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ABSTRACT 
Preeclampsia (PE) is associated with maternal vascular dysfunction, leading to serious cardiovascular risk both during and following pregnancy. Objective: To assess microvascular reactivity in pregnant women with PE. Methods: A cross-sectional study was performed in 36 pregnant women with PE and 36 normotensive pregnant women (C) in the third trimester.  Skin microvascular blood flow was measured using laser Doppler flowmetry at rest (RF), during the maximum hyperaemic response to brief arterial occlusion (MF) and during the sympathetically-mediated constrictor response to deep inspiratory breath hold (IBH). Results: In pregnant women with PE, RF was higher [C,8.1(4.6); PE,12.0(7.6), p<0.001] (PU perfusion units; median(IQR)) and   MF/RF [C, 6.1(3.7); PE, 3.9(4.9) p<0.001] and peak cutaneous vascular conductance (CVC) lower (p=0.009) compared to normotensive controls. The constrictor response to IBH [C,62.4%(27.9); PE,33.0%(50.6), p=0.008] was reduced in women with  PE. In univariate analysis MF/RF was associated with PE status (r=-0.417, p=0.0001), systolic (r=-0.385, p=0.001) and diastolic (r=-0.388, p=0.001) blood pressure, but not BMI (r=0.077, p=0.536). Conclusions: Women with PE are more than three-times more likely to exhibit a reduced microvascular reactivity in the third trimester of pregnancy than normotensive pregnant controls.  These differences may be attributable in part to an altered sympathetic neural microvascular tone in preeclampsia. 
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INTRODUCTION

The characteristic hemodynamic changes that occur during normal human pregnancy include peripheral vasodilatation due to enhanced endothelium-dependent vascular relaxation and decreased vascular reactivity to vasoconstrictor agonists, which together lead to a reduction in total vascular resistance and decrease in arterial blood pressure. Hypertensive disorders in pregnancy affect 3-5% of pregnancies  (1). Preeclampsia (PE) is the most severe form of gestational hypertension and is associated with maternal vascular dysfunction (2). Women who develop PE are at high cardiovascular risk both during and following pregnancy (3). PE is defined by gestational hypertension (systolic blood pressure ≥140 mmHg and/or diastolic blood pressure ≥90 mmHg after 20 weeks of gestation) coinciding with de novo proteinuria 


(4) ADDIN EN.CITE . PE can also be defined as new onset hypertension without proteinuria according to the new diagnostic criteria of the American College of Obstetricians and Gynecologists (ACOG) and the International Society for the Study of Hypertension in Pregnancy (ISSHP). This recent concept includes new onset hypertension associated with thrombocytopenia, renal insufficiency, impaired liver function, pulmonary edema or cerebral or visual symptons


(5, 6) ADDIN EN.CITE  . PE  is the leading cause of maternal and neonatal morbidity and mortality worldwide (1).  Treatment for gestational hypertension and PE is limited and has not progressed due to a lack of understanding of the central underlying mechanisms 
 ADDIN EN.CITE 
(7-9)
. 


Studies in hypertensive pregnant women and experimental animal models suggest that placental ischemia/hypoxia during late pregnancy may trigger the release of placental factors that give rise  to maternal endothelial and vascular smooth muscle cell dysfunction (10) . Alterations in the generation of or sensitivity to vasodilator substances such as nitric oxide (NO), prostacyclin (PGI(2)), and endothelium-derived hyperpolarizing factor appear central to maternal endothelial dysfunction (10). Vessels from women with PE show a decreased responsiveness to vasodilators (11) and an impaired endothelium-dependent NO-mediated relaxation (12). Increased oxidative stress and reduced nitric oxide bioavailability have also been implicated 
 ADDIN EN.CITE 
(13)
; as has a reduction in endothelium-dependent hyperpolarization (EDH) 
 ADDIN EN.CITE 
(14)
.  Additionally, women with PE show hypersensitivity to vasopressors and an increase in circulating levels of vasoconstrictors 
 ADDIN EN.CITE 
(15, 16)
 to contribute to the increased vascular resistance and arterial pressure associated with PE. A further contributor to the peripheral vasoconstriction and consequently to the high blood pressure may be the sympathetic over-activity reported in women with gestational hypertension and preeclampsia during the third trimester 
 ADDIN EN.CITE 
(17, 18)
.


While disturbances in uterine, opthalmic and calf peripheral blood flow have been reported in women with preeclampsia 
 ADDIN EN.CITE 
(19, 20)
, the responses observed appear somewhat specific to the vascular bed studied and to depend on the provocation tests used to assess the underlying vascular dysfunction.  In larger arteries, flow mediated dilation (induced by local ischaemia) is reduced in women who have PE compared with normotensive pregnant women 
 ADDIN EN.CITE 
(21-23)
. A similar decline in dilator function and increased peripheral resistance assessed by the reactive hyperaemic response to local ischaemic has been reported in the forearm of women with PE using both strain gauge plethysmography 
 ADDIN EN.CITE 
(24, 25)
. By contrast, endothelium-dependent dilation to iontophoresed ACh assessed in the skin microvasculature using laser Doppler fluximetry is reported to be augmented at 24-34 weeks gestation in women with PE 
 ADDIN EN.CITE 
(26-28)
. Postpartum, microvascular responses in women who have had PE were diminished or remain similar to those of women with normotensive pregnancies 
 ADDIN EN.CITE 
(27, 29, 30)
; or to stay elevated for 3-6 months after delivery (Murphy 2014).   The majority of the microvascular studies in the skin used laser Doppler fluximetry and iontophoresed acetylcholine to assess endothelium-dependent NO-mediated microvascular reactivity. Few have used tests to assess the neurovascular mediation of the dilatator response within the microvasculature.


The aim of the present study was to evaluate microvasculature function using non-invasive laser Doppler fluximetry and two well validated tests to explore microvascular control and neurovascular activity in the skin of pregnant women with PE and their normotensive controls. In healthy adults, a deep inspiratory breath hold (IBH) can elicit a rapid and transient sympathetic nervous system-mediated vasoconstriction that is detected in the cutaneous microvasculature of the fingertip pulp 
 ADDIN EN.CITE 
(31, 32)
. Previous studies have used the vasoconstrictor response to IBH to investigate peripheral sympathetic deficits in autonomic failure 
 ADDIN EN.CITE 
(33)
 and diabetic neuropathy 
 ADDIN EN.CITE 
(34)
 and in children with sickle cell disease 
 ADDIN EN.CITE 
(35)
. The skin microvascular dilator response to brief supra systolic arterial occlusion is mediated by  both sensory nerve and endothelium-dependent mechanisms in which  EDH factors but not NO play a major role 
 ADDIN EN.CITE 
(36, 37)
.
MATERIALS AND METHODS

A cross-sectional study was conducted in Instituto de Medicina Integral Prof. Fernando Figueira (IMIP) Hospital, Recife, Brazil, from October 2012 to December 2013.  This project was approved by the IMIP’s Ethical Committee on Research and all participants gave informed consent. The women with preeclampsia were recruited from the perinatal ward and the healthy pregnant women were outpatients who came to the hospital for routine perinatal care.  

Women with singleton pregnancy at 26 weeks gestation or more weeks and preeclampsia (PE) were recruited. Diagnosis and classification of  preeclampsia followed the National High Blood Pressure Education Program (NHBPEP) criteria (38). Inclusion criteria were gestational hypertension (systolic blood pressure ≥140 mmHg and/or diastolic blood pressure ≥90 mmHg after 20 weeks of gestation) coinciding with de novo proteinuria (≥2g in a 24-hour specimen or ≥2+ reading on dipstick (with no evidence of urinary tract infection)). Pregnant women with chronic hypertension, gestational diabetes and other diseases were excluded. Healthy pregnant women at similar gestation were recruited to the normotensive control group (C). Data were obtained from the medical records. 

Skin blood flow was assessed in the non-dominant arm using LDF (VMS-LDF® Moor Instruments, UK). All measurements were performed in a quiet temperature controlled room (23 ± 1ºC). Participants were studied seated with their arm resting at heart level. 
Skin probes (DP1T, Moor Instruments) were placed at the volar surface of the forearm and the pulp of the middle finger. Skin blood flow and skin temperature were recorded continuously for up to 18 minutes at rest, prior to assessment of changes in skin blood flow to (a) deep inspiratory breath hold (IBH) and (b) post occlusive reactive hyperaemic response (PORH) to brief arterial occlusion. 
In order to obtain a reproducible vasoconstrictor response to inspiratory breath hold, the pregnant women were instructed to take a deep inspiration through their nose and to hold their breath for 6 seconds. This was repeated three times with a rest period of one minute between each IBH. The PORH response was assessed using a pressure cuff placed around the upper arm and inflated to 200 mmHg for 3 minutes (moorVMS-PRES, Moor Instruments UK). Skin blood flux was continuously monitored during the occlusion and for 5 min after release of the pressure cuff. 
Variables used to evaluate skin microvascular function were obtained using the manufacturer’s software (Moor Instruments, UK) and expressed in perfusion units (PU). At the forearm resting skin blood flux  (RF) was taken as mean flux over the 5 min prior to cuff inflation, maximum skin blood flux (MF) at peak PORH, the ratio of maximum flow  and resting flow (MF/RF) and the area of hyperemia (AH) which is the graphical area under the curve formed during PORH. Cutaneous vascular conductance (CVC) was calculated at baseline and during peak PORH as laser Doppler blood flux divided by mean arterial blood pressure. The responses to IBH assessed at the finger were resting blood flux, minimum blood flux in response to the IBH taken as the minimum blood flux measured over the last 3 seconds of the breath hold (IBHmin) 
 ADDIN EN.CITE 
(35)
.  Data were rejected where the blood flux trace precluded identification of this minimum.  The fall in blood flux in response to IBH was calculated as the difference between the minimum blood flux and that measured immediately prior to each IBH. A mean value for the fall in blood flux in response to IBH was estimated and the vasoconstrictor response for each participant presented as the mean IBH response expressed as a percentage of resting flux (%IBH).  Skin temperature was monitored continuously at both skin sites throughout the study. 
Statistical analysis

A pilot study with 33 patients (C=15; SPE=18) was previously performed to calculate sample size. A t test was used from the values of MF/RF (C=5.6±1.9 PU; SPE=4.3±2.0 PU) and showed a total sample of 72 subjects (C=36; SPE=36) to achieve 80% power to detect differences among the means versus the alternative of equal means. 

Statistical analysis was performed using Stata 12.10. Data normality was assessed by the Shapiro-Wilk. Results are presented as means (SD) or medians and interquartile ranges (IQRs), when were not normally distributed, and compared using Student’s t-test or Mann-Whitney test respectively. Where possible, variables that were not normally distributed were normalised by log transformation for parametric statistical analyses. Pearson and Spearman rank correlation coefficients were used to investigate associations between normally and non-normally distributed variables, respectively. In all cases a value of p<0.05 was taken to indicate significance.

We tested the independence of associations between potential explanatory variables and the primary outcomes (MF/RF, IBH%, CVC) by multivariable linear regression analysis. Explanatory factors that were entered into the regression models were selected from factors that were associated with the outcomes in univariate analyses and included: blood pressure and resting skin blood flow. The influence of skin temperature, BMI, and sex of the fetus was also explored. We also explored the effect of antihypertensive medication usage. To test whether there was an independent effect of PE status in the model, PE status was also included in these models as a binary indicator variable. We repeated the analysis using the secondary outcomes of CVC and IBH%.  The likelihood ratio test (LRT) was used to compare nested models and Akaike’s Information Criterion (AIC) for non-nested models. Binary logistical regression analysis was used to obtain the odds ratio and 95% CI of PE being associated with microvascular dilator capacity. 
RESULTS

233 pregnant women were enrolled into the study of which 110 were eligible to participate (SPE n= 59; C n= 51).  Reasons for exclusion included chronic hypertension (n=50), gestational diabetes (n=16) and adverse clinical condition (n=57) (total =123).  38 further women declined to participate. The final study cohort consisted of 72 pregnant women: 36 with preeclampsia and 36 normotensive pregnant controls.

Maternal characteristics are summarized at Table 1. Systolic and diastolic blood pressures in women with PE were 143.9(12.5) and 96.1(10.2) mmHg, respectively compared with 106.7 (8.3) and 68.1 (6.7) mmHg in the normotensive pregnant controls (p both <0.001). Age, number of weeks gestation and weight at time of study did not differ between the two groups. BMI was significantly higher in the PE women 30.8 (4.6) kg/m2 compared to women without PE 28.4 (3.2) kg/m2 (p=0.016). Thirty five of the 36 women with PE were taking medications (magnesium sulphate n=7, antihypertensive medication n=17, both n=11).  None of the normotensive women were on medication.
Resting skin blood flow (RF) measured at the forearm was higher in women with PE (Table 2). There was significant reduction in MF/RF (p<0.001) and area under the hyperemia curve (AH) (p=0.022) (Table 2). While resting CVC at the forearm did not differ significantly between the two groups (p=0.577), CVC measured at peak dilator response (PORH) was ~17% less in women with PE than in normotensive controls (p=0.009) (Table 2). Skin temperature did not differ between the two groups (C:  28.3 (1.1)oC ;  PE: 28.1 (1.1)oC) (p=0.511).  
MF/RF measured across the whole study cohort was independently correlated with PE status (r= -0.417, p=0.0001). MF/RF was also correlated negatively with systolic (r=-0.385, p=0.001) and diastolic (r=-0.388, p=0.001) blood pressure. There was no significant association with age (r=-0.080, p=0.506), BMI (r=0.077, p=0.536) or skin temperature (r=-0.140, p=0.245). 

There was no difference in the baseline blood flow measured at the finger between the two groups of women (p-0.417) (Table 2). However CVC was significantly lower in women with PE. Further, the constrictor response to IBH measured at the finger was lower in women with PE than normotensive controls (p=0.008) (Table 2). 


 A multivariable regression model with MF/RF as the outcome variable, and age, RF and PE status as exposure variables, showed that PE status was significant (β coefficient = -1.63 (95%CI: -3.00 to -0.28; p = 0.019) and together with RF and age explained ~15% of the variance in MF/RF (R2 adjust = 0.1539, p=0.002). MF/RF was not independently associated with the use of antihypertensive medication (r=0.290, p=0.082) and inclusion of medication (Y/N) did not significantly improve the model (LR chi2(1)  =  3.84; p = 0.050). Similarly, replacing blood pressure for PE status as an exposure variable did not improve the model goodness of fit (AIC for model with age, RF and PE status = 345.12; AIC for model with age, RF and systolic blood pressure = 

346.93).  

We repeated the modelling with IBH% as our outcome variable.  IBH% was independently associated with PE status (r=-0.253, p=0.039) and systolic (r=-0.309, p=0.011) and diastolic (r=-0.285, p=0.019) blood pressure across the whole study cohort and age, resting finger flux and PE status explained 16% of the variance in IBH% (R2= 0.163, p=0.01, adjusted R2=0.123).

The odds ratio of a woman with PE having an MF/RF of below the mean was 3.54 [95%CI 1.34, 9.34] (p=0.01). Interestingly, the OR was increased to 4.74 [1.56, 14.38] (p=0.006) when BMI was included as a co-variable.

DISCUSSION

The findings of this study demonstrate differences in microvascular reactivity and neurovascular control in the forearm and finger-skin microcirculation of pregnant women with PE assessed in the third trimester of pregnancy compared to normotensive pregnant women. The impaired vasomotor responses are consistent with early endothelial and sympathetic dysfunction within the microvasculature of women with PE and may contribute to later risk of early cardiac, cerebrovascular, and peripheral arterial disease seen in women with or who have had PE.
Our results show an independent association between proven measures of microvascular reactivity in the skin (cutaneous hyperaemic blood flux response to arterial occlusion, MF/RF and sympathetically mediated constrictor response to breath hold, IBH%) and  PE status of pregnant women in the third trimester of pregnancy. Importantly the negative association between microvascular reactivity and PE remained significant after adjustment for potential confounders such as age and skin temperature.   It is noteworthy that the association remained when blood pressure was substituted for PE status in the model. Thus, while these data demonstrate a link between an imbalance of vasodilator and vasoconstrictor responses, an altered cutaneous resistance, systolic BP and PE, mediation regression analysis suggests that a declining vasodilator function in PE is mediated in part by systolic BP with the standardised ß coefficient falling from -0.384 (p=0.001) to -0.305 (p=0.183) with inclusion of systolic blood pressure in the regression model. However, we are not able to demonstrate a causal relationship in our cross-sectional study (10). 
Previous studies in women with PE have reported no differences in basal skin blood flux in PE and normotensive women studied at 22 weeks gestation 
 ADDIN EN.CITE 
(39)
. In contrast, in women with PE studied at ~30 weeks gestation we observed an increased resting skin blood flux compared with normotensive pregnant controls.   The increase in basal skin blood flux in women with PE was not attributable to increased skin temperature, BMI or current medication.  As resting CVC at the forearm was similar in PE and C women, it seems plausible that the increase in basal skin blood flow in the forearm skin was a result of the raised blood pressure in PE. The reduction in microvascular dilator capacity during PORH that we report is consistent with the impaired endothelium-dependent (flow mediated) dilation seen in resistance arteries in PE (21). It is also similar to that seen by Yinon et al. (25) in the skin microvasculature who observed a lower endothelial function index (EFI) assessed by the reactive hyperaemia test using the  EndoPAT device (Itamar Medical Ltd, Caesarea, Israel) in women with PE compared with women with uncomplicated pregnancies and  studied at ~30 weeks gestation. Interestingly, these authors also reported an association between the EFI and sleep-disordered breathing in these women.  The reduction on vasoreactivity induced by the PORH test is consistent with that observed by Stark et al 
 ADDIN EN.CITE 
(40)
 who demonstrated a significantly reduced response to thermal hyperemia (modulated by in women with PE compared to normotensive women studied at 31 to 40 weeks' gestation. Local warming evokes a biphasic response, with an initial transient (2-3 min) peak which is largely mediated by a sensory nerve axon reflex (41) followed by a prolonged, predominantly endothelial NO-mediated  plateau 
 ADDIN EN.CITE 
(42, 43)
. The attenuated response was however only seen in women with PE who were pregnant with a male fetus.   We could find no link between skin microvascular reactivity and the sex of fetus in our study (r=0.133, p=0.453). 
The attenuation in dilator response in the microcirculation is contrary to the enhanced ACh-mediated vasodilatation reported in recently preeclamptic women 
 ADDIN EN.CITE 
(26-28, 44)
.  To what extent the differences in microvascular dilator responses may be attributed to the reactivity test used (ACh vs thermal warming and local ischaemia) and thus activation of different signaling pathways, and/or the characteristics of the cohort studied, has yet to be fully investigated.  The relative contribution of endothelium-derived relaxing and hyperpolarizing factors and of local neurovascular mechanisms remains hotly debated (45). However, as the response to iontophoresed ACh is largely mediated by NO while the PORH response and response to local thermal warming appears dependent in part on activation of sensory nerves and non-NO endothelium dependent pathways, the differences in dilator responses  that we report in women with PE seem unlikely to be entirely the result of altered NO-signaling. 
We saw a decrease in the transient response to deep inspiratory breath hold in the cutaneous microvasculature between PE and C pregnant women consistent with a decrease in sympathetic activity in the women with PE.  PE is generally associated with an increased sympathetic activity  


(17, 46) ADDIN EN.CITE  which if not physiologically compensated by vasodilator mechanisms is thought to contribute to the disease pathogenesis (18). The CVC at the finger pulp was lower in women with PE and it has been suggested (47) that  in PE an increased baseline constrictor tone due of sympathetic over activity may impair further vasoconstriction. Our findings using laser Doppler fluximetry and deep inspiratory breath hold are consistent with the decrease in veno-arteriolar reflex (the local sympathetic reflex leading to an endothelium-independent vasoconstriction) reported in preeclampsia and studied post venous occlusion using capillaroscopy (48) and orthogonal polarisation spectral imaging of the nutritive skin microvasculature (47).   
While our study has a number of strengths there are also some possible limitations. Most of the pregnant women with PE in our study were on conservative treatment using antihypertensive drugs. We cannot exclude the possibility that these drugs may have indirect action through sympathetic nervous system inhibition, impeding the sympathetic outflow to periphery circulation and leading to a decrease in vascular resistance and vasodilatation (49). We can also not neglect the fact that the women in the study had higher BMIs than their normotensive controls and while we saw no correlation between microvascular reactivity and BMI across our cohort of pregnant women, obese mothers have been shown to have a lower ACh-mediated endothelium-dependent vasodilation when compared with lean counterparts 
 ADDIN EN.CITE 
(50)
. It is thus possible that the higher BMI in our study participants may contribute to the attenuated microvascular reactivity that we report as evidenced by the increase in OR. 
Furthermore as we excluded chronic hypertensive pregnant women we cannot determine whether  the differences we observed between the two study groups is due to preeclampsia or simply increased blood pressure and to what extent our model is confounded by this concomitant bias.  By extension, our study design does not allow us to ascribe directionality to the relationship between high blood pressure and vascular dysfunction or vice versa. The LD blood flux signal is derived from both the number and velocity of red blood cells beneath the probe. Thus a reduction in hyperaemic response may be due to either a reduction in total blood flow and/or reduced blood volume through a reduced capillary density and/or recruitment. Capillary density changes in normal pregnancies and with preeclampsia and the lower capillary density 


(51) ADDIN EN.CITE  and altered microvascular configuration  (52) reported in PE may contribute to the altered vascular conductance and vasoresponses reported.

In conclusion this cross sectional study compares microvascular reactivity during PE and normotensive pregnancies. The reactivity tests used provide important evidence of changes in NO-independent signaling pathways to attenuate microvascular dilator capacity during pregnancy. They suggest that there is more than three-fold chance of a woman with PE exhibiting a constrictive microvascular phenotype. Whether this phenotype persist post-partum to contribute to risk of early cardiac, cerebrovascular and peripheral arterial disease, and cardiovascular mortality requires further study.
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 Table 1: Biological and obstetric characteristics of pregnant women.

	
	C
(n=36)
	PE
(n=36)
	p*

	
	Mean (SD)
	Mean (SD)
	

	Maternal age (years)
	25.6 (5.3)
	25.5 (7.0)
	0.985

	Gestation (weeks)
	33.2 (3.8)
	32.8 (3.5)
	0.679

	Weight (kg)
	73.9 (9.2)
	79.1 (13.2)
	0.063

	BMI (kg/m2)
	28.4 (3.2) 
	30.8 (4.6) 
	0.016

	SBP (mmHg)
	106.7 (8.3) 
	143.9(12.5) 
	<0.001

	DBP (mmHg)
	68.1 (6.7) 
	96.1 (10.2) 
	<0.001

	Skin temperature (ºC)
	28.3 (1.1) 
	28.1 (1.1)
	0.511


BMI: Body mass index. SPB: Systolic blood pressure. DBP: Diastolic blood pressure. 

*Student’s t test for independent samples.

Table 2: Skin blood flux responses measured at the forearm and finger in women with preeclampsia and normotensive controls.
	
	C
n=36
	PE
n=36
	

	
	Median (IQR)
	Median (IQR)
	p value*

	Forearm
	
	
	

	   Resting flux (RF, PU)
	8.1 (4.6)
	12.0 (7.6)
	<0.001

	   Maximum flux (MF, PU)
	53.5 (31.1)
	57.1 (42.1)
	0.866

	   MF/RF
	6.1 (3.7)
	3.9 (4.9)
	< 0.001

	   Area hyperaemia (AH, PU.sec)
	966 (888)
	679 (858)
	0.022 

	   CVC rest (PU.mmHg-1)
	0.10 (0.005)
	0.10 (0.075)
	    0.577

	   CVC peak (PU.mmHg-1)
	0.60 (0.40)
	0.50 (0.40)
	    0.009

	
	
	
	

	Finger
	
	
	

	   Baseline  flux (RF, PU)
	319.8 (140.6) 
	303.0 (137.9)
	0.417

	   Minimum flux (IBHmin, PU)
	121.6 (131.5)
	147.3 (177.3)
	0.129

	   IBH%
	62.4 (27.9)
	40.6(49.1)
	0.008

	  CVC baseline (PU.mmHg-1)
	3.96 (1.81)
	2.67 (1.51)
	0.001

	
	
	
	


IQR: Interquartile range

* Mann-Whitney test.
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