Heritability of Venous Function in Humans

Marina Brinsuk, Jens Tank, Friedrich C. Luft, Andreas Busahn, Jens Jordan

Objectives—Venous function contributes to the pathogenesis of thrombophlehitis, venous thrombosis, and possibly to
arterial hypertension. Venous disease is presumably heritable; however, the genetic variance of venous function

is unknown.

Methods and Results—We determined the heritability of venous function in 46 twin pairs (24 monozygotic, age 35+11
years, 14 men, 34 women; 22 dizygotic, age 30£8 years, 19 men, 25 women). After a resting phase in the supine
position, we determined venous function in both legs by impedance plethysmography. V enous capacity was determined
by a standardized protocol. In addition, we obtained venous pressure volume curves by slowly deflating a thigh cuff
from 60 to 0 mm Hg. Venous compliance was determined as the steepest part of the venous pressure volume curve.
Heritability was estimated using a path modeling approach. Unadjusted heritability was 0.6 (P<<0.05) for venous
capacity and 0.9 (P<<0.05) for venous compliance. The heritability estimate for venous capacity decreased to 0.3 after
adjustment for age, body mass index, and body fat. The heritability estimate for venous compliance remained essentially

unchanged after adjustment for sex and age.

Conclusions—We conclude that venous function is strongly influenced by genetic factors. The genes involved may
influence venous disease states. (Arterioscler Thromb Vasc Biol. 2004;24:207-211.)
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pproximately 75% of the circulating blood volume is

contained in veins. Therefore, relatively small changes
in venous function may have a substantial effect on the
cardiovascular system. For example, an increase in venous
tone may cause a shift of blood volume from the periphery
toward the heart and increase cardiac output. This mechanism
may contribute to increased cardiac output in the earlier
stages of essentia hypertension.?2 Venous function becomes
particularly important during assumption of upright posture
as 500 to 1000 mL are pooled below the diaphragm.3
Variability in the amount of blood that is pooled during
standing influences the propensity to experience orthostatic
symptoms.4 Venous function may also contribute to the
pathogenesis of varicose veins, thrombophlebitis, and venous
thrombosis. Thus, genes that influence venous function might
play an important role in a variety of common cardiovascular
ailments. Indeed, ~60% of the variation in the susceptibility
to venous thrombosis is related to genetic factors.s A positive
family history substantially increases the likelihood to suffer
from varicose veins,® vasovagal syncope,” or essential hyper-
tension. However, the research on the genetics of all these
conditions has largely neglected the possibility that venous
function may be an important intermediate phenotype. The
responsiveness of veins to adrenergic stimulation is influ-
enced by genetic factors.2® Y et, the mechanical properties of
veins, such as compliance and capacity, may be more relevant

to physiological function. The magnitude of the genetic
contribution to these measures is not known. We determined
the heritability of venous function in a cohort of normal
twins.

M ethods

Subjects

We investigated the heritability of venous function in 46 twin pairs.
Twenty-four twin pairs were monozygotic (MZ, age 35+11 years,
14 men, 34 women) and 22 twin pairs were dizygotic (DZ, age 308
years, 19 men, 25 women). The twin pairs were recruited from the
Berlin Twin Register.2° The subjects underwent a medical history
interview and physical examination before the study. Only healthy
persons were included in the study. Persons ingesting medications
except birth control pills were excluded from the study. Zygosity was
determined using 5 microsatellite markers co-amplified by polymer-
ase chain reaction. The probability of a DZ twin pair to share all
marker aleles by chance is 0.006. The overall rate of correct
classification is >99%.1* Written informed consent was obtained
before study entry as required by the institutional review board.

Study Protocol

Subjects were evaluated at the Franz Volhard Clinical Research
Center after an overnight fast. The level of physical activity was
assessed with a questionnaire.12 Height and weight measurements
were taken. Skinfold thickness was measured with a caliper (triceps,
chest, abdomen, thigh, calf) to estimate body fat content. In addition,
we assessed body composition with body impedance analysis (Quad-
scan 4000, Bodysstat Ltd, 1sle of Man, Great Britain). Relative body
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7.5 obtained with 10 to 60 mm Hg occlusion pressure.1® The correlation
between cuff pressure and intravenous pressure is lost at lower cuff
—_ pressures. Figure 1 shows venous pressure-volume curves in an MZ
2 5.0 twin pair. Venous compliance was determined as the steepest part of
o the venous pressure volume curve using linear regression analysis.
§ We compared the effect of venous occlusion time on venous
"g' 25 compliance in seven subjects. Venous compliance was 0.05+0.01,
0.05+0.01, and 0.06=0.02%/mm Hg after 2, 4, and 8 minutes
——twin 1 venous occlusion, respectively.
J —twin 2
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1'0 2'0 3'0 4'0 5'0 60 Statistical analysis was conducted using the SPSS program (SPSS

cuff pressure (mm Hg)

Figure 1. Pressure volume relationship determined by imped-
ance plethysmography in the left leg in a monozygotic twin pair.
The venous occlusion cuff was inflated to 60 mm Hg. After four
minutes cuff inflation, the cuff pressure was lowered from 60 to
0 mm Hg at a rate of 1 mm Hg/sec. Venous compliance was
determined with linear regression analysis at the steepest part
of the curve.

fat content, relative lean body mass, and relative dry lean body mass
were computed. Supine blood pressure and heart rate were deter-
mined after aresting phase of at least 15 minutes with an automated
brachial blood pressure cuff (Dinamap). Routine blood samples were
obtained. All studies were conducted in aquiet room at 20° C during
morning hours.

Evaluation of Venous Function

Changesin leg volume were determined in both legs with impedance
plethysmography using the four electrode technique (Rheoscreen,
Medis, Ilmenau, Germany).13-15 Changes in limb volume were
expressed as mI/100 mL tissue (%). These measurements tend to be
independent of body size. Venous-collecting cuffs were placed
around the thigh proximal to the knee. The sampling field was
located at the inner side of the calf at the largest circumference.
Sampling electrodes were placed proxima and distal to the largest
circumference 10 cm apart from each other. Current injecting
electrodes were placed on the forefoot and the thigh proximal to the
occlusion cuff. Venous capacity was determined by a standardized
protocol. Briefly, the leg was raised by 30° to empty the veins to
obtain a decrease in capacitance below ambient venous pressure.
Then, occlusion cuff pressure was raised in three steps (40, 60, and
80 mm Hg). Cuff pressure was increased automatically until venous
filling leveled off. After the completion of this testing, the leg was
lowered to 10° and venous pressure-volume curves were ob-
tained.’17 The thigh cuff was inflated to 60 mmHg for four
minutes. This period is sufficient for almost complete venous
filling.*® Then, the cuff pressure was lowered from 60 to 0 mm Hg
at a rate of 1 mmHg/sec by an automated system. When cuff
pressure is released at such a rate, intravenous pressure tracks cuff
pressure.1® Cuff pressure was plotted against leg volume using data

Inc., Chicago, IL). All data are expressed as mean=+SD. Relationship
between parameters was assessed by linear regression analysis.
Interindividual differences of mean group values were tested with
unpaired t-test. A value for P<<0.05 was considered to be statistically
significant. Parameters of the quantitative genetic models were
estimated by structural equation modeling using the MX program
developed by Neale.’® The variability of any given phenotype within
a population can be decomposed into genetic influences (Vargicen),
environmental influences shared by the twins within a family
(Vargaeen), and effects of random environment (Vare,):

Var=VarydcentValsaeenwVaey-
For MZ and DZ, the covariance of their phenotype is given by:
CoVyz=V & wgeentV A sraredenvs
Covpz=0.5 Var gocent V& raredeny-

Heritability analysis in twin studies can estimate additive compo-
nents of genetic variability as well as two environmental influences,
shared and nonshared environmental influences. These values esti-
mate the relative amount of the variable’s influence on interindi-
vidual differences up to a sum of one. Genetic as well as environ-
mental effects were estimated by the best fitting model as selected by
the x? value.® Adjustments for age, body mass index (BMI), and
blood pressure were done by multiple linear regression using
unstandardized residuals. In case of significant deviations from
normal distribution, the appropriate transformations were applied.
To test relations between measures of venous function and potential
covariates, correlations were calculated for the total sample as well
as for males and females separately. As many covariates were not
independent of one another, stepwise multiple regression analysis
was applied to determine a minimum set of predictor variables. The
setting for a stepwise exclusion of variables was placed at a
probability value of >0.5.

Results
MZ and DZ twins had similar age, body mass index, resting
blood pressure, and resting heart rate (Table 1). DZ twins
were more commonly male, a difference reflected in their
values for body fat and lean body mass. Venous function was

TABLE 1. Baseline Characteristics, Intra-Class Correlation Coefficients, and Heritability

Mz Dz Total r Mz rDZ h?
No. 48 44 92
Male/female 14/34 19/25 33/59
Age, ¥ 35+11 30+8 32+10
Body mass index, kg/m? 235+4,5 23.6+3,2 23.6+3,9
Body fat, kg/% 14+6/22+8* 13+7/18+8 14+6/20+8
Lean body mass, kg/% 50+9*/78+8 58+12/82+8 54+11/80+8
Venous capacity, % 6.02.2 5123 56+2.3 0.60 —0.06 0.60*
Venous compliance, %/mm Hg 0.24+0.14* 0.18+0.12 0.21+0.13 0.90 0.25 0.90*

MZ indicates monozygotic twins; DZ, dizygotic twins; h?, heritability; and r, intra-class correlation coefficients. *P<<0.05



TABLE 2. Correlations With Venous Function

Capacity Compliance
Age 0.17 0.30*
Body mass index —0.16 -0.21*
Waist circumference -0.21 -0.13
Body fat content, % 0.25* 0.41*
Lean body mass, % —0.25* —-0.41*
Dry lean mass, % —0.38* -0.37*
Supine SBP -0.33* -0.37*
Supine DBP 012 0.19
Supine heart rate 0.00 0.02
Physical activity —0.08 —0.23*

highly variable. For example, venous compliance ranged
from 0.06 to 0.67%/mm Hg. However, venous function was
similar in MZ and DZ twins when adjusted for age- and
sex-related effects. We assessed the relationship between
venous function and several anthropometric measures (Table
2). Body composition and systolic blood pressure were
directly and inversely correlated with venous functional data,
respectively. Moreover, we observed an age- and sex-related
effect on venous function.

Venous compliance and venous capacity were highly
correlated in MZ twins (Figures 2 and 3). The correlation was
much weaker or even absent in DZ twins. For the heritability
estimation, venous compliance and venous capacity were
adjusted for sex and age. Adjusted venous capacity and
compliance were closely related in MZ but not in DZ twins
(Table 1). These findings are consistent with a strong genetic
influence on venous function. The heritability estimates were
0.60 for venous capacity and 0.90 for venous compliance.

To test whether or not this genetic influence was secondary
to genetic influences on body composition, we adjusted our
measures of venous function. For venous capacity, the linear
regression included age, BMI, and the weight of body fat as
significant predictors. The heritability of the adjusted capac-
ity was reduced to 0.3. For venous compliance, the regression
included age, sex, BMI, and absolute and relative weight of
body fat. The heritability after adjustment was 0.89 and
thereby remained virtually unchanged.

Discussion
Twin studies have been extensively used to characterize the
interaction of genetic and environmental factors on cardio-
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Figure 2. Correlation in venous compliance between siblings in
monozygotic and dizygotic twins. The correlation was much
stronger in monozygotic twins compared with dizygotic twins.
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Figure 3. Correlation in venous capacitance between siblings in
monozygotic and dizygotic twins. The correlation was much
stronger in monozygotic twins compared with dizygotic twins.

vascular phenotypes.t220 We employed the twin approach to
test the hypothesis that venous function is influenced by
genetic factors. We obtained different measures of venous
function using the impedance plethysmography tech-
nique.t314 Our data suggest that both venous compliance and
venous capacity are strongly influenced by genetic factors.

Genes that influence venous tone either through humoral or
by neural mechanisms could mediate a genetic effect on
venous function measurements. Indeed, genetic factors con-
tribute to the variability of venous responsiveness to adren-
ergic stimulation.8® Adrenergic stimulation shifts the venous
pressure-volume curve to lower volumes.1617 The shift might
influence the venous capacity measurements. However, in
healthy subjects and in orthostatic intolerance (POTS, pos-
tural tachycardia syndrome) patients, the shape of the venous
pressure curve and, thus the venous compliance, is essentially
unchanged during sympathetic stimulation.’6.17 Therefore, it
isunlikely that our heritability estimate of venous compliance
is solely explained by a genetic effect on venous adrenergic
tone.

We hypothesize that the strong heritability of venous
function may be explained by genes that influence venous
structure. Genes that influence vascular remodeling or that
encode for connective tissue components are potential candi-
date genes for future association studies. For instance, vari-
COose Veins possess greater quantities of matrix metallopro-
teinase (MMP)-1 than normal veins and demonstrate regional
variation in MMP-1 and MMP-13.2t Ancther potential can-
didateisthe gene encoding for collagen 111, which is deficient
in the saphenous veins of patients with varicose veins.22

The magnitude of the venous distention at a given intra-
vascular pressure is not only related to venous structure, but
aso to the mechanical properties of the surrounding tissue.
The mechanical properties may be modulated by a variety of
factors, including tissue composition and interstitial fluid
content. An effect of tissue composition on venous compli-
ance is implicated by a recent study that showed a reduction
in venous compliance in sedentary persons compared with
endurance-trained subjects.> The heritability estimate for
venous capacity was attenuated after adjustment for body
composition and body mass index. In contrast, the heritability
estimate for venous compliance was unchanged after statis-
tical adjustment. Our findings suggest that the genetic influ-
ence on venous capacity, but not venous compliance, is
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mediated in part by genes that modulate body composition.
Because we did not obtain a measure for microvascular
filtration or interstitial fluid content in the leg, we were not
able to assess a potential genetic link between these measures
and venous function.

The genetic effect on venous function might also be
important to the pathogenesis of cardiovascular disorders,
such as arterial hypertension, chronic venous disease, and
orthostatic intolerance. Indeed, the rather high heritability
estimates in our study suggest that venous function may be an
important intermediated phenotype. Reduced venous compli-
ance has been described in patients with essential hyperten-
sion,2 adisorder that is highly heritable. Therefore, the genes
that influence venous compliance may also be relevant for the
pathogenesis of arterial hypertension. We present functional
data. However, we specul ate that subsequent varicosities may
be the result of functional attributes that are largely inherited.
Indeed, chronic venous disease is strongly influenced by
genetic variance.2425 This issue was aso addressed in an
elaborate genetic analysis of 68 large pedigrees that included
80 nuclear families.2s The authors found an astoundingly
strong genetic variance, namely penetrance frequencies be-
tween 70% and 92%. Finally, abnormalities in venous com-
pliance have been described in patients with orthostatic
intolerance.x”

Our study necessarily has some limitations. One potential
weakness is that we characterized genetic influences on
venous function in a cohort of healthy subjects. Nevertheless,
venous disease is common and will likely occur in many of
our subjects as they grow older. The genes involved may be
extremely difficult to find. However, genes involved in
Mendelian diseases were shown to act as quantitative trait
loci in the general population, supporting the close relation-
ship between physiological and pathological processes.27.28
Another potential limitation is the methodology and protocol
we employed to assess leg volume. Two methods are widely
available to determine leg volume changes, namely imped-
ance plethysmography, as in our study, or strain gauge
plethysmography. The correlation between the two methods
was found to be good in an earlier study.s The cuff inflation
duration and the leg position, as well as the cuff pressure-
profile,2 may have confounded venous function and may
have caused a systematic deviation from the “true” venous
compliance and capacity. We also cannot exclude the possi-
bility that venous filling was incomplete during our measure-
ments, which may have caused us to underestimate the
venous capacity. Another potentia limitation is the fact that
we used cuff pressure as a surrogate parameter for intrave-
nous pressure to determine venous pressure-volume curves.”
The relationship between cuff pressure and intravenous pres-
sure may be atered in individuals with increased resting
venous pressure.® Finally, we cannot exclude the possibility
that increased microvascular filtration during occlusion cuff
inflation may have led to secondary changes in venous
function measurements. Indeed, the applied cuff pressures
were certainly above isovolumetric venous pressure.3 How-
ever, we did not see a magjor difference in the compliance
measurements after 2, 4, and 8 minutes of venous occlusion.
The strong heritability estimates suggest that even if our data
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deviated systematically from “true” venous function, they
were nevertheless highly reproducible.

Despite these issues, we suggest that venous capacity and
compliance are inherited and that both linkage and associa-
tion studies are suitable to pursue specifically which gene loci
and genes are involved. Elucidation of the genes that influ-
ence venous function may provide important new insight in
the pathophysiology of cardiovascular disorders that are
associated with disordered venous function.
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