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ardiovascular Changes in Preeclampsia
udith U. Hibbard, Sanjeev G. Shroff, and Roberto M. Lang

The cardiovascular system undergoes a host of changes in association with the development
of preeclampsia, which ultimately lead to the classic low cardiac output–high systemic vascular
resistant state. A newer hypothesis suggests that exaggeration of the normal for pregnancy
hyperdynamic, low-resistance state commencing in early gestation is responsible for the
genesis of the clinically apparent vasoconstrictive disease in late pregnancy. Such events may
also lead to the vascular damage that persists into later life. In preeclampsia, cardiac contrac-
tility is preserved but both steady and pulsatile arterial load are increased inappropriately,
failing to decrease as would occur in normal pregnancy, involving both conduit and small
vessels. Abnormal adaptive mechanisms may be secondary to changes in vascular tone or
vascular wall elements, and may have future implications for a woman later in life.
Semin Nephrol 24:580–587 © 2004 Elsevier Inc. All rights reserved.

KEYWORDS arterial compliance, cardiovascular function, pulsatile arterial flow, preeclampsia,
hemodynamics, vascular properties
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reeclampsia, defined by increased blood pressure and pro-
teinuria, is a systemic disorder that in its more severe forms

ay be associated with serious morbidity and even death. Ef-
ects of the disease on the cardiovascular system may be integral
o these observations, although reports documenting such ef-
ects can be contradictory. This review summarizes knowledge
egarding cardiac performance and vascular changes in pre-
clampsia, focusing on recent progress made possible by ad-
ances in noninvasive technology. A brief summary of the nor-
al physiologic cardiovascular changes in pregnancy, however,
ust precede any discussion of the pathophysiologic state.

emodynamics and Cardiac
unction in Normal Pregnancy

ardiac output increases and systemic vascular resistance
SVR) decreases early in gestation, but the latter is greater,
riggering a decrease in mean arterial pressure that nadirs at
6 to 20 weeks gestation. Mean arterial pressure then grad-
ally increases and near term may reach preconception lev-
ls.1-4 The increase in cardiac output, noted as early as week
, peaks as much as 50% over nonpregnant levels by midg-
station, usually persisting to term, although some investiga-
ors have recorded decrements. The changes in cardiac out-
ut are caused by a 20% increase in both stroke volume and

epartments of Obstetrics and Gynecology and Medicine, University of
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eart rate. Intravascular volume also increases by approxi-
ately 40%. Left ventricular mass and end-diastolic dimen-

ion as well as the left ventricular outflow tract have been
oted, although not by all investigators, to increase.2-11 Left
entricular contractility has been assessed by load-dependent
ethods, with great variability in results,3,11 as well as load-

ndependent designs that tend to provide consistent findings.
his is discussed in detail later.4,7,10,12

Review of the literature also reveals a number of method-
logic problems that complicate adequate characterization of
ormal and pathologic cardiovascular performance during
regnancy. Such problems must be recognized and addressed if
e are to assess effects of preeclampsia on the cardiovascular

ystem. For example, the use of traditional ejection-phase indi-
es of left ventricular performance are a problem in that these
ndices are unable to distinguish alterations in contractility from
hanges in ventricular load.7,13-15 Additionally, administration
f volume-expanding fluids or vasoactive therapy before acqui-
ition of data, acquisition during active labor, or with inconsis-
ent maternal posture all will influence cardiovascular parame-
ers. Finally, the inclusion of patients with underlying medical
isorders such as diabetes or renal disease will complicate the

nterpretation of data.7,14

emodynamics and Cardiac
unction in Preeclampsia

he traditional characterization of preeclampsia is one of

ecreased intravascular volume and arteriolar vasospasm.
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Cardiovascular changes in preeclampsia 581
he normal pregnant physiologic state of high cardiac output
oupled with a low-resistance systemic circulation shifts to
he opposite extreme of a low-output, high-resistance state
ith the acute onset of preeclampsia.14,16 This was shown
est by Visser and Wallenburg.17 These investigators studied
large cohort of untreated and treated severe nulliparous

reeclamptic patients (n � 87 and 47, respectively), nullip-
ras, presenting before gestational week 34 who were se-
ected carefully by strict diagnostic criteria including diastolic
ressure of 100 mm Hg measured twice 4 hours apart, pro-
einuria levels of 0.5 g/L or greater, onset at 20 weeks of
estation or later, and complete resolution postpartum. He-
odynamics were evaluated by using a pulmonary artery

atheter and thermodilution technique, and the results were
ompared with those of 10 normotensive controls similarly
tudied.

Remarkably consistent hemodynamics were obtained in
he untreated preeclamptic women, a low-output–high-re-
istance state compared with normal pregnancy, associated
ith normal pulmonary capillary wedge pressure (Table 1).
his contrasted the observations in the treated preeclamptic
atients whose results were quite heterogeneous, although in
eneral they showed cardiac indices and SVRs more compa-
able with normal pregnancy. This study, confirming a pre-
iminary report,18 shows the pitfall that these and other in-
estigators have encountered when trying to separate
bservations on cardiovascular alterations in preeclampsia
rom those caused by interventions such as fluid, magne-
ium, and antihypertensive drug administration. These ob-
ervations underscore that without the presence of such con-
ounding variables, preeclampsia is characterized by
ubstantial decrements in cardiac output and marked incre-
ents in SVR.
These findings have been verified by Lang et al7 by using

oninvasive echocardiographic techniques. Ten carefully se-
ected preeclamptic patients displayed decreased cardiac out-
ut and higher SVR compared with 10 normotensive con-
rols, both groups were studied near term. No differences
ere noted when both groups were restudied 1 month post-
artum.7

able 1 Hemodynamic Profile in Untreated and Treated Preec

Preeclamptic
Patients,
Untreated
(N � 87)

ean intra-arterial pressure (mm Hg) 125 (92–156)
ardiac index (L � min�1 � m�2) 3.3 (2.0–5.3)
VR index (dyne � sec � cm�5 � m2) 3,003 (1,771–5,225
ulmonary capillary wedge pressure
(mm Hg) 7 (�1 to 20)

OTE. Values given are median (range).
bbreviation: NS, not significant.
eprinted with permission from Visser and Wallenburg.17

Differences between untreated preeclamptic patients and normote
Differences between pharmacologically treated preeclamptic patie
P < .05 versus untreated nulliparous patients.
More recently, the earlier-described traditional view that t
reeclampsia is a vasoconstrictive disorder, starting insidi-
usly long before overt disease, has been challenged. Easter-
ing et al19 and Bosio et al20 have espoused a cross-over hy-
othesis in which the pathophysiology of preeclampsia is
imilar to that of essential hypertension, having an early hy-
erdynamic phase characterized by increased cardiac output
ith systemic resistance initially decreasing to protect against

he appearance of high blood pressure. Only when this pe-
ipheral autoregulation fails do increases in SVR and eventu-
lly decreases in cardiac output occur. The Easterling et al19

nd Bosio et al20 groups see preeclampsia as a recapitulation
f this usually gradual process over the 9 months of preg-
ancy, and the hallmarks of this disorder include an exces-
ive increase in cardiac output beyond that observed in nor-
al gestation, with an initial protective exaggeration of the
ormal decrease in SVR. Then there is a cross-over to a high
esistance state that causes the decreased cardiac output, all
ccurring late in gestation when preeclampsia becomes clin-
cally apparent. In the study by Easterling et al,19 serial data
ere collected from 179 nulliparous gravidas by using non-

nvasive Doppler techniques, and 9 of this cohort subse-
uently developed preeclampsia. Mean arterial blood pres-
ure and cardiac output both were increased early in
estation, while SVR remained low in those destined to be-
ome preeclamptic. The investigators also noted that blood
ressure in those destined to develop preeclampsia, although

nitially normal, was always higher compared with those with
ormotensive gestations, the difference owing to their higher
ardiac outputs.

There were many problems with the study of Easterling et
l19 that cannot be detailed here, including a large drop-out
ate, a limited number of patients developing preeclampsia,
nd 7 of 9 who had but mild disease. The mean gestational
ge at delivery was 39.4 weeks, and the neonates’ birth-
eights were similar to those of the normotensive group.
inally, the preeclamptic group was approximately 12 kg
eavier than the normal group, a fact that could contribute to
heir higher cardiac output and lower SVR.21

The study by Bosio et al,20 however, is more convincing.
hey, too, used a serial design using noninvasive Doppler

ic Patients and Normotensive Pregnant Women

*

Normotensive
Controls
(N � 10) P†

Preeclamptic
Patients,

Treated (N � 47)

001 83 (81–29) <.001 120 (80–154)‡
001 4.2 (3.5–4.6) NS 4.3 (2.4–7.6)‡
001 1,560 (1,430–2,019) <.005 2,212 (1,057–3,688)‡

S 5 (1–8) <.05 7 (0–25)

ontrols.
normotensive controls.
lampt

P

<.
<.

) <.

N

nsive c
nts and
echniques. Their study had better compliance, more pre-
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582 J.U. Hibbard, S.G. Shroff and R.M. Lang
clamptic patients, and less weight differential. Again, car-
iac output was increased early in the pregnancies of women
estined to develop preeclampsia. Late in the clinical phase
f the disease, however, the SVR increased markedly and
ardiac output decreased and their findings resembled those
f the untreated preeclamptic patients described by Visser
nd Wallenburg17 and Groenendijk et al,18 with markedly
ecreased cardiac output and increased SVR. Postpartum,
he cardiac output and resistance returned to values similar to
hose of the nonpreeclamptic group.20 It should be noted
ere that although the cross-over postulate is of interest,
ore studies are needed to confirm it, as are explanations of
ow this hypothesis is compatible with other findings in
reeclamptic patients. These include early evidence of vaso-
onstrictive phenomena such as increased pressor respon-
iveness, the early detection of circulating proteins harmful
o the endothelium (see article, �Angiogenic Imbalance in the
athophysiology of Preeclampsia: Newer Insights�, by
dolah et al in this issue), and decrements in intravascular
olume, such events detected weeks to months before overt
isease.

eft Ventricular
echanics in Preeclampsia

n an attempt to dissect the effects of preeclampsia on left
entricular function from the confounders discussed earlier,
ang et al7 used a load-independent analysis of left ventricu-

Figure 1 (A) Average end-systolic wall stress (�es)-rate-co
with preeclampsia before delivery, 1 day after delivery,
shifted leftward and upward (arrow) but still fell on the
changes in contractility. (B) Average end-systolic wall
obtained in normotensive pregnant control subjects bef
From visit 1 to visit 3, data points shifted rightward and
indicating increased afterload without changes in contra
4 weeks after delivery. Reprinted with permission from
ar contractility to investigate the heart in preeclampsia. Pre- w
ious investigators have reported conflicting results, but all
ad used traditional ejection-phase indices as measures of left
entricular contractility.7,13,15 The relationship between left
entricular end-systolic wall stress and rate-corrected veloc-
ty of fiber shortening is a sensitive index of left ventricular
ontractility that is independent of preload and heart rate,
hile incorporating afterload into the analysis.22 A pre-

clamptic group was selected carefully and studied before
ntihypertensive therapy (although magnesium sulfate had
een administered) and compared with normal controls. Fig-
re 1 shows end-systolic wall stress rate–corrected velocity
f fiber-shortening data points for preeclamptic (Fig 7A) and
ormal pregnant women (Fig 7B) compared with normal
ontrols (mean line, shaded areas).7 Ventricular performance
as evaluated by comparing individual patient data points
ith a mean contractility line and its confidence intervals

shaded area) in the graph. Points 1, 2, and 3 in Figure 7A
epresent data obtained before induction or cesarean deliv-
ry, 1 day after delivery while still hypertensive but no longer
n magnesium sulfate, and 4 weeks postpartum when blood
ressures had normalized. The values were similar to those of
he normotensive controls obtained at the same 3 time
oints, shown in Figure 7B. All data points for the pre-
clamptic patients (Fig 7A) fell on or close to the mean con-
ractility line, although by 4 weeks postpartum there was a
eftward and upward shift indicating decreased afterload
hile maintaining normal contractility. The normal control
roup also maintained normal contractility, although by 4

velocity of fiber shortening (Vcfc) obtained in patients
weeks after delivery. From visit 1 to visit 3, data points
ontractility line, indicating decreased afterload without
(�es)-rate-corrected velocity of fiber shortening (Vcfc)
livery, 1 day after delivery, and 4 weeks after delivery.
ard (arrow) but still fell on the mean contractility line,

Visit 1, predelivery; visit 2, 1 day after delivery; visit 3,
t al.7
rrected
and 4
mean c
stress
ore de
downw
ctility.
eeks postpartum a rightward and downward shift occurred,
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Cardiovascular changes in preeclampsia 583
ndicating an increase in afterload. Thus, Lang et al7 showed
hat in preeclamptic women the left ventricular myocardial
ontractility, as defined by invariant left ventricular stress
ate–corrected velocity of circumferential fiber shortening,
as unchanged and similar to the observations of normal

ontractility in the normal pregnancy group. Of some con-
ern, however, was that the mean contractility line in this
tudy was derived from nonpregnant patients, but of greater
mportance is the near-identical behavior of the hearts of
oth diseased and normal pregnant women.
That myocardial contractility is unchanged in normal

regnancy was verified further by our group in a longitudinal
tudy,4 and Simmons et al12 recently showed similar myocar-
ial contractility in 15 preeclamptic patients compared with
4 normal pregnant controls. Only Mone et al,10 by using the
ame noninvasive methodology, observed an increase in con-
ractility in normal pregnancy, although this was associated
ith a reduction in left ventricular afterload. Additionally,

hey used the second heart sound as a marker of end systole,
hich actually occurs shortly after the maximum posterior
otion of the septum, and possibly affected their results.

reeclamptic patients were not studied. Thus, the use of so-
histicated noninvasive techniques by others as well as by us

eads to the conclusion that myocardial contractility is pre-
erved in both normal and preeclamptic gestations.

ystemic Arterial
irculation in Preeclampsia

he arterial circulation is characterized by a dynamic inter-
ction of blood flow and vascular components, and under-
oes profound changes in normal pregnancy.4 Generalized
asodilation is noted as early as 5 weeks gestation,1 with a
oncomitant increase in cardiac output and intravascular vol-
me and no increase in arterial blood pressure. One should
ote that in much of the literature, the arterial system is
iewed in a simplistic manner, using total vascular resistance
TVR), the opposition to steady blood flow, as the major
arameter describing the systemic arterial circulation. How-
ver, because the heart is ejecting blood in a pulsatile fashion
nto a distensible system, more complex concepts are re-
uired to describe both the normal and abnormal physiology
f the heart and circulation, especially in pregnancy with its
ormonal changes, which may affect vessel wall components,
ltering vascular tone and leading to possible remodeling in
ertain vascular beds. Specifically, components other than
VR are required to describe the pulsatile aspects of the ar-

erial load adequately, which is determined by properties
uch as vessel geometry, wall composition and smooth mus-
le tone, the architectural network of vessels, as well as the
echanical properties of blood.23 The input impedance spec-

rum (ie, impedance as a function of frequency) is a compre-
ensive characterization of arterial load. Impedance at zero
requency is identical to TVR. Because the rest of the input
mpedance spectrum is a complicated representation (a set of
requency-dependent complex numbers), simplified indices

ften are used to characterize pulsatile arterial load. Global s
rterial compliance (AC), magnitude of input impedance at
he first harmonic (Z1), characteristic impedance (Zc), and
eflection index are examples of these simplified indices.
lobal arterial compliance is a measure of the elasticity or

eservoir-like properties of the arteries. Z1 depends on TVR
nd AC and thus is determined by the entire circulation (both
mall and large vessels). In contrast, Zc is a local property (ie,
elonging to the site of pressure and flow measurement) de-
ermined by local vessel wall stiffness and geometric proper-
ies. The reflection index is a measure of the degree of wave
eflections in the arterial system. Understanding the interac-
ions of these components helps one comprehend the re-
arkable intact performance of the cardiovascular system
uring normal gestation, and allows extension of these ob-
ervations to disease states such as preeclampsia.23

We performed a serial study on 14 normal pregnant
omen who underwent noninvasive cardiac testing during

ach trimester and 8 weeks postpartum, the results showing
hat AC increases approximately 30% in the first trimester,
nd remains increased thereafter. This increase is accompa-
ied temporally by the expected decrease in SVR (Fig 2).4

uch an increase in vessel distensibility might be secondary
o vascular remodeling changes or reduced smooth muscle
one, documented to occur very early in pregnancy.2,3 Both
easures of impedance, Z1 and Zc, decreased throughout
regnancy, although only the former decreased significantly,
esulting in a reduction of the magnitude of arterial wave
eflections. Interestingly, Mone et al,10 in a similar investiga-
ion, confirmed that Zc was decreased significantly in a larger
ohort of gravidas. The aortic pressure and flow waveform
ata in our investigation were subjected to a model-based
nalysis revealing that wave reflections at the aorta are de-
ayed and AC increases for both conduit and peripheral ves-

igure 2 Temporal changes in AC and TVR during normal preg-
ancy. Data are normalized to 8-week postpartum control values
mean � standard error of the mean; *P � first, second, or third
rimester versus 8-week postpartum control; �P � .05, second or
hird versus first trimester). �, TCR; �, ACA. Reprinted with per-
ission from Poppas et al.4
els; furthermore, a decrease in TVR alone is inadequate to
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584 J.U. Hibbard, S.G. Shroff and R.M. Lang
eproduce the experimental findings, requiring concomitant
lterations in both arterial compliance and wave propagation
roperties. Thus, a generalized decrease in vascular tone is
ost likely responsible for changes in pulsatile arterial load

n normal pregnancy.4

These striking adaptive responses are important in that
ncreased AC accommodates the increased intravascular vol-
me of gestation, allowing the mean arterial pressure to re-
ain low. Furthermore, it counterbalances the reduced TVR

nd promotes an efficient left-ventricular-to-arterial system
echanical energy transfer and maintains perfusion of vital

rgans during decreased TVR.
We also applied this approach to study cardiovascular al-

erations in preeclamptic gravidas, hypothesizing that failure
f the pulsatile arterial load to adapt may contribute to the
athophysiology of this disease state.24 To this end we de-
igned a cross-sectional study that included preeclamptics,
hronic hypertensives with superimposed preeclampsia, and
ormotensive gravidas with preterm labor. All of these
omen were receiving magnesium sulfate, either to prevent

clampsia, or in the case of the normotensive gravidas, toco-
ysis. Additional control groups included normotensive grav-
das receiving epidural anesthesia and normal parturients,
either receiving magnesium nor epidural analgesia. We ob-
erved, as expected, the steady component of arterial load,
VR, was significantly greater in both preeclamptic groups
nd that global arterial compliance was significantly lower in
he pure preeclamptic group, and more so in those with
uperimposed preeclampsia, indicating the effects of the dis-

Figure 3 Global arterial compliance index, a measure of t
peripheral vessels, is depicted for the 3 study groups:
chronic hypertension with superimposed preeclampsia
(Figure constructed with data from reference 24.)
ase state on the entire arterial system (Fig 3). The impedance o
easurement that incorporates both large and small vessels,

1, was significantly elevated in both study groups (Fig 4);
haracteristic impedance, Zc, was greater in both hyperten-
ive groups, though not significantly. The index of wave re-
ection within the arterial tree, RI, was increased in the pre-
clampsia group, though not significantly, and even more so
n the gravidas with superimposed preeclampsia.24

By dissecting components of the arterial load using these
echniques and modeling in hypertensive disorders of preg-
ancy we can isolate several factors that affect pulsatile arte-
ial flow. In the case of the pure preeclamptic patients there
ppears to be a relatively higher arteriolar tone affecting both
he central conduit vessels as well as the arterioles in the
eriphery. Previously we have noted that in normal gestation

ncreased vascular distensibility of the arterial system may
esult from reduced smooth muscle tone; although we can-
ot discount structural remodeling of vascular wall ele-
ents.4 It is plausible that increased smooth muscle tone in
reeclampsia mainly is responsible for our results. Whether
he time course for vascular wall remodeling is sufficient in
his disease state is unknown.

More recently Elvan-Taspinar et al25 studied central hemo-
ynamics in normal, hypertensive, and preeclamptic preg-
ancies by using noninvasive applanation tonometry to mea-
ure aortic stiffness and aortic pressure waveforms. Briefly,
ulse wave velocity was measured between the carotid and
emoral arteries and an increase in velocity was indicative of
ncreased stiffness of the corresponding vascular section.
ortic waveforms and central pressure, as well as a measure

ticity component of the entire system, both conduit and
l controls solid bar, preeclamptic patients striped bar,
d bar. *P � .05 compared with normal control group.
he elas
norma
checke
f cardiac supply and demand, then were derived by using a
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Cardiovascular changes in preeclampsia 585
ransfer function. This group showed that aortic stiffness and
entral pressures were greater in hypertensive gravidas and
ven more so in preeclamptic patients, while the ratio of
ardiac supply and demand remained intact, lending support
o the idea that increased blood pressures are an important
eterminant of decreased arterial compliance.26,27

Vascular reactivity has been noted to be increased weeks to
onths before the development of preeclampsia,28 and fac-

ors influencing increased smooth muscle tone may be re-
ponsible for such observations.24,25 To this end, Schobel et
l29 studied postganglionic sympathetic nerve activity in
arefully defined preeclamptic patients, comparing them
ith normal gravidas, and nonpregnant normal and hyper-

ensive women. By using intraneural microelectrodes in-
erted into blood vessels of skeletal muscle, they showed that
aseline sympathetic nerve firing was 3 times higher in the
reeclamptic group compared with all 3 control groups.
ostpartum sympathetic hyperactivity decreased concomi-
antly with blood pressure in the study group 1 to 3 months
ostpartum. The sympathetic hyperactivity correlated not
nly with increased blood pressure and TVR in this work, but
lso with the decreased arterial compliance and increased
mpedances noted in our work.24 However, increased sym-
athetic vasoconstrictor activity29,30 observed in preeclamp-
ic patients also seems at odds with the observation of a lower
eart rate in preeclamptic patients noted in our investiga-
ion24 as well as that of Elvan-Taspinar et al.25 Older litera-
ure,31,32 in which pharmacologic autonomic blockade was
sed in preeclamptic patients, showed no effect on blood
ressure, and thus is at odds with the aforementioned work
f Schobel et al.29 Recently, Greenwood et al,30 by using the

Figure 4 The magnitude of the first harmonic of the
properties of both large and small vessels, is depicted fo
patients striped bar, chronic hypertension with superim
normal control group.
echnique of microneurography, showed that in normal e
regnancy sympathetic output was increased in women with
ormal pregnancy and even more so in a hypertensive preg-
ant group, while baroreceptor reflex sensitivity was im-
aired in both groups. It is possible that sympathetic activity

n the peripheral nerves may not truly reflect that of centrally
ediated sympathetic activity. Also, increased sympathetic

ctivity may be a result rather than the inciting event in pre-
clampsia.

Alternatively, production or inhibition of circulating fac-
ors may be involved in these observations. A factor such as
Flt-1, in inhibiting vascular endothelial growth factor and
lacental growth factor, might trigger a cascade of events
esponsible for the cardiovascular changes in preeclampsia
escribed in this review.33 Hypoxia, nitric oxide, or a host of
roinflammatory cytokines also might play a role in these
hanges.34 A longitudinal study throughout pregnancy using
ur methodology as well as assessing circulating factors
ight help address the nature of the maladaption in cardio-

ascular response seen in preeclampsia. Additional factors
nfluencing blood pressure control such as increased respon-
iveness to angiotensin II28 or genetic factors34 may be con-
ributory.

Recently, an interesting report documented abnormal mi-
rovascular function in women 15 to 25 years after a preg-
ancy complicated by preeclampsia, comparing them with a
ohort with normal pregnancies who did not display the
ysfunction.35 Whether the abnormality was endothelial in
ature or dysfunction at the level of the vascular smooth
uscle was not able to be determined.35

Interestingly, Spaanderman et al36 studied normal and hy-
ertensive women, both groups having had a history of pre-

impedance spectrum index, representing impedance
study groups: normal controls solid bar, preeclamptic
preeclampsia checked bar. *P � .05 compared with
input
r the 3
posed
clampsia, and normotensive controls who had had uncom-
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586 J.U. Hibbard, S.G. Shroff and R.M. Lang
licated gestations, noting that in the nonpregnant state
reviously preeclamptic women had increased left ventricu-

ar work and lower plasma volume to lean body mass ratio
ut no differences in the levels of volume regulatory hor-
ones (eg, renin, angiotensin II, atrial natriuretic peptide, or

ldosterone). Spaanderman and colleagues37 also noted that
n those women becoming pregnant, that at 5 weeks gestation
oth controls and previously preeclamptic women, now nor-
al or with chronic hypertension, had similarly decreased
VR, and at 7 weeks had no differences in carotid compliance
r distensibility, but there was lower femoral arterial compli-
nce and distensibility in those with previous preeclampsia.
lthough supporting our findings in normal pregnancy,4

hese results suggest that the normal adaptive mechanisms in
regnancy responsible for increased compliance are some-
ow impaired in those with a history of preeclampsia. It is
empting to speculate that the decreased global arterial com-
liance in preeclamptic gravidas24 persists after pregnancy,
ossibly secondary to persistently altered responsiveness of
he vascular smooth muscle tone or owing to irreversible
hanges in vascular wall remodeling. A longitudinal study
esign is required to answer this question.

uture
ardiovascular Implications

or Preeclamtics
everal intriguing reports have suggested an increased risk
or cardiovascular and thromboembolic events in women
ith a history of preeclampsia.38,39 These studies are epide-
iologic in nature, using population-based registries, and
nable to distinguish whether these women had a predispo-
ition to cardiovascular disease before gestation or whether
reeclampsia incited cardiovascular damage that persisted
nd lead to these events. In one report a strong family history
f aggregate cardiovascular risk increased the likelihood for
eveloping preeclampsia 2- to 3-fold, supporting the idea
hat it is actually a predisposition to cardiovascular disease
hat leads to preeclampsia and subsequent heart disease.40

dditional information regarding these hypotheses are
eeded.

ummary
host of changes in the cardiovascular system are associated
ith the development of preeclampsia, which ultimately lead

o the classic low cardiac output, high systemic vascular re-
istant state. The newer idea of a hyperdynamic, low-resis-
ance disease state with its genesis early in pregnancy might
upport long-standing vascular damage that could persist
nto later life. Cardiac contractility is preserved in preeclamp-
ia, but both steady and pulsatile arterial load are increased
nappropriately (in other words, fails to decrease as would
ccur in normal pregnancy), involving both conduit and
mall vessels. Abnormal adaptive mechanisms may be sec-
ndary to changes in vascular tone or vascular wall elements,

nd may have future (ie, later in life) implications. 2
eferences
1. Duvekot JJ, Cheriex EC, Pieters F, et al: Early pregnancy changes in

hemodynamics and volume homeostasis are consecutive adjustments
triggered by a primary fall in systemic vascular tone. Am J Obstet
Gynecol 169:1382-1392, 1993

2. Clapp JF, Capeless E: Cardiovascular function before, during and after
the first and subsequent pregnancies. Am J Cardiol 80:1469-1473,
1997

3. Robson SC, Hunter S, Boys RJ, et al: Serial study of factors influencing
changes in cardiac output during human pregnancy. Am J Physiol
256:H1060-H1065, 1989

4. Poppas A, Shroff SG, Korcarz CE, et al: Serial assessment of the cardio-
vascular system in normal pregnancy. Circulation 95:2407-2415, 1997

5. Hunter S, Robson SC: Adaptation of the maternal heart in pregnancy.
Br Heart J 68:540-543, 1992

6. Van Oppen ACC, Van Der Tweel I, Alsbach J, et al: A longitudinal study
of maternal hemodynamics during normal pregnancy. Obstet Gynecol
88:40-46, 1996

7. Lang RM, Pridjian G, Feldman T, et al: Left ventricular mechanics in
preeclampsia. Am Heart J 121:1768-1775, 1991

8. Mabie WC, DiSessa TG, Crocker LG, et al: A longitudinal study of
cardiac output in normal human pregnancy. Am J Obstet Gynecol
170:849-856, 1994

9. Robson SC, Dunlop W, Moore M, et al: Combined Doppler and echo-
cardiographic measurement of cardiac output: Theory and application
in pregnancy. Br J Obstet Gynaecol 94:1014-1027, 1987

0. Mone SM, Sanders SP, Colan SD: Control mechanisms for physiologi-
cal hypertrophy of pregnancy. Circulation 94:667-672, 1996

1. Geva T, Mauer MB, Striker L, et al: Effects of physiologic load of preg-
nancy on left ventricular contractility and remodeling. Am Heart J
133:53-59, 1997

2. Simmons LA, Gillin AG, Jeremy RW: Structural and functional changes
in left ventricle during normotensive and preeclamptic pregnancy.
Am J Physiol 283:H1627-H1633, 2002

3. Borghi C, Esposti DD, Immordio V, et al: Relationship of systemic
hemodynamics, left ventricular structure and function, and plasma
natriuretic peptide concentrations during pregnancy complicated by
preeclampsia. Am J Obstet Gynecol 183:140-147, 2000

4. Conrad KP, Lindheimer MD: Renal and cardiovascular alterations, in
Lindheimer MD, Roberts JM, Cunningham FG (eds): Chesley’s Hyper-
tensive Disorders of Pregnancy (2nd ed). Stamford, Appleton and Lang,
pp 263-326, 1999

5. Scardo J, Kiser R, Dillon A, et al: Hemodynamic comparison of mild
and severe preeclampsia: Concept of stroke systemic vascular resis-
tance index. J Matern Fetal Med 5:268-272, 1996

6. Lindheimer MD, Katz AI: Preeclampsia: Pathophysiology, diagnosis,
and management. Annu Rev Med 40:233-250, 1989

7. Visser W, Wallenburg HCS: Central hemodynamic observations in
untreated preeclamptic patients. Hypertension 17:1072-1077, 1991

8. Groenendijk R, Trimbos JBMJ, Wallenburg HCS: Hemodynamic mea-
surements in preeclampsia: Preliminary observations. Am J Obstet Gy-
necol 150:232-126, 1984

9. Easterling TR, Benedetti TJ, Schmucker BC, et al: Maternal hemody-
namics in normal and preeclamptic pregnancies: A longitudinal study.
Obstet Gynecol 76:1061-1069, 1990

0. Bosio PM, McKenna PJ, Conroy R, et al: Maternal central hemodynam-
ics in hypertensive disorders of pregnancy. Obstet Gynecol 94:978-
984, 2000

1. Hall JE: Renal and cardiovascular mechanisms of hypertension in obe-
sity. Hypertension 23:381-394, 1994

2. Colan SD, Borow KM, Neumann A: The left ventricular end-systolic
wall stress-velocity of fiber shortening relation: A load-independent
index of myocardial contractility. J Am Coll Cardiol 4:715-724, 1984

3. Shroff SG: Pulsatile arterial load and cardiovascular function—facts,
fiction and wishful thinking. Therapeutic Res 19:59-66, 1998

4. Hibbard JU, Korcarz CE, Girardet Nendaz G, et al: The arterial system
in pre-eclampsia and chronic hypertension with superimposed pre-
eclampsia. Br J Obstet Gynecol (in press)
5. Elvan-Taspinar A, Franx A, Bots ML, et al: Central hemodynamics of



2

2

2

2

3

3

3

3

3

3

3

3

3

3

4

Cardiovascular changes in preeclampsia 587
hypertensive disorders in pregnancy. Am J Hypertens 17:941-946,
2004

6. Nurnberger J, Dammer S, Opazo Saez A, et al: Diastolic blood pressure
is an important determinant of augmentation index and pulse wave
velocity in young, healthy males. J Hum Hypertens 17:153-158, 2003

7. Benetos A, Laurent S, Asmar RG, et al: Large artery stiffness in hyper-
tension. J Hypertens 15:S89-S97, 1997

8. Gant NF, Daley GL, Chand S, et al: A study of angiotensin II pressor
response throughout primigravid pregnancy. J Clin Invest 52:2682-
2689, 1973

9. Schobel HP, Fischer T, Heuszer K, et al: Preeclampsia—a state of sym-
pathetic overactivity. N Engl J Med 335:1480-1485, 1996

0. Greenwood JP, Scott EM, Stoker JB, et al: Sympathetic neural mecha-
nisms in normal and hypertensive pregnancy in humans. Circulation
104:2200-2204, 2001

1. Brust AA, Assali NS, Ferris EB: Evaluation of neurogenic and humoral
factors in blood pressure maintenance in normal and toxemic preg-
nancy using tetraethylammonium chloride. J Clin Invest 27:717-726,
1948

2. Assali NS, Prystowsky H: Studies on autonomic blockade: I. Compar-
ison between the effects of tetraethylammonium chloride (TEAL) and
high selective spinal anesthesia on blood pressure of normal and tox-

emic pregnancy. J Clin Invest 29:1354-1366, 1950
3. Maynard SE, Min JY, Merchan J, et al: Excess placental soluble fms-like
tyrosine kinase 1 (sFlt1) may contribute to endothelial dysfunction,
hypertension, and proteinuria in preeclampsia. J Clin Invest 111:649-
658, 2003

4. Roberts JM, Cooper DW: Pathogenesis and genetics of pre-eclampsia.
Lancet 357:53-56, 2001

5. Ramsay JE, Stewart F, Greer IA, et al: Microvascular dysfunction: A link
between pre-eclampsia and maternal coronary heart disease. Br J Ob-
stet Gynaecol 110:1029-1031, 2003

6. Spaanderman MEA, Ekhart THA, van Eyck J, et al: Latent hemody-
namic abnormalities in symptom-free women with a history of pre-
eclampsia. Am J Obstet Gynecol 182:101-107, 2000

7. Spaanderman MEA, Willekes C, Hoeks APG, et al: The effect of preg-
nancy on the compliance of large arteries and veins in healthy parous
control subjects and women with a history of preeclampsia. Am J Ob-
stet Gynecol 183:1278-1286, 2000

8. Hannaford P, Ferry S, Hirschs: Cardiovascular sequelae of toxaemia of
pregnancy. Heart 77:154-158, 1997

9. Smith GC, Pell JP, Walsh D: Pregnancy complications and maternal
risk of ischaemic heart disease: A retrospective cohort study of 129,290
births. Lancet 357:2002-2006, 2001

0. Ness RB, Markovic N, Bass D, et al: Family history of hypertension,
heart disease, and stroke among women who develop hypertension in

pregnancy. Obstet Gynecol 102:1366-1371, 2003


	Cardiovascular Changes in Preeclampsia
	Hemodynamics and Cardiac Function in Normal Pregnancy
	Hemodynamics and Cardiac Function in Preeclampsia
	Left Ventricular Mechanics in Preeclampsia
	Systemic Arterial Circulation in Preeclampsia
	Future Cardiovascular Implications for Preeclamtics
	Summary
	References


