mechanisms [38]. It
has been suggested that antihypertensive therapy may have
an impact on postural changes in SBP [3, 39]; nonetheless,
our findings were independent of antihypertensive
treatment use.

One of the issues that emerges from our study is the
moderate to good reliability in SBP measurement assess-
ment. The superior reliability in MetScan, despite longer
days in between measurements, might be explained by the
number of trained nurses who performed the repeated
measurements (4 nurses) compared to the NAKO pretest, in
which more trained nurses participated in the pretest and
might have influenced the intervariability. Symptomatic
postural changes in BP are measured using a head-up tilt
test; however, this test is not always available and warrants
interpretation by a well-trained expert [39]. Thus, a cor-
ollary of this observation is that the protocol utilized here
may be feasible in large population-based epidemiological
studies. This is also underlined by the fact that the asso-
ciations we observed between changes in SBP and BMI and
WC were remarkably similar across the NAKO pretest and
MetScan. In fact, in the fully adjusted models, a change of
one SD in BMI was associated with a 0.21 SD and 0.19 SD
increase in postural changes in BP in the NAKO pretest and
MetScan studies, respectively. Similarly, a change of one
SD in WC was associated with a 0.19 SD (NAKO pretest)
and 0.23 SD (MetScan) increase in postural changes in BP,
which were no longer statistically significant after adjust-
ment for BMI (data not shown).

Furthermore, both supine-to-standing measurements and
sitting-to-standing measurements are utilized in research
settings. The ARIC study defined changes in SBP as the
difference between standing and supine SBP, whereas in
our study we used sitting instead of supine SBP. It has been
suggested that the decrease in BP that occurs from transi-
tioning from a supine to a standing position may be greater
than that which occurs when changing position from sitting
to standing [40]. If this is the case, then it is possible that
our postural decreases in SBP were underestimated, as our
study would have misclassified individuals who truly had
postural decreases in SBP as not having them.
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The strengths of this study include the standardized pro-
cedures used for postural BP measurements under similar
indoor temperatures, the assessment of reliability of mea-
surements and the replication of the findings in an indepen-
dent population using continuous and categorical outcomes.

However, several limitations should be mentioned. First,
due to the design, cross-sectional studies do not allow us to
examine temporal relationships. Second, while we included
known risk factors for OH as covariates, residual or
unmeasured confounding (e.g., genetic predisposition [41],
other neurological diseases [42]) needs to be considered
when interpreting the results. Moreover, given that the
covariates considered were all self-reported data, any
potential misclassification of confounders should be taken
into consideration. Nevertheless, the results were consistent
when we analyzed confounding variables, taking missing
data into account. Third, we cannot rule out that dSBP
might be overestimated, as we excluded participants with a
history of postural dizziness/syncope. Fourth, the MetScan
study population was drawn as a convenience sample, and
self-selection bias is likely with this approach. However, the
characteristics were similar to those observed in the
population-based sample from the NAKO pretest. Fifth, this
study might have been underpowered to detect associations
examining decreases in dSBP, and thus, the models should
be interpreted with caution. Moreover, because it has been
suggested that the assessment of DBP may be less reliable
[34], we did not analyze postural changes in DBP (DBP
usually increases by 5-10 mmHg upon standing due to
peripheral vasoconstriction and reduction in cardiac stroke).
Finally, one may argue that a considerable number of par-
ticipants (n = 117) were excluded from the NAKO pretest
due to the application of version 1 of the BP protocol. While
we did not see differences in median values for BMI, WC or
the prevalence of DM and stroke among those excluded,
postural dSBP was slightly higher (Supplementary Table 4).
Nevertheless, we were able to replicate the results in an
independent population.

In conclusion, general adiposity was associated with
postural changes in SBP in two independent populations,
and this relationship was potentially driven by increases in
postural SBP. Abdominal adiposity was not significantly
related to changes in SBP once general adiposity was
considered. Our results further suggest that seated BP levels
seemed to modify this association.

Although the clinical implication of subtler postural
changes in SBP is still unclear, our findings highlight the
current knowledge gap in the epidemiology of orthostatic
SBP dysregulation and the associated risk factors. Taken
together, the mechanisms to maintain a normal BP postural
response by adiposity may have implications for future
research strategies. From a broader perspective, prospective
studies that assess whether subtle increases in postural BP
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are associated with cardiovascular outcomes in different
populations are of interest.
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