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Subnormal Plasma Volume in Formerly
Preeclamptic Women Is Associated With a Low
Venous Capacitance
A

Robert Aardenburg, MD, Marc E. Spaanderman, MD, PhD, Dorette A. Courtar, MD,
Hugo W. van Eijndhoven, MD, Peter W. de Leeuw, MD, PhD, and
Louis L. Peeters, MD, PhD
Pregnancy induces a smaller rise in plasma volume in formerly preeclanmptic women with a
subnormal plasma volume than in their counterparts with a normal plasma volume. These
women also have a three times higher recurrence rate of pregnancy-induced hypertensive disorders. In this
study we tested the hypothesis that a subnormal plasma volume in these women is related to a lower
capacitance of their venous compartment.
METHODS: In 31 nonpregnantformerlypreeclamptic-women with a subnormalplasma volume and eight
parous controls, we infused intravenously 500 mL of a modified gelatin solution over 30 minutes. Before
and after infusion we measured the circulating levels of ot-atrial natriuretic peptide (a-ANP) and active
plasma renin concentration (APRC). During volume loading, we recorded the change in heart rate, stroke
volume, and cardiac output using pulse contour analysis. We measured the ratio of percent change in blood
volume and percent change in cardiac output during volume loading as a markerfor venous capacitance.
RESULTS: During volume loading, patients dffferedfrom controls by a larger rise in oa-ANP, pulse rate,
and cardiac output, and by a lower estimated venous capacitance. The concomitant response of stroke volume
and APRC did not differ appreciably between groups.
CONCLUSION: Formerly preeclamptic women with a subnormal plasma volume dfferfrom controls with
a normal plasma volume by a reduced venous capacitance. These results support our hypothesis that, in these
women, a subnornal plasma volume indicates the presence of a subnormal venous capacitance. (J Soc
Gynecol Investig 2005; 12:107-11) Copyright C) 2005 by the Societyfor Gynecologic Investigation.

OBJECTIVE:

pre-existent

KiEY woRDS: Preeclampsia, plasma volume,
bout two thirds of nonpregnant normotensive formerly preeclamptic women have a subnormal plasma
-3.1.volume,1 which is accompanied by both a reduced
venous compliance2 and a higher sympathetic activity in the
autonomic control of the circulation.3'4 In their next pregnancy, these women differ from their counterparts with a
normal plasma volume by a three times higher recurrence rate
of hypertensive disorders,' an observation indirectly supported
by data from several other groups.6-9 Previously, we reported
that in a next pregnancy, these women also differ from their
counterparts with a normal plasma volume by a lack of plasma
volume expansion and a rise instead of no change in ax-atrial
natriuretic peptide (ox-ANP) in the first 8 weeks.'0
Under physiologic conditions, approximately 70% of the
blood volume is located in the venous compartment, where it
serves as a buffer to raise venous return in response to higher
demands for systemic blood flow.11 The latter is mainly
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versity

venous

capacitance, pregnancy.

achieved by venoconstriction, which raises cardiac preload by
reducing venous capacitance.12 The latter is defined as the
relationship between contained volume and distending pressure in the venous compartment'3"4 in contrast to venous
compliance, which is the ratio of a change in volume to the
concomitant change in transmural distending pressure in the
venous compartment. 14 Compliance and capacitance are
clearly interrelated, but capacitance describes the capacity to
contain volume whereas compliance describes the elastic properties of the vascular wall. Although normotensive formerly
preeclamptic women with a subnormal plasma volume have a
reduced venous compliance,10 it is unclear whether the subnormal plasma volume is also accompanied by a lower venous
capacitance.
The present study was designed to test the hypothesis that
normotensive formerly preeclamptic women with a subnormal
plasma volume have a lower venous capacitance than controls.
To test this hypothesis we administered a volume load to a
group of formerly preeclamptic women with a subnormal
plasma volume and compared the responses to those obtained
in a group of healthy parous controls with a normal plasma
volume.
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Table 1. Demographic Variables

Age (y)
Body mass index (kg- m- 2)
Primiparity (%)
Smokers (%)
Interval from pregnancy to
study (y)
Plasma volume (mL/kg LBM)
Plasma volume (mL)
Forearm venous compliance
(mL dL-' mmHg 1)
NS

=

not significant; LBM

=

15 -

Low-PV

Controls

P

31.1 + 0.7
25.5 + 0.7
80.0%
10.0%

35.2 + 1.0
22.1 + 1.1
74.0%
19.4

< .05
< .05
NS
NS

1.6 + 0.2
3.5 ± 0.8
44.2 + 1.6 54.7 ± 3.3
2576 + 67 3015 ± 176

< .05
< .05
< .05

0)

0.2

4.4

0.3

10

`0co

5

-

a)

-

to
r(U

2-_
%.0

I
a)

4.3

-105

4

NS

t

a-ANP

lean bodv mass.

-15 -

Patients
We performed this study in eight healthy parous controls and
31 nonpregnant normotensive women with both a recent
history of early-onset (<34 weeks) preeclampsia and/or
HELLP (hemolysis, elevated liver enzymes, low platelets) syndrome, and a plasma volume of at least 2 SD below the mean
of the control group determined at least 6 months postpartum
(<48 mL/kg lean body mass). Hypertension, preeclampsia,
and HELLP syndrome were defined according to the critenra
of the Report of the National High Blood Pressure Education
Program Working Group on High Blood Pressure in Pregnancy.15 We recruited the controls by advertisement. We only
enrolled women in the control group who were normotensive
and had a history of uneventful pregnancy. Women in both
groups had singleton pregnancies only. We started recruitment
after approval of the study protocol by the university hospital's
medical-ethical committee. After careful explanation of the
protocol all participants gave written informed consent.

Methods
Measurements were performed in the follicular phase of the
menstrual cycle (cycle day 5 + 3). Participants refrained from
smoking and consuming caffeine and/or alcohol-containing
substances from the evening prior to study. During the measurements, the participants were comfortably laying in supine
position under standardized conditions in a temperaturecontrolled room (23 ± 1iC).
Measurements were started after at least 30 minutes of
acclimatization to the experimental conditions. Forearm venous compliance was measured by plethysmography as detailed
elsewhere.2 Before and after infusion, we sampled blood for
the measurement of the hematocrit and the circulating levels of
ax-ANP (ng L 1) and of active plasma renin concentration
(APRC, mU L 1). Blood samples were collected in chilled
tubes, put on ice during transport, and processed within minutes after collection to be stored at -70C until analysis.
at-ANP and APRC were measured as detailed previously.'0
s

15

Table 2. Responses to Volume Loading

--AtLow PV

Controls

UL)

(1

10

-

5

-

4-

66.6 ± 3.6

62.8 + 5.4

NS

87.5 + 4.2

61.1 + 6.0

<.05

21.0 ± 2.0

19.4 ± 6.3

NS

18.4 ± 1.5

16.8 ± 4.8

NS

beats/min)
Heart rate (postloading,
beats/min)
Stroke volume (basal value,

75 ± 1

76 + 3

NS

86 + 1

79 ± 4

NS

mL)
Stroke volume
(postloading, mL)
Cardiac output (basal value,
L/min)
Cardiac output
(postloading, L/min)

89

86

NS

APRC (basal value, mU
L 1)
APRC (postloading, mU
L 1)
Heart rate (basal value,

--Control

P

a-ANP (basal value, ng
L- 1)
a-ANP (postloading, ng
L- 1)

APRC

Figure 1. Percentage change (+SEM) in ax-ANP and APRC in
response to a volume load of 500 mL. #Significant intergroup difference (P <.05). tSignificant intragroup difference (P <.05).

PATIENTS AND METHODS
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Figure 2. Percentage change (+SEM) in heart rate in response to a
volume load of 500 mL in 30 minutes and the 10 minutes following
the infusion period. The area under the curve differed between the
two groups (Mann-Whitney U test, P <.05).
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Figure 3. Percentage change (+SEM) in stroke volume in response
to a volume load of 500 mL during a 30-minute period of infusion
and the subsequent 10 minutes after discontinuati Ion of the infusion.
The area under the curve does not differ betweein groups.

We corrected the postinfusion levels of ox-ANIP and APRC for
dilution by multiplying the measured levels b)y the ratio of preand postinfusion hematocrit. Prior to volum(e loading, plasma
volume was determined using dextran-70 inclicator method as
detailed previously.16 Plasma volume is exprn:sscu ai iIillillLCLS
per kilogram calculated lean body mass.1
After blood sampling, intravenous administration of a modified
gelatin solution was started using an infusion piump at a constant
rate of 16.7 mL minm 1. The infusion was disc-ontinued after 30
m.Wed chser30
minutes and thus after a total volume load of 51
00 mL We chose
for a volume load of 500 mnL to be infused in
basis of a small pilot study aimed to assess opt imal infusion rate
and total volume load. We recorded (relative) changes in stroke
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Figure 4. Percentage change (+ SEM) in cardiac output in response
to a volume load of 500 mL in a 30-minute infusion period and the
10 minutes after its discontinuation. The area under the curve differed
between the two groups (Mann-Whitney U test, P <.01).
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Figure 5. The slope of the linear regression line of the relative rise in
cardiac output for a relative rise in plasma volume in the low-PV and
control groups. Box plots show medians, interquartiles, and ranges.
#Significant difference between the two groups (P <.05).
volume (mL), heart rate (beats mI
), and cardiac output (L
in response to volume loading, using continuous beat-tormm 1)
beat pulse contour analysis with the Portapress device (TNOBiomedical Instrumentation, Amsterdam, The Netherlands) 17
This technique has been validated for estimating intra-individual
changes in stroke volume over time.18-20 We assessed the hemodynamic responses to volume loading on the basis of Portapress
recordings at 5-minute intervals throughout the infusion penrod
and the subsequent 10 minutes afterwards.
Venous capacitance is an estimate of venous filling in steady
state.14 Depending on size and compliance of the venous bed,
volume loading will raise unstressed volume until cardiac preload, and with it cardiac output, begins to increase. The
maximum volume load, accommodated without a rise in preload, can be expected to vary as a function of venous capacitance. It follows that an estimate of venous capacitance can be
obtained by subjecting the vascular bed to a standardized
procedure of volume loading. We adopted a method to reflect
venous capacitance by calculating the slope of the linear regression line of the relative rise in cardiac output for a relative
rise in plasma volume. The relative change in plasma volume
was obtained by taking the ratio of pre- and postinfusion
hematocrit.

Statistical Methods
The intergroup differences and those observed in the response
to volume loading in ox-ANP and APRC and venous capacitance were tested by Mann-Whitney U test. For the intergroup difference in changes in pulse rate, stroke volume, and
cardiac output in response to volume loading, the area under
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the curve was calculated and differences were tested by MannWhitney U test. Intragroup changes in ax-ANP and APRC
as a result of volume loading were tested using with the
Wilcoxon signed-rank test. A P value less than .05 was considered statistically significant.

RESULTS
Table 1 lists the demographic characteristics of both study
groups. The patient group (low-PV) had a higher body mass
index, lower age, and, obviously, a lower plasma volume, but
comparable parity and a shorter interval between pregnancy
and the time of study relative to the control group. Among the
multiparous women, 50% had two pregnancies and 50% had
three pregnancies in both patients and the control group.
Table 2 lists the absolute values of responses to volume
loading. Women in the low-PV group have a significant
increase in ox-ANP and cardiac output in response to volume
loading.
The relative changes in response to volume loading in
cx-ANP and APRC are displayed in Figure 1. Women in the
low-PV group differed from controls by an increase in
at-ANP. Responses of APRC to volume loading were similar
in both groups.
Relative hemodynamic changes in response to volume loading are depicted in Figures 2, 3, and 4. While the response in
heart rate (Figure 2) was higher in the low-PV group, the
response in stroke volume did not differ between the two
groups (Figure 3). The latter lack of difference might be
power-related. Figure 4 illustrates the response in cardiac output to volume loading. Volume loading induced an initial rise
in both groups; however, only in the low-PV group, cardiac
output continued to increase after the first 15 minutes of
volume loading, an effect that persisted after discontinuation of
volume loading.
The slope of the linear regression line of the relative rise in
cardiac output for a relative rise in plasma volume is shown in
Figure 5. Relative to controls, this slope was 70% lower in the
low-PV group.

DISCUSSION
The response to acute volume loading in formerly preeclamptic women with a subnormal plasma volume differs from that
in parous controls by both a larger rise in cardiac output and a
rise instead of no change in o-ANP. Both effects are consistent
with a reduced capacity to accommodate a relatively modest
volume load in the vascular bed. The observed rise in cardiac
output probably indicates a volume shift from the venous to
the arterial bed, whereas the observed higher circulating levels
of ox-ANP will cause fluid loss from the vascular bed by
accelerated natriuresis and leakage of fluid to the interstitium in
conjunction with a increased capillary permeability.21'2" Venous capacitance can be expected to vary with the amount of
extra blood that the venous bed is able to accommodate. The
higher slope of the linear regression line of the relative rise in
cardiac output for a relative rise in plasma volume in the
low-PV group suggests that a subnormal plasma volume in
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formerly preeclamptic women indicates a reduced venous
capacitance.
The venous capacitance consists of a static (size of the
venous compartment) and a dynamic component (total venous
compliance). Because cardiac output and venous return are
closely correlated, we used changes in cardiac output as an
estimate for the concomitant changes in venous return. As our
estimate for venous capacitance varied independently from that
in the concomitantly measured forearm venous compliance,
the latter did not seem to be a confounder of venous
capacitance.
In a previous study we reported that formerly preeclamptic
women with a subnormal plasma volume respond to a new
pregnancy with absent or less plasma volume expansion than
parous controls with a normal plasma volume.2 The concomitant rise in (x-ANP as opposed to no change in uneventful
pregnancy10 supports the concept that also during pregnancy,
subnormal plasma volume expansion results from a limited
capacity to expand the unstressed volume in the venous bed,
and thus venous capacitance. From these inferences we conclude that these women have a subnormal venous capacitance,
which limits their ability to expand plasma volume in
pregnancy.
Capacitance is an important characteristic of the venous bed
as it represents a buffer, which can be mobilized in response to
a higher demand for venous return.13 Particularly in conditions
of prolonged increases in cardiac output as seen in pregnancy,
this buffer is important, because the alternative option to raise
cardiac output would be by increasing the sympathetic drive in
the autonomic control of the cardiovascular system. The latter
is not only less efficient and associated with extra strain exerted
on heart and arteries due to increased shear stress, it also
induces a redistribution of systemic blood flow at the expense
of nonvital tissues, including the uterus.
The latter may cause the development of a hyperdynamic
circulation. Although there is limited consensus about the
hemodynarnics of preeclampsia, several studies seem to confirm that the early stage of preeclampsia is characterized by a
hyperdynamic circulation.23-26 Furthermore, a hyperdynamic
circulation interferes with the circulatory adaptation to pregnancy and the growth of the uteroplacental perfusion and,
thus, is associated with a greater risk to develop pregnancyinduced hypertensive disorders.
Because we did not collect data about natriuresis during
volume loading, we can only draw limited conclusions about
volume-regulatory function in these women. It remains unclear why in some individuals plasma volume may be reduced.
In this study, we did not find any differences in basal heart
rate. However, hyperactivity of the sympathetic nervous system3'4 may be associated with an increase in venous tone and
consequently a subnormal venous capacitance. Angiotensinogen polymorphisms27 may also have an influence on venous
capacitance. On the other hand, in line with the Barker
hypothesis, it is also possible that some of these women have an
environmentally induced inborn reduction of venous
capacitance.28
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CONCLUSION
The capacitance of the venous compartment in normotensive
formerly preeclamptic women with a subnormal plasma volume is substantially lower than that in healthy parous controls.
The latter may predispose for circulatory maladaptation to
pregnancy, and with it for pregnancy-induced hypertensive
disorders.
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