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Abstract
Pre-eclamptic toxaemia (PET) may be associated with both endothelial dysfunction (ED) and
sleep-disordered breathing (SDB). It was hypothesised that females with PET would demonstrate
both SDB and ED, and that a correlation between these two would suggest a potential causative
association.

A total of 17 females with PET and 25 matched females with uncomplicated pregnancy were
studied. They underwent a nocturnal ambulatory sleep study (using Watch_PAT100) and
noninvasive evaluation of endothelial function utilising the reactive hyperaemia test (using
Endo_PAT 2000). A higher ratio of post- to pre-occlusion pulse-wave amplitude (endothelial
function index (EFI)) indicated better endothelial function.

Females with PET had a significantly higher respiratory disturbance index (RDI) and lower EFI
than controls (18.4±8.4 versus 8.3±1.3·h−1, and 1.5±0.1 versus 1.8±0.1, respectively). Blood
pressure significantly correlated with RDI and with EFI. EFI tended to correlate with RDI.

In conclusion, these results suggest that both sleep-disordered breathing and endothelial
dysfunction are more likely to occur in females with pre-eclamptic toxaemia than in females with
uncomplicated pregnancies. The current authors speculate that respiratory disturbances contribute
to the functional abnormality of the blood vessels seen in females with pre-eclamptic toxaemia,
although causality cannot be determined based on this study.
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Pre-eclamptic toxaemia (PET) is a pregnancy-specific disorder characterised by
hypertension, proteinuria and oedema. It is estimated to affect 7–10% of all pregnancies in
the USA [1], and is considered a major cause of foetal and maternal morbidity and mortality.
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Recent evidence has suggested that vascular endothelial dysfunction (ED) may play an
important role in the pathogenesis of PET [2, 3]. One of the vascular endothelial functions is
the ability to release endothelium-derived relaxing factors (the most important of which is
nitric oxide) to induce vasodilation and prevent organ ischaemia in specific circumstances.
The loss of these athero-protective properties of the normal endothelium is termed ED,
which results in abnormal regulation of blood vessel tone [4–6], peripheral vasoconstriction
and, potentially, hypertension [7]. ED has recently been associated with adverse
cardiovascular outcome, above and beyond conventional risk factors [8–10].

In addition to the cardiovascular changes during normal pregnancy and during pregnancy-
induced hypertension, pregnancy may be associated with altered breathing during sleep.
Several changes in the respiratory system occur during pregnancy, particularly during the
third trimester, which can alter respiratory function during sleep and increase the incidence
and severity of sleep-disordered breathing (SDB). These include reduced functional residual
capacity due to weight gain and changes in the shape of the diaphragm and thorax, and
increases in nasal congestion presumably secondary to increased oestrogen levels [11].
These physiological changes may be particularly pronounced in females with PET [12–14].
PET has been associated with marked sympatho-excitation and an increased risk of
subsequent cardiovascular disease [15, 16]. Similarly, obstructive sleep apnoea (OSA) is a
common breathing disorder, characterised by repetitive apnoeas and hypoxaemia caused by
recurrent upper airways collapse during sleep [17]. One of the most important consequences
of OSA is hypertension [18, 19], which may be mediated by hypoxaemia and increased
sympathetic activation [20, 21].

Thus, two different mechanisms may theoretically lead to hypertension in PET females: ED
and SDB. The objective of the current study was to examine these potential associations. It
was hypothesised that females with PET would demonstrate both ED and SDB (compared
with control females with uncomplicated pregnancies), and that a correlation between these
two would suggest a potential causative association. An additional goal was to examine
whether ED and/or SDB are associated with the birthweight of the newborn.

METHODS
Participants

A total of 17 pre-eclamptic females (PET group) and 25 females with uncomplicated normal
pregnancy (control group) were enrolled in the study. Those with pre-existing hypertension
or collagen-vascular diseases were excluded. PET was defined as having a blood pressure
(BP) of >140/90 mmHg with proteinuria (>0.3 g·24 h−1). Females with PET were recruited
through the Dept of Obstetrics and Gynaecology (Rambam Medical Center, Haifa, Israel)
and control females were recruited by advertising in the hospital and university (Technion -
Israel Institute of Technology), and among colleagues of the research team.

Age, gestational age and clinical parameters of the participants are demonstrated in table 1.

The study was approved by the Rambam Medical Center Helsinki committee and all
participants signed an informed consent prior to participation. Clinical data were collected
from the patients, personal charts in the hospital and through questionnaires.

Participants underwent clinical examination (including BP and urinalysis), endothelial
function assessment (daytime), and ambulatory nocturnal sleep study in that night.
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Endothelial function testing
This part of the study was performed in the morning. Subjects were instructed to fast starting
the night before testing and to refrain from smoking, ingesting alcohol or caffeine.

The ED evaluation was assessed utilising the Endo_PAT device (Itamar Medical Ltd,
Caesarea, Israel). This is a noninvasive technology that captures a beat-to-beat
plethysmographic recording of the finger arterial pulse-wave amplitude (PWA) with
pneumatic probes. A finger probe is placed on the index finger of each hand, and the
peripheral arterial tone (PAT) is recorded from both hands throughout the study. Endothelial
function was assessed using the reactive hyperaemia technique, with the participant sitting in
a special comfortable chair with both hands located at the level of the heart. Briefly,
measurements were obtained for 5 min of baseline (at rest), followed by 5 min of occlusion
of one arm, with cuff inflated on the upper arm to suprasystolic pressure (50 mmHg above
systolic pressure) and then released to induce reactive (flow-mediated) hyperaemia,
measured for 10 min. The other hand remained unoccluded as a reference to correct for
potential systemic changes.

The endothelial function is calculated as the ratio between the magnitude of the average
post-obstructive PWA (1.5–2.5 min after release of the arterial occlusion) and average 5 min
of baseline PWA (pre-occlusion baseline period), corrected to systemic changes (seen at the
nonobstructed arm). The Endo_PAT measurements were analysed with a computerised,
automated algorithm (Itamar Medical Ltd). Therefore, there is no intra-observer or
interobserver variability. A value of ≤1.67 is considered as ED (determined in a population
at risk for ischaemic heart disease). This technology has been validated and shown to be
accurate in comparison with other technologies [22, 23]. It should be considered, however,
that it was not validated in pregnant females with or without PET. Figure 1 exemplifies
normal and pathological studies.

Sleep-disordered breathing evaluation
This part of the study took place in the hospital during the night for the pre-eclamptic
females, and at home for the control females. In both cases, a careful attempt was made to
provide the participants with a quiet and calm environment during the night. SDB was
quantified using the ambulatory system Watch_PAT100 (Itamar Medical Ltd). This system
consists of four channels monitoring the following: actigraphy; peripheral arterial tone;
oxygen saturation; and pulse rate. It has been shown to accurately detect SDB in both
normal patients and patients with sleep apnoea [24]. However, It should be considered that it
was not validated in pregnant females with or without PET. The device was applied for one
night to each participant, storing the data during the night and automatically scoring and
analysing the data on the following morning. The automatic algorithm of the
Watch_PAT100 to detect SDB events has been previously described [24]. Briefly, it is based
on the PAT signal amplitude, heart rate and oxygen saturation. The sleep/wake detection is
based on data recorded by the built-in actigraph. The automatic algorithm scores a
respiratory disturbance event if either a substantial digital vasoconstriction occurs (>50%) or
substantial arterial oxygen desaturation occurs (>4%), or a milder degree of vasoconstriction
(>30%) is detected with concurrent pulse rate acceleration (>10%) or subthreshold arterial
oxygen desaturation (>3%). Based on the actigraphical data, periods of sleep and
wakefulness are identified, and the automatic algorithm respiratory disturbance index (RDI)
is calculated per hour of detected sleep. Since most SDB events are terminated by an arousal
response (with sympathetic surge), this method is relatively sensitive for both apnoeas/
hypopnoeas and respiratory effort-related arousals.
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Statistical analysis
Individual data of the ED or sleep study of the participants were blinded and automatic. Data
are expressed as mean ± SEM, unless stated otherwise. Comparison between the PET group
and the control group was performed using the unpaired t-test. Correlation analyses were
performed to assess the association between the RDI and the ED, as well as between ED or
RDI and birthweight of the infant, using Pearson’s correlation coefficient. For all data, a p-
value of <0.05 was considered significant.

RESULTS
The average age, body mass index (BMI), gestational age of the females (at the time of the
study), and birthweight of the newborns of the females with PET and controls are presented
in table 1. By definition, BP ranges and urinary protein differed between the groups. In
addition, the birthweight of the newborns in the PET group was significantly lower than the
control group. This was partially secondary to premature labour, but not solely. Out of the
17 neonates of the PET group, 12 were small for the gestational age (71%). Age, BMI prior
to pregnancy, BMI at the time of the study and gestational age did not differ significantly
between the groups, although there was a trend towards a higher BMI (predominantly at the
time of the study) and gestational age (at the time of the study) in the PET group.

The average PAT RDI (PRDI) was 18.4±8.4 in the PET group versus 8.3±1.3·h−1 in the
controls (p<0.05; fig. 2). The oxygen desaturation index was 11.2±6.5·h−1 and 0.65±0.3·h−1

in the PET and control groups, respectively (p<0.05). The average endothelial function
index (EFI) was 1.5±0.1 in the PET group versus 1.8±0.1 in the controls (p<0.05; fig. 3).
Females with PET had significantly earlier delivery (34±6.6 versus 38±2.6 weeks; p<0.05),
and the birthweight of their infants was significantly smaller (1,790±560 g versus 3,150±800
g; p<0.05). There was a weak negative trend towards a correlation between PRDI and the
EFI, indicating a tendency towards an inverse relationship between the severity of SDB and
endothelial function (r=−0.28; p<0.1). There was a weak trend towards a correlation
between ED and oxygen desaturation index (r=−0.22; p<0.2). There was a significant
correlation between RDI and mean BP (r=0.41; p<0.05), and between EFI and mean BP (r=
−0.41; p<0.05). In addition, the birthweight of the newborns correlated positively with the
endothelial function score (r=0.37; p<0.05), and tended to negatively correlate with RDI (r=
−0.19; p<0.2). When correcting birth-weight to the week of delivery (expressing birthweight
in percentiles), these correlations deteriorated (r=0.1; r=−0.1 respectively; p=NS).

DISCUSSION
The current data show that both SDB and ED occur in females with PET more than in
females with uncomplicated pregnancies. There was a trend towards a negative correlation
between RDI and ED, suggesting a possible association between these two measures. It is
speculated that respiratory disturbances may contribute to or perpetuate the functional
abnormality of the blood vessels seen in females with PET, although causality cannot be
determined by the present study. The significant positive correlation of RDI with mean BP,
and negative correlation of ED with mean BP indicate both RDI and ED can contribute to
the hypertension measured in these females. The correlation of the newborn’s birthweight
with maternal ED and negative correlation with SDB suggest that these measures may affect
clinical outcome (although not via one pathway, but probably partially by trend to advance
delivery and by trend to inhibit intra-uterine growth).

PET is a disease of pregnancy, which presents with de novo hypertension and proteinuria
developing after 20 weeks of gestational age. The disease is characterised by generalised
vasoconstriction, an increase in peripheral resistance, platelet activation, reduced plasma
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volume and organ hypoperfusion [25, 26]. The aetiology is still unclear, although recent
evidence suggests that increments in blood pressure may reflect ED, the inability of the
blood vessel endothelial cells to release relaxing factors that cause vasodilatation [27, 28].
ED is now believed to lead to some of the widespread clinical features of the disease. The
current results, therefore, are in concert with several previous studies that have found ED in
females with PET [27, 29]. Furthermore, a significant correlation between ED and mean BP
was found, supporting a potential mechanistic association between these two.

In addition to the involvement of alterations in the maternal vascular endothelium, some
recent studies have suggested that females with PET may suffer from inspiratory flow
limitation, a phenomenon seen in OSA [12–14]. Averages of 8.3 respiratory events per hour
in the control group and 18.4 in the PET group were found in the present study. The oxygen
desaturation index was 11·h−1 in females with PET versus 0.7·h−1 in the controls. The
increased SDB in PET is, therefore, in agreement with these previous studies [12–14], which
all indicate increases in SDB in PET, but usually not to a severe extent. The 8.3 events per
hour of sleep with an oxygen desaturation index of only 0.7·h−1 found in the control group is
slightly higher than expected normally, and may be attributable to pregnancy itself [30, 31].

In the current study, the authors chose to measure ED by a noninvasive technique. Although
the gold standard is considered to be direct assessments of blood vessels via arterial
catheterisation [32], this is an invasive method, very cumbersome, and not realistic in the
present study involving pregnant females. In the current study, the system used has the
advantage of assessing the ED automatically by a computerised system, and, more
importantly, the advantage of correcting for systemic changes. In some cases during the
study in general, and while inflating the cuff in particular, there may be systemic responses
that can alter the assessment of endothelial function in the tested arm. Therefore, detecting
the systemic changes in the nonoccluded arm provides important information that can lead
to a more accurate measure of the ED. One such example is presented in figure 4. Thus,
monitoring the PWA in the control arm is a major advantage of this technique.

The evaluation of breathing during sleep was carried out utilising the Watch_PAT100,
which is a simple, reliable and accurate noninvasive device for ambulatory assessment of
SDB [24].

Nevertheless, it measures autonomic channels and detects SDB by autonomic activity in the
termination of SDB events, and not by directly assessing respiration during sleep. While this
methodology could be considered a limitation of the study, this is also its advantage. Since
the system is simple and easy to use, it was well tolerated by the participants. Those with
PET who had to stay in the hospital wore the device in the obstetrics department and the
control females took it to their home. Since the differences expected between the groups
may be subtle and based mainly on flow limitation and not necessarily complete apnoeas,
the current methodology represents a relative advantage as it is very sensitive to autonomic
changes, such as those seen in the termination of flow limitation periods [33]. In fact, the
current authors did attempt a study using full overnight polysomnography, but discontinued
it due to poor enrolment. Thus, the autonomic assessment was useful from both a
methological and practical standpoint.

As mentioned previously, there was a trend towards an association between RDI and ED,
which was somewhat weaker between the oxygen desaturation index and ED. These
findings may suggest that there is an association between respiratory abnormalities in sleep
and ED, although a causative relationship cannot be determined based on the present study.
It is speculated that respiratory disturbances may contribute to or perpetuate the functional
abnormality of the blood vessels seen in females with PET, and that it is not necessarily
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mediated by hypoxaemia. It has been well documented that SDB is associated with daytime
hypertension [18, 34]. Therefore, the SDB that was observed in the PET group can
potentially contribute to an increase in BP, as was evident by the significant correlation
(r=0.41) between the two. Previous studies have demonstrated reduction of BP when
hypertensive patients with OSA are treated using continuous positive airway pressure
(CPAP). This has not been assessed in the current study, but the results suggest that CPAP
may be clinically valuable for some females. Indeed, some recent studies have reported
benefits of administering CPAP to females with PET [35, 36]. In theory, the rise in carbon
dioxide tension that would occur during inspiratory flow limitation could lead to sympatho-
excitation and marked hypertension due to progesterone-mediated upregulation of
catecholamine receptors [37].

The correlation of the newborn’s birthweight to both ED (positive) and RDI (negative)
suggests that these measures can influence clinical outcome. When the correlations of ED
and RDI with week of delivery and with percentile at birth were examined, nonsignificant
correlations were found. Thus, the correlation with birthweight probably represents a
combined effect on intra-uterine growth retardation (trend) and premature delivery (trend in
the same direction), and probably additional factors. The current authors did not find that
ED or SDB can solely explain intra-uterine growth retardation or premature delivery, but, in
combination, significant correlations between ED and SDB and the infant’s weight upon
delivery were found. Several papers have shown that factors that may reduce placental blood
flow, such as smoking or hypertension, can result in low birthweight [38, 39]. Thus, the
present results (although not significant) are not surprising. The relatively weak correlations,
however, clearly indicate that ED and/or RDI cannot be the sole reasons for this outcome.
Whether CPAP treatment or another treatment to ameliorate endothelial function will result
in increased birthweight has to be determined in future studies.

The present study has several limitations. First, as discussed previously, the gold-standard
technology was not used to assess ED and SDB. However, the techniques used were more
practical than the gold standards, and also offered some advantages over other techniques.
Secondly, for the SDB, the PET females were studied in the hospital, whereas the females
with uncomplicated pregnancies were studied in their homes. This should not impose a
systematic difference between the groups as studies have not found a systematic change in
SDB when laboratory studies were compared with home studies [40, 41]. Nevertheless, this
is a difference that was not controlled. Finally, the current sample size was relatively small,
which can emphasise the role of confounding factors. Although not statistically significant,
the PET females were heavier and were studied somewhat later in their pregnancies (table
1). The present authors attempted to control these factors, but, nevertheless, mild differences
in these variables were observed, mainly at the time of the study and not between BMIs
prior to pregnancy. The increased BMI of the females with PET (especially during
pregnancy itself) may result from increased fat, which could potentially affect both SDB and
ED. However, the BMI differences between the PET and control group were not significant.
BMI may also increase with increased extracellular fluids (oedema), which the present
authors believe has less effect on endothelial function. However, since BMI is a risk factor
for both PET and OSA, one possibility is that obesity may be a factor important in mediating
the observed ED. Another possibility is that the increase in BMI (oedema) occurs as a result
of the pre-eclampsia, rather than the converse. Obviously, larger-scale studies are required to
investigate the role of potential confounders in the SDB and ED seen in females with PET.

In conclusion, despite the previously mentioned limitations, the current authors believe that
this study demonstrates endothelial dysfunction and sleep-disordered breathing in females
with pre-eclamptic toxaemia compared with controls, and suggests that, to some extent,
sleep-disordered breathing may contribute to the hypertension in these females. The results
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also suggest that endothelial dysfunction and sleep-disordered breathing are associated with
each other, although causality remains to be proven. Therefore, it is proposed that
endothelial dysfunction and sleep-disordered breathing should be measured during
pregnancy, and speculated that the current results encourage treatment with continuous
positive airway pressure early in the pregnancy of females with endothelial dysfunction or
sleep-disordered breathing.
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FIGURE 1.
Endothelial dysfunction (ED) evaluation by the reactive hyperaemia test. Four channels are
presented as follows: raw data of the occluded finger (probe 1); raw data of the unoccluded
finger (probe 2); moving time average of the occluded finger (trend 1); and moving time
average of the unoccluded finger (trend 2). a) shows an individual with ED (there is a lack
of vasodilatation in post-obstruction period), whereas b) shows a normal endothelial
response (there is a marked increase in pulse-wave amplitude indicating vasodilation shortly
following the removal of the obstruction). In both cases, there is no systemic response as
indicated by the stable signal in the nonoccluded arm.
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FIGURE 2.
Respiratory disturbance index (RDI) of pre-eclamptic toxaemia (PET) and controls. The
RDI of the PET group was significantly higher than in the control group. #: p=0.03.
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FIGURE 3.
The endothelial dysfunction (ED) score of the two groups is presented, indicating the
averages (■) and the individual data (●). The ED score of the pre-eclamptic toxaemia
(PET) group was significantly lower than in the control group. Most females with PET had
an ED score below the threshold of normality (······=1.67), whereas most controls were
above it. #: p=0.03.
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FIGURE 4.
An example of normal endothelial function, with vasoconstrictive systemic response. In this
example, the post-occlusion pulse-wave amplitude (PWA) in the occluded arm (occlusion
duration 5.2 min, probe 1) is similar to the pre-occluded values, which could have been
misinterpreted as abnormal endothelial function. However, looking at this individual
systemic response (assessed in the control arm, probe 2), it can be seen that this individual
had a vasoconstrictive (stress) response with the cuff inflation (arrow), and, therefore, the
“unchanged” PWA seen in the tested arm actually results from local vasodilatation,
indicating a normal endothelial function (endothelial dysfunction score 2.16). This example
emphasises the advantage of monitoring systemic response during the reactive hyperaemia
test.
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TABLE 1

Demographic data of the participants

Control PET

Age yrs 30±6 30±7

BMI prior to pregnancy kg·m−2 23±6 24±5

BMI at the time of the study kg·m−2 27±7 30±6

Gestational age weeks 29±6 32±4

Systolic BP range mmHg 90–120 140–160

Diastolic BP range mmHg 50–80 80–105

Urinary protein g·24 h−1 <0.3 2.2±1*

Birth weight of the infant g 3150±825 1786±561*

Data are presented as mean±SD, unless otherwise stated. PET: pre-eclamptic toxaemia; BMI: body mass index; BP: blood pressure.

*
p<0.05.
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