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Functional haemodynamic testing in pregnancy: a position statement from the International Working Group on Maternal Haemodynamics

Introduction
Pregnancy is considered a major physiological stressor resulting in progressive adaptation of the maternal cardiovascular (CV) system until delivery. Significant structural and functional changes, such as increases in blood volume, cardiac output, heart rate (HR) and stroke volume, and reduced blood pressure and systemic vascular resistance, ensure optimal haemodynamic conditions for foetal development. Although the majority of women accommodate for this increase in CV stress, maladaptation to the demands of pregnancy is indicative of complications later in gestation. Disorders such as preeclampsia, pregnancy-induced hypertension (PIH), gestational diabetes mellitus, pre-term birth and intrauterine growth restriction (IUGR) have substantial implications to both maternal and foetal mortality and morbidity.  In addition to the risk of poor outcomes during pregnancy, it is well established that women with a history of pregnancy-related complications have a significant increase in chronic cardiovascular disease (CVD) risk (1). Therefore, the management and prevention of pregnancy-related complications to improve women’s health is of significant focus. 
In the general population, functional haemodynamic testing, such as submaximal aerobic exercise, isometric handgrip (IHG), and the cold pressor test (CPT), has long been utilised to unmask CVD risk.  The potential value of stress testing during pregnancy has been sporadically explored. However, these tests are safe methods of assessing dynamic CV function and are suitable for use in pregnant women with certain caveats. Functional haemodynamic testing places additional demands on an already stressed maternal CV system. Dysfunctional responses to such tests may be used transiently stress the body to predict the development of hypertensive disorders that develop later in gestation by identifying an impaired CV reserve, see Figure One (2). CV adaptations to pregnancy are observed as early as the first trimester (3), and therefore, functional haemodynamic testing at this time point may offer an opportunity for early identification of women with impaired CV reserve and risk of complications, and consequently improve monitoring, management and intervention prior to the diagnosis of overt disease (4).  Improved support of at-risk patients may be possible earlier and more frequently in gestation, potentially reducing the risk and/or severity of these diseases and may also allow for the future development of preventative measures. Currently, research into the value of functional haemodynamic testing during pregnancy is in its infancy. Normative and threshold values for dysfunctional CV responses to each test have not yet been developed in this population. Evidence from small and a limited number of studies suggests that functional haemodynamic testing may be an important predictive tool, which warrants large-scale investigation. This position statement on functional haemodynamic testing during pregnancy represents a call for research and provides an overview of each test to guide researchers and clinicians in this area. 
 This position statement provides: a description; an overview of the current understanding of clinical application; the general design; required equipment; and considerations of each functional haemodynamic test during pregnancy. A summarised overview of submaximal aerobic exercise testing, IHG and CPT are presented in Table 1. 
Submaximal aerobic exercise testing 
Submaximal aerobic exercise is a global cardiovascular challenge that alters cardiac loading conditions and arterial haemodynamics. Relative to a submaximal exercise workload, healthy individuals will experience an increase in cardiac output through increased heart rate and stroke volume, as well as increased systolic blood pressure (SBP). These CV responses are mediated by circulating catecholamines, sympathetic activation, enhanced venous return via the muscular and respiratory pump, increased myocardial contractility, and vasodilation to active sites. Submaximal aerobic exercise in women without contraindication is established to be safe for both mother and foetus. Indeed, exercise during pregnancy has significant health benefits including reduced incidence of gestational diabetes mellitus, operative deliveries and large-for-gestational-age babies, as well as a reduction in excessive weight gain and depressive symptoms (5, 6). Pre-exercise medical screening using a pregnancy-specific physical activity readiness questionnaire such as the PARMed-X for Pregnancy (7), is imperative for identifying contraindications to exercise during gestation and is recommended for all women. Absolute and relative contraindications to exercise in pregnancy and warning signs to cease exercise are described fully elsewhere (8). Although specific guidelines vary around the world, in general women without contraindication to exercise are encouraged to engage in a minimum of 150 minutes per week of moderate-intensity dynamic aerobic activity involving large muscle groups (9). It must be considered that the prescription of exercise during pregnancy must be reflective of prior maternal activity levels, and women unaccustomed to exercise should aim to achieve at least 15 minutes of low-moderate intensity activity daily, progressing to meet the full recommendations (10).
The use of submaximal exercise as a functional hemodynamic test to predict CVD risk is a promising area of research.  Exercise has the capacity to unmask abnormalities in function that are otherwise undetected at rest or through traditional screening tools (11). Deviations from the normal integrative responses to, and recovery from, exercise may indicate CV dysfunction (12), and the use of aerobic exercise testing in non-pregnant populations to identify CVD risk is well established (13-15). The use of submaximal aerobic exercise testing as a predictor of complications is a novel area of investigation during pregnancy, and most of our understanding of its value derives from studies based on clinical pregnant populations. Although limited, the findings from such studies of exercise testing during pregnancy provide some support that this may be a useful screening tool in high-risk pregnancies. 
Clinical application
Maternal cardiac function is maintained during submaximal exercise in healthy pregnant women, and responses are similar to those observed in healthy adults (16-18). In line with research from other populations in the prediction of CVD, it is possible that altered CV response to aerobic exercise during pregnancy may indicate underlying dysfunction that may predict the development of CV complications during pregnancy (19). 
Exaggerated blood pressure response to aerobic exercise in normotensive adults is associated with the future development of hypertension, CV events and mortality, independent of resting BP (20), which may also be true in pregnant women. During light-moderate intensity exercise, an exaggerated hypertensive response is considered as a SBP and/or diastolic blood pressure >175 and >110 mmHg for females, respectively, although no consensus of a defined threshold currently exists (21). Previous research in other cohorts suggests that submaximal exercise BP above these cut-off values may be indicative of abnormal blood pressure control, which hypothetically, may predict the development of hypertensive disorders during pregnancy. In a previous study of 97 healthy women at 23 weeks gestation, the BP response to submaximal aerobic exercise was assessed as a predictor of development of preeclampsia in the third trimester. Only 3 women developed preeclampsia in this cohort, however an increase of 20 mmHg in DBP in response to cycling was identified as a marker of elevated risk for the development of preeclampsia. The positive predictive value for preeclampsia was only 11%, limiting the application of exercise as a screening tool (22). It is possible that a greater predictive success may be observed when submaximal aerobic exercise is used in women who are classified as ‘at risk’ of developing hypertensive disorders of pregnancy, as opposed to the general healthy pregnant population. 
Most other research studies in this area have assessed CV responses to submaximal aerobic exercise in clinically relevant pregnant populations, and therefore are less informative in developing our understanding of exercise as a screening tool for complications in overtly healthy women. However, these studies reinforce the additional value of submaximal aerobic exercise in identifying increased risks to maternal and perinatal health during gestation. In women with congenital heart disease, pre-pregnancy aerobic exercise testing has been shown to identify those at an elevated risk of adverse events during gestation. In this population, a blunted peak maternal heart rate  (<150 beats·min-1) resulted in a higher risk of adverse maternal and perinatal outcomes, which may be reflective of an inability to augment cardiac output during pregnancy (23). Despite these valuable findings which may improve management and monitoring of this population during gestation, a threshold value for blunted HR and other haemodynamic indices has not been developed, and therefore the widespread application of aerobic exercise testing is limited without further research. Whilst these findings are from a clinical pregnant population, the capability of exercise testing to identify abnormalities in CV function that are otherwise undetected at rest is well established in both overtly healthy non-pregnant individuals and those at risk of developing or diagnosed with CVD (2, 11). 
Submaximal aerobic exercise during pregnancy may also have prognostic value in identifying adverse perinatal outcomes. In a small study of women with uteroplacental vascular insufficiency, a low-intensity (10-15% maximum) exercise bout in the second trimester caused a transient increase in umbilical artery pulsatility index (PI) compared to a transient reduction observed in healthy pregnant controls, although no other maternal or foetal haemodynamic parameters were affected. In a subset of women with uteroplacental vascular insufficiency, exercise caused absent end-diastolic flow in the umbilical artery and these individuals consequently developed early-onset IUGR later in gestation (24), significantly increasing the risk of perinatal mortality and morbidity. 
It is pertinent to note that the diagnoses of complications, such as PIH, preeclampsia and IUGR, can occur > 20 weeks - delivery. Prior to any overt symptoms, pregnant women are unaware of the developing disease, and therefore, unaware of the potential negative affect of exercise. In women with diagnosed PIH and/or a small-for-gestational-age foetus, the increase in uteroplacental vascular resistance index was exaggerated during cycling exercise when compared to healthy pregnant women (mean ratio change from rest to exercise: 0.179 vs. 0.071, respectively) (25). Although this data was collected from diagnosed women, women who are pre-diagnosis may also experience negative responses to exercise during pregnancy. It could therefore be suggested that high-risk pregnant women should be screened for appropriate functional haemodynamic responses prior to the initiation of an exercise programme. Currently, a lack of research into the CV responses of pregnant women to submaximal aerobic exercise prevents our understanding of the prognostic value of this functional haemodynamic test.  So far, the majority of previous research has focused on clinical pregnant populations and has not assessed the ability of exercise to predict pregnancy-related complications. 
In addition to providing insight into the dynamic function of the maternal CV system under physiological stress, submaximal aerobic exercise testing during gestation has the potential for medical professionals to encourage and advise women on antenatal exercise guidelines (26). Many risk factors for CV complications of pregnancy, such as obesity, insulin resistance and hypertension, are also recognised as consequences of a sedentary and unhealthy lifestyle. In addition, physical inactivity is a significant risk factor for the development of CVD later in life (1). Counselling to improve physical activity during pregnancy may have a positive impact on exercise adherence throughout gestation and the postpartum period, as well as throughout life, which may improve overall long term maternal health and wellbeing. 
Test design, equipment and considerations
It is important to reiterate that the suggestions for exercise testing presented are for the purpose of functional haemodynamic assessment, and not to measure the aerobic capacity of pregnant women. In general, short-duration submaximal exercise bouts are recommended for functional haemodynamic testing in pregnant populations. Exercise bouts should be timed appropriately to the required data collection period, but must have a minimum duration of 4 minutes to ensure the achievement of steady state exercise, and should not exceed the antenatal exercise recommendations (i.e. moderate intensity exercise: 30 minutes if active; 15 minutes if inactive). Continuous measurements of haemodynamic parameters are preferable; however, depending on equipment assessments may be taken once a minute or as data acquisition allows. Non-weight bearing exercise is preferable to weight bearing activity due to the reduced risk of falling, especially in women unaccustomed to exercise. Non-weight bearing activity will also remove the influence of gestational weight gain on exercise performance. Additional confounding factors during weight bearing activity, for example: efficiency of movement, holding on and walking on a treadmill or walking freely on a treadmill and so on, may influence haemodynamic responses in an uncontrolled manner and should therefore be avoided. Stationary cycling (recumbent) is recommended for safety, but may also improve the reliability of measurement in haemodynamic assessments during exercise, as limited upper body movement will improve function of monitoring equipment and therefore data acquisition. In clinics where submaximal aerobic exercise testing using a recumbent cycle ergometer is not feasible, functional haemodynamic responses may be assessed using IHG or CPT, as described below. 
Despite the well-established antenatal exercise recommendations, less than 15% of pregnant women meet daily physical activity guidelines (27). Consequently, In light of a potential broad range in maternal activity levels in the general population, careful consideration of submaximal aerobic exercise test design is required in order to ensure the challenge is appropriate and purposeful. Determination or prescription of intensity is therefore required to ensure a similar physiological demand across all participants. Intensity of exercise can be prescribed through either a set resistance on the cycle ergometer or by individual HR rate, however both methods have advantages and disadvantages. In pregnant women, calculation of the heart rate reserve (HRR) through the Karvonen method (28) may be used to identify or prescribe exercise intensity according to previously published target heart rate zones (HRworkload) (29, 30):
HRR 		= 		HRworkload – HRrest	x 100
				[(220-age) – HRrest]
Or:

HRworkload	=		[(220 – age - HRrest) x % target workload] + HRrest
However, a blunted maximum HR observed in previous studies, combined with a progressive increase in resting HR across pregnancy, which may alter the target heart rate zone, reduces the reliability of this method. To counteract these limitations, other subjective measures, including rating of perceived exertion (RPE) scale or the talk test, can be used to supplement determination of intensity in this population (29). The RPE scale is a simple table that allows an individual to rate how hard an activity on a scale of 6 – 20, with moderate intensity described as ‘somewhat hard’ or rating 12-13. The talk test involves identifying how easily an individual can hold a conversation during exercise without pausing for breath. Both intensity measures are described in detail elsewhere (31, 32). To achieve a desired target HR zone, an incremental exercise test of increasing power output may be used until the desired intensity is achieved. 
Prescribing intensity through setting a resistance on a cycle ergometer may offer a more robust method but is slightly more complex. Using a standardised protocol will increase the ease of administration, however depending on the fitness level of participants, differences in the physiological demand of the same absolute workload may be observed. For example, prescribing an absolute workload of 100 W may be easy for one individual but challenging for another. Therefore, prescription of intensity using resistance should be individualised to the participant and should be a percentage of maximum (e.g. 25-50%). Within a research context, completion of a maximal exercise test and subsequent calculation of individualised relative intensities for functional haemodynamic assessment is recommended for a strong research design. If maximal exercise testing is not possible, maximal power output could be estimated using predictive equations validated in non-pregnant populations that consider sex, age, height and body mass of the participant (33), although the latter is altered as a result of pregnancy. The estimation of maximal power output may therefore be overestimated (as a result of increased body mass), and the absolute maximal power output of pregnant women may be reduced leading to limitations in this method. Again, subjective measurements of intensity should be used to support the prescription of intensity in this population. 
In relation to the completion of maximal exercise tests, it should be considered that there is some evidence that sustained vigorous exercise (>90% of maximal effort) in pregnant women may induce foetal bradycardia (34, 35).  Foetal bradycardia is believed to be indicative of foetal distress potentially the result of a compromised uteroplacental blood flow (36). Concerns about the risks of adverse foetal responses to maximal exercise during pregnancy have not been adequately addressed in a research setting (35) and hence, in the absence of appropriate supervision from trained individuals and maternal and foetal haemodynamic monitoring, submaximal exercise testing is preferable for use in-clinic at this time. Submaximal testing is more easily accessible in its administration when compared to maximal exercise testing may also reduce apprehension of pregnant women that may exist in the face of vigorous exercise challenges.  In addition, the use of aerobic exercise as a functional haemodynamic test may also allow an assessment of fitness and the opportunity to counsel pregnant women on antenatal exercise prescription. 
Isometric handgrip
Isometric handgrip (IHG) is a haemodynamic test designed to specifically increase cardiac afterload through increasing arterial pressure. During IHG, activation of the mechano- and metabo-reflex cause an increase in sympathetic nervous system activity alongside an increased blood pressure (approximately 15 mmHg rise in diastolic blood pressure) and heart rate, as well as alterations in left ventricular function and vasomotor tone of the vasculature. The physiological responses are suggested to be similar to those experienced in response to resistance exercise, and also in disease states, such as hypertension (37). IHG has the potential to identify maladaptive responses to a dynamic arterial load in the vasculature that are not apparent at rest and has previously been used as a predictive tool to identify those at risk of hypertensive disorders (38). Responses to isometric contraction have been investigated during pregnancy (39-47), as well as women who experienced hypertensive pregnancies earlier in life (48, 49). 
Clinical application
In healthy pregnant women, CV responses to isometric contraction are similar to that of non-pregnant women (50, 51). However, some studies have indicated that women who develop hypertensive disorders of pregnancy have an increased sensitivity to vasoconstrictive stimuli, such as IHG (42). Exaggerated blood pressure responses during IHG have been shown to identify those at risk of developing hypertensive disorders of pregnancy. Prior to the development of symptoms and diagnosis of disease, hypersensitivity may be observed within these high-risk women in response to an afterload challenge. A previous study in pregnant women between 28 and 32 weeks found that IHG at 50% of MVC held for a 3-minute period demonstrated a sensitivity of 81% and specificity of 96.5% in identifying PIH through assessment of DBP alone (40). A threshold value to indicate an adverse DBP response was not developed, and therefore the general application of these results is limited.  However, these findings are not consistent within the literature. When compared to healthy pregnant women, no differences in response to IHG were observed in women with hypertensive disorders (39, 43, 47, 52-54). In a study of non-pregnant women with a history of PIH compared to healthy counterparts, a higher DBP and HR was observed in response to IHG, indicating an augmented CV control despite no clinical signs of CVD or hypertension (49). Again, these findings were conflicted by a similar study in which no differential responses to IHG were observed between groups (48). There is limited or no data assessing associations between foetal haemodynamics and perinatal health with responses to IHG. Due to the lack of supporting data for IHG in predicting haemodynamic dysfunction during pregnancy, the clinical application may be limited. However, many of these studies using IHG during pregnancy utilised out-dated methods, and where haemodynamic variables were not assessed through continuous measurement. There is potential that the diagnostic value of IHG could be improved by using more sensitive and modern measurement techniques (49, 55). 
Test design, equipment and considerations
For functional haemodynamic assessment using IHG, subjects are asked to maintain a handgrip pressure of 20-40% maximal voluntary contraction (MVC) for a duration of 2-3 minutes. The test is completed using a dynamometer, a device that quantitatively assesses hand muscle strength. Within the ranges of the above design, IHG will typically provoke an increase in diastolic blood pressure in the region of 15 mmHg as a result of increased heart rate without an increase in systemic vascular resistance (56). The magnitude of haemodynamic response is dependent on intensity and duration of IHG (57). Throughout the test, feedback should be provided to the subject about handgrip pressure in order to ensure the correct intensity is achieved.
MVC should be calculated as the average value of 3 maximal effort 1-second tests with the participant in the position that will be used for subsequent functional haemodynamic tests (e.g. semi-recumbent position; sitting with upper body ≈45° from supine). If one measurement deviates from the peak effort by more than 25%, the value should be excluded and the mean derived from the remaining two values (37). 
During IHG, participants may inadvertently perform a Valsalva manoeuvre, which is contraindicated in pregnancy. The test administrator should therefore ensure the participant breathes freely throughout the challenge. Although the desired duration of IHG is 2-3 minutes, some subjects may volitionally discontinue the test prior to this point as a result of muscular fatigue, and/or pain. Continuous measurement of data is therefore advised.  As with aerobic exercise testing, specialist equipment is required, and if this is not available, the CPT should be completed as an alternative.
Cold pressor test
Description
The cold pressor test (CPT) is a challenge of CV reactivity to localised vasoconstrictive stimuli in the form of hand immersion into cold water for a short duration. The use of the CPT in the prediction of the development of essential hypertension is well established in the general population (58), and therefore, could provide great insight into the development of the hypertensive disorders of pregnancy. During cold-water immersion, an initial cutaneous vasoconstriction results in increased HR and arterial blood pressure (approximately 15 mmHg rise in diastolic blood pressure). A linear increase in blood pressure is coupled with increased muscle sympathetic activity and plasma norepinephrine, indicative of sympathoexcitation. The CPT has previously been used in pregnant populations to assess CV reactivity (53, 59-66)
Clinical application
The CPT may offer an easily accessible and administered in-clinic screening tool to identify adverse maternal and foetal outcomes during gestation. Evidence exists to support that altered haemodynamic responses to the CPT, in particular DBP, are observed in complicated vs. uncomplicated pregnancies. An exaggerated increase in both SBP and DBP was previously observed at 16-20 weeks’ gestation in women that subsequently developed preeclampsia when compared to healthy pregnant women (SBP: 14.2 +/- 5.5 versus 8.5 +/- 7.2 mmHg, P= 0.02; DBP: 7.3 +/- 4.9 versus 3.9 +/- 4.7 mmHg, P=0.03, respectively) identifying a differential response as a result of pathology (65). In contrast, a comparison of healthy non-pregnant, healthy pregnant and preeclamptic women found no differences between groups in response to CPT (66). 
In a separate study assessing perinatal outcomes, each mmHg increase in DBP in response to CPT was correlated to decrease in new-born weight (-47 g), head circumference (-0.09 cm) and gestational age at delivery (-0.07 weeks) (59). However, associations of exaggerated CPT response and low birthweight or preterm birth were not associated with pre-pregnancy assessment (60). Therefore, CPT may not be valuable in preconception assessment, but completion during gestation may be a valuable tool in predicting risks to maternal and foetal health. 
The specificity and sensitivity of CPT in other non-pregnant populations to detect sympathetic dysfunction has been variable with broad inter-individual differences (67). Despite some conflicting findings, the prognostic value and the ease of administration of CPT to identify pregnancy-related CV complications necessitates further investigation. Studies with large cohorts and different pathologies are required to determine the criteria to distinguish between normal and maladaptive responses to the CPT.
Test design, equipment and considerations
A standard CPT involves the immersion of a subjects’ hand up to the wrist into a container of cold water (4ºC) for 1 to 3 minutes. Due to the lack of specialist equipment required, the CPT is the most easily administrated functional haemodynamic test presented. It is also possible to immerse the foot however responses to CPT will vary depending on the duration of immersion and the site immersed. The CPT can also be used as a pain stimulus (61) and therefore, the test may not be well tolerated by some individuals. Continuous measurement prior to, during and post-immersion is advised. It is important to consider a method of re-warming the immersed hand post-test to avoid any additional discomfort for the subject. 

Methods of haemodynamic assessment
Within previously published research of functional haemodynamic testing in pregnancy, responses of maternal and foetal heart rate, maternal blood pressure, cardiac output, stroke volume, umbilical artery pulsatility index and uteroplacental vascular resistance index have been observed. Further research should focus on developing a robust and accurate understanding of both maternal and foetal haemodynamic responses to additional physiological challenge. Both maternal and perinatal long term outcomes, for example: development of hypertensive disorders, GMD, IUGR, preterm birth, should be considered to ensure that adverse responses may be linked to pathology if applicable. Where possible, continuous beat-by-beat measurements should be used to capture haemodynamic responses at the initiation of, during and recovery from functional haemodynamic testing. Importantly, the methods and equipment used must be demonstrated to be reliable and robust when use in both pregnant populations and within stress testing. This is of particular consideration during IHG and CPT, where the non-active arm should be used for blood pressure measurement, and also in submaximal aerobic exercise in which body movement may reduce the functional capabilities of equipment. The subject’s basal measurements should be collected after a minimum of 10 minutes seated rest in the semi-recumbent position and the delta change from rest to peak response should be considered. The ambient temperature of the test environment for all assessments should be controlled to 18 - 23 ºC. 
Prediction of pregnancy-related CV complications is extremely challenging and multifaceted. Many proposed tests have not consistently reported sensitivity and predictive values that warrant transition into clinical practice (68, 69). Despite aims to predict hypertensive disorders using functional haemodynamic testing, studies have been underpowered to a degree that no participants developed complications regardless of prior consideration for incidence rates of the disease (42). Such findings have conflicted the understanding of these tests and the role they may have in identifying women at risk of maternal and perinatal complications. It is imperative that future research is appropriately powered to address these concerns. 
Recommendations for functional haemodynamic testing during pregnancy
· Submaximal aerobic exercise testing during pregnancy is a useful tool for assessing global cardiovascular response to dynamic stress. Haemodynamic assessments should be conducted during moderate intensity exercise on a recumbent cycle ergometer lasting a minimum of 4 minutes up to a maximum of 30 minutes. The intensity of exercise should be individualised and prescribed either through heart rate or a set resistive workload, both in conjunction with subjective assessments of perceived exertion. The administrator should be familiar with exercise prescription guidelines, pre-exercise screening protocol, contraindications to exercise and reasons to terminate exercise. Threshold values to identify dysfunctional responses to submaximal aerobic exercise during pregnancy have not been developed.  The value of this test in predicting pregnancy complications is understudied, but preliminary results in clinical pregnant populations indicate it may be a useful screening tool for complications in high-risk pregnancies. 
· IHG during pregnancy should follow a standardised protocol of 2-3 minutes at 20-40% MVC on a dynamometer. Administrators should be aware of the potential for subjects to complete a Valsalva manoeuvre during the test, which is contraindicated during pregnancy, and also that the test may be poorly tolerated in some individuals due to pain or fatigue. Threshold values to identify dysfunctional responses to IHG during pregnancy have not been developed. IHG in pregnant populations has a conflicting literature base, with the majority of studies showing no differences between healthy and complicated haemodynamic responses. However, some research suggests IHG may be a useful tool in predicting PIH during gestation and increased CVD risk later in life in women with a history of PIH. 
· The CPT should be completed with the subject’s hand immersed in cold water (4ºC) up to the wrist for a duration of 1-3 minutes. The test is also used as a pain stimulus and therefore, can be poorly tolerated by some individuals. The test requires no specialist equipment to administer, and is therefore, easy to employ within a clinic setting. Threshold values to identify dysfunctional responses to CPT during pregnancy have not been developed. Despite some conflicting findings, CPT during pregnancy may have a prognostic value in predicting both hypertensive disorders of pregnancy as well as foetal outcomes. 
· Both maternal and foetal cardiovascular responses should be monitored continuously through functional haemodynamic testing. Long term maternal and foetal health outcomes should also be considered. 
Recommendations for future research
· Functional haemodynamic testing in pregnancy has largely been conducted in small cohort observational studies. The findings have not had the required power to confirm the normative values for healthy response, and consequently, to identify what constitutes an adverse response. Large-scale studies of healthy pregnancy will allow the establishment of normal values that classify the functional ability of the pregnant cardiovascular system to additional stress. Without such data, the application of functional haemodynamic testes is limited. 
· Functional haemodynamic testing in pregnant populations diagnosed with cardiovascular complications is currently understudied. Assessments of women already diagnosed with complications during pregnancy will not enable improved outcomes for those individuals, but will increase understanding of functional responses within these conditions. Without considerable further research, the specificity of functional haemodynamic tests to pathology is limited. In order for functional haemodynamic testing to provide value in identifying pre-clinical dysfunction, particular focus should be placed on assessment of complicated pregnancies. This may allow the development of threshold values that identify dysfunction which may improve the prognostic value of such tests for clinicians and in the future. 



Table 1. Functional haemodynamic testing during pregnancy.
	
	Advantages
	Disadvantages
	Current evidence of clinical relevance in pregnancy

	Submaximal aerobic exercise
Global haemodynamic challenge causing increases in:
· HR;
· Q;
· SV;
· SBP.
	· Assessment of global cardiovascular response;
· May provide additional information about fitness;
· Submaximal aerobic exercise should be painless and generally well tolerated.
	· Requires specialist space;
· Requires specialist equipment (recumbent cycle ergometer);
· May cause apprehension in women unaccustomed to exercise;
· Expensive;
· Determination of appropriate exercise intensities can be complicated;
· Prognostic value is under researched.
	· Increased DBP (>20 mmHg) in response to submaximal cycling exercise in healthy women at 23 weeks had a positive prediction rate of 11% for the development of preeclampsia in the third trimester (22); 
· Blunted peak HR during pre-pregnancy exercise testing indicated greater risk of maternal and perinatal outcomes in pregnant women with known cardiac disease (23);
· Greater increases in umbilical artery pulsatility index during exercise in pregnant women with uteroplacental vascular insufficiency when compared to healthy counterparts. Some women with uteroplacental vascular insufficiency developed AEDF and subsequent IUGR (24);
· Exaggerated uteroplacental vascular resistance index in pregnant women with PIH and/or SGA foetus during exercise when compared to healthy counterparts. (25).

	Isometric handgrip
Afterload challenge causing increases in:
· DBP;
· SBP;
· Q;
· HR;
And no change in:
· SVR.

	· Simple test administration;
· Easily administered in-clinic with equipment.
	· Requires specialist equipment (dynamometer);
· Expensive;
· May be poorly tolerated;
· Risk of completing a Valsalva manoeuvre;
· Limited supporting data on prognostic value in identifying complications of pregnancy.

	· Increased DBP in response to IHG shown to have a sensitivity of 81% and specificity of 96.5% in identifying PIH (40);
· No differences in response between healthy and hypertensive pregnant women in response to IHG (39, 42, 47, 52-54);
· Greater DBP and HR response to IHG in women with a history of PIH when compared to healthy counterparts (49);
· No differences in response to IHG between women with history of PIH compared to healthy counterparts (48).

	Cold pressor test
Afterload challenge causing increases in:
· DBP;
· SBP;
· HR;
· Q;
· SVR.
	· Simple test administration;
· Easily administered in-clinic;
· Does not require specialist equipment;
· Inexpensive.

	· Also used as a pain stimulus; 
· May be poorly tolerated;
· Some conflicting research on prognostic value of hypertensive disorders of pregnancy;
· No prognostic value of pre-pregnancy assessments. 
	· Exaggerated increase of SBP and DBP to CPT in women that subsequently developed preeclampsia when compared to healthy counterparts (65);
· No differences in response between healthy and preeclamptic, and healthy and PIH pregnant women in response to CPT (52, 66);
· Increased DBP in response to CPT during pregnancy correlated to lower birth weight, shorter gestation and smaller head circumference (59); 
· No associations between pre-pregnancy response to CPT and new-born weight or preterm birth (60).
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Figure One. Functional haemodynamic testing early in pregnancy may predict the development of gestational hypertensive disorders. 
If pregnant females have dysfunctional responses to functional haemodynamic testing early in pregnancy, this may indicate an inability to cope with the increased cardiovascular demands of later pregnancy, and therefore a reduced cardiovascular reserve. A hypertensive disorder may develop in pregnant women at the point at which resting cardiovascular demand exceeds their reduced functional reserve. 
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