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Abstract

Endothelial dysfunction is a key feature of preeclampsia, and may contribute to increased 

cardiovascular disease risk years after pregnancy. Flow-mediated dilation (FMD) is a non-invasive 

endothelial function test that predicts cardiovascular event risk. New protocols allow researchers 

to measure three components of the FMD response: FMD, low flow-mediated constriction and the 

shear stimulus. This review encourages researchers to think beyond “low FMD” by examining 

how these three components may provide additional insights into the mechanisms and location of 

vascular dysfunction. The review then examines what FMD studies reveal about vascular 

dysfunction in preeclampsia, while highlighting opportunities to gain greater mechanistic insight 

from new protocols. Studies using traditional protocols show that FMD is low in mid-pregnancy 

prior to preeclampsia, at diagnosis, and for three years post-partum. However, FMD returns to 

normal by ten years post-partum. Studies using new protocols are needed to gain more 

mechanistic insight.
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Introduction

Endothelium-dependent flow-mediated dilation (FMD) is used to assess vascular function 

and cardiovascular risk in women with preeclampsia, and in many other patient populations 

[1]. FMD is measured non-invasively via ultrasound. Technological and methodological 

advances have significantly improved protocols since FMD was first proposed in 1992 [2]. 

New protocols and analysis techniques have the potential to provide additional insights into 

the mechanisms and location of vascular dysfunction. However, lack of awareness of these 

protocols among clinical investigators has limited their incorporation into clinical research.

This review provides a basic overview of recent methodological advances, focusing on what 

clinical investigators need to know to understand FMD studies. The review then examines 
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what FMD studies reveal about vascular dysfunction in preeclampsia, while highlighting 

opportunities to gain greater mechanistic insight by using new protocols. We will 

accomplish these objectives by: 1. Explaining how FMD works, and why it is important, 2. 

Highlighting the primary features that distinguish new protocols from traditional protocols, 

3. Showing how combining FMD with measurements of the shear stimulus and low flow-

mediated constriction (LFMC) may provide additional insights into the mechanisms and 

location of vascular dysfunction, and 4. Examining what FMD studies reveal about vascular 

dysfunction before, during and after a preeclamptic pregnancy.

How Does FMD Work?

Flow-mediated dilation (FMD) is a non-invasive vascular function test that measures the 

change in artery diameter in response to reactive hyperemia. While FMD is traditionally 

performed in the brachial artery, some studies have also used the radial and femoral arteries 

[1]. During a typical FMD protocol, baseline artery diameter and blood flow velocity are 

measured using duplex ultrasound (Figure 1). An occlusion cuff is then inflated to stop 

blood flow to the lower arm for approximately 5 minutes. Ischemia in the tissue distal to the 

cuff causes the distal vessels to dilate, lowering vascular resistance. When the occlusion cuff 

is released, this reduction in downstream resistance dramatically increases blood flow to the 

arm. The endothelium responds to the resulting increase in shear stress by releasing 

vasodilators, including nitric oxide, which cause dilation in a healthy artery [3]. In a patient 

with vascular dysfunction, dilation is reduced or absent. FMD is the difference between the 

baseline diameter and the maximum diameter reached after cuff release (Figure 2). In 

addition to vascular health, FMD also depends on the artery examined, whether diameter is 

measured above or below the occlusion cuff, and how diameter is measured [1, 4].

FMD is usually calculated as a percent change in artery diameter, however, this approach 

was recently questioned [5, 6]. Percent FMD attempts to adjust for the effects of various 

factors, including body size, the size of the muscle bed, training status, etc., on baseline 

artery diameter [5]. This approach may underestimate FMD in large arteries and 

overestimate FMD in small arteries, contributing to spurious negative correlations between 

baseline diameter and percent FMD [5]. Alternative allometric scaling techniques were 

recently proposed [5], and are topics of extensive debate [7-9]. This review focuses on 

percent FMD, as the few studies that examined allometrically-scaled FMD did not include 

preeclamptic women.

Why is FMD important?

In addition to being a vascular function test, FMD is an established method of evaluating 

future cardiovascular disease risk in research studies. Low brachial artery FMD predicts 

cardiovascular event risk in healthy people and in patients with cardiovascular disease 

[10-13]. A recent meta-analysis concluded that for every 1% increase in brachial artery 

FMD, the relative risk of cardiovascular events was 0.87 (95% confidence interval 0.83 to 

0.91) [14]. Average values for brachial artery FMD of 8 to 15% are commonly reported in 

healthy individuals. On average, FMD may be absent or reduced by half in individuals with 

co-morbidities. Whereas some studies suggest that FMD independently predicts 
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cardiovascular events, others find that the strength of the relationship is attenuated after 

adjusting for traditional cardiovascular risk factors [15].

While FMD is a valuable research technique for investigating vascular function, significant 

limitations preclude its use in clinical settings [15]. The reader is referred to previous papers 

for more detailed discussions of the limitations of FMD [15, 1, 16]. Briefly, FMD requires 

expensive equipment and extensive operator training [15, 1]. Protocols differ among 

laboratories, making it difficult to establish standard cut off values. Testing conditions must 

be carefully standardized [15, 1]. This includes the time of day, room temperature, pre-test 

meal consumption, medication and caffeine use, and menstrual cycle phase in women. Day-

to-day variability can be high, and FMD is not always reduced in individuals with risk 

factors or disease.

Evolving Methodologies

FMD was first proposed in 1992 [2]. Traditional protocols measured artery diameter for 

several heart cycles prior to cuff inflation, and again at a specified time point post-cuff 

release (usually 60 seconds). Arterial diameter was measured manually using electronic 

calipers at end diastole. Early attempts to quantify the stimulus for FMD focused on peak 

flow, which occurs within 15 seconds of cuff release. Ultrasound machines at the time could 

not measure diameter and velocity simultaneously. Investigators would measure velocity for 

15 seconds post-release; then capture images to measure artery diameter at 60 seconds.

Advancements in ultrasound technology have significantly improved FMD protocols. 

Investigators can obtain simultaneous diameter and velocity data, record images 

continuously on an external computer, and analyze these large video files using semi-

automated software. These improvements provide continuous diameter and velocity data 

throughout one minute of baseline, five minutes of cuff inflation, and up to five minutes 

after cuff release. They have also led to two additional measurements that may enhance our 

understanding of vascular health: the shear stimulus for FMD and LFMC (Figure 2). The 

shear stimulus, quantified as area under the curve, is the increase in shear stress from the 

time of cuff release to the time of peak dilation. LFMC refers to the change in diameter from 

pre-inflation baseline to the last minute of cuff release.

While newer protocols are often used in small physiology studies, their incorporation into 

clinical research has been slow. These approaches require expensive data capture systems 

and analysis software. Analysis is more complex and time-consuming. The use of newer 

protocols has accelerated since they were recommended by recent guidelines [2]. However, 

traditional protocols are well established in the clinical literature, and are effective in 

predicting cardiovascular risk [10]. This may dampen enthusiasm for adopting newer 

techniques.

The disadvantages of these new techniques are offset by their potential to offer additional 

insight into the mechanisms and location of vascular dysfunction. This article encourages 

investigators to think beyond “low FMD” by explaining how clinical investigators can 

potentially maximize mechanistic insight into vascular dysfunction by interpreting FMD in 

combination with the shear stimulus and LFMC. These measurements are part of the FMD 
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protocol and do not require additional time; therefore they can be incorporated into clinical 

studies without increasing participant burden.

How to Identify New Protocols, and Why They Are Important

Five key components distinguish new protocols from traditional protocols. This section will 

help readers to identify these components, and understand why they are important.

1. Was diameter measured continuously to determine the maximum post-release 
diameter?

Traditional protocols measure post-release diameter at a specific time point (i.e. 60 seconds 

post-release). New protocols measure diameter continuously to determine the maximum 

post-release diameter. Maximum dilation occurs at 45-60 post-release seconds in most 

young healthy individuals [1]. However, there is substantial inter-individual variability [17]. 

Peak diameter often occurs later in older individuals or in individuals with disease [17]. If 

the time to peak diameter differs among groups, then differences in FMD observed with 

traditional protocols may be an artifact of the time selected for post-release diameter 

measurement. This problem can occur even when comparing young, healthy groups. Peak 

dilation occurred at 46 ± 16 (SD) seconds in non-pregnant women, vs. 57 ± 15 seconds in 

pregnant women [18]. FMD did not differ between pregnant and non-pregnant women when 

maximum dilation was determined from continuous measurements [18]. However, FMD 

was 2% greater in pregnant women when measured at 60 seconds post-release [18], as 

diameter was close to peak in pregnant women, but had begun decreasing in non-pregnant 

women.

2. Was the shear stimulus measured and quantified as area under the curve?

The stimulus for FMD is the increase in shear stress following cuff release [19]. Early 

studies focused on peak flow or peak shear, the highest value attained after cuff release. 

While peak shear occurs within 15 seconds of cuff release, peak diameter occurs much later. 

Shear remains elevated well beyond 15 seconds post-release, and these post-peak elevations 

in shear contribute to FMD [19]. Hence, shear stimulus area under the curve (AUC), from 

the time of cuff release to the time of peak diameter better reflects the stimulus for FMD 

(Figure 2) [19]. However, one study reported that peak shear rate and shear rate AUC were 

highly correlated when FMD was measured below the cuff [20].

While shear stress is believed to be the stimulus for FMD, investigators often measure shear 

rate [21]. Shear stress reflects shear rate after accounting for viscosity. Shear rate is an 

acceptable approximation of shear stress when one group of participants is studied at one 

time point, as viscosity is unlikely to change during FMD testing [21]. When viscosity 

differs among groups or time points, investigators should consider measuring viscosity to 

calculate shear stress.

3. Was semi-automated analysis software used?

Traditional protocols use electronic calipers to manually measure diameter at baseline, and 

at a single time point post-release [2]. Newer protocols record continuous diameter and 
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velocity data; then use semi-automated analysis software to measure diameter and velocity 

frame-by-frame [22].

4. Was FMD measured above or below the occlusion cuff?

The magnitude and mechanisms of dilation depend on whether FMD is measured above or 

below the cuff. The 2011 guidelines recommend measurement above the cuff [1]. 

Traditional interpretations suggested that proximal brachial artery diameter did not change 

during distal occlusion; therefore measurements above the cuff reflected shear-mediated 

dilation that occurred after cuff release [10]. Data suggesting that nitric oxide (NO) 

contributed to this shear-mediated dilation [23] implied that FMD measured above the cuff 

could be a bioassay of NO-mediated dilation [21]. In contrast, FMD measured below the 

cuff included two components which could not be separated; dilation due to ischemia during 

occlusion, and shear-mediated dilation following cuff release [10]. This additional ischemia-

mediated dilation explained the greater FMD values observed when FMD was measured 

below the cuff, compared to above. However, a recent meta-analysis concluded that FMD 

measured below the cuff was more predictive or equally predictive of cardiovascular 

disease, compared to FMD measured above the cuff [10].

5. Was LFMC assessed?

LFMC, the change in artery diameter between baseline and the end of occlusion (Figure 2), 

was recently proposed as a vascular health indicator that could be measured concurrently 

with FMD [24]. LFMC has been examined in physiology studies and small clinical studies. 

However, the clinical significance of LFMC has not yet been assessed in large cohort 

studies.

Small studies suggest that LFMC depends on the artery examined and patient health. While 

FMD is traditionally assessed in the brachial artery, early LFMC studies focused on the 

radial artery [24-26]. Brachial artery studies provide insight into conduit artery function, 

whereas radial artery studies examine resistance artery function. In healthy individuals, the 

average radial artery LFMC is 4-7% [24-27], whereas brachial artery LFMC is minimal or 

absent (-2 to 2%) [28, 29, 19, 30, 27]. However, opposite results may be observed in patients 

with disease. Radial artery LFMC is attenuated in patients with hypertension [24] and 

coronary artery disease [31]. In contrast, LFMC has been reported in the brachial artery 

among smokers [30], and patients with hypercholesterolemia [32] and non-ST-segment 

elevation myocardial infarction [33]. Three months of pravastatin attenuated brachial artery 

LFMC in hypercholesterolemic patients [32]. The presence of brachial artery LFMC in 

patients with risk factors or cardiovascular disease questions the assumption that brachial 

artery diameter does not change during distal cuff occlusion (described in section 4, above).

Thinking Beyond Low FMD: Gaining Mechanistic Insight from New 

Protocols

Low FMD has traditionally been interpreted as reduced dilation of the brachial artery in 

response to shear stress. However, several observations suggest that there may be multiple 

mechanistic pathways to low FMD. These pathways could potentially identify patients with 
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different mechanisms and locations of vascular dysfunction. Figure 3 demonstrates how the 

combination of brachial artery LFMC, shear rate AUC, and FMD may provide more insights 

into vascular dysfunction than FMD alone. These hypothetical pathways are based on 

brachial artery FMD measured above the cuff.

The first profile shows the expected response in healthy young individuals. There is no 

LFMC and a robust increase in shear rate following cuff release, leading to normal FMD. 

The participant has no dysfunction.

The second response shows a participant who has no LFMC, a normal shear stimulus, and 

normal FMD. However, peak dilation is delayed. Delayed time to peak dilation with normal 

FMD has been reported in older exercise-trained subjects [17], pregnant women [18], 

individuals with metabolic syndrome [34], and in 42% of patients with Type 2 diabetes [35]. 

It is unclear whether this profile has clinical significance. Liuni and colleagues reported high 

intra- and inter-individual variability in time to peak diameter [36]. In contrast, a large study 

reported greater Framingham risk scores in late dilators, compared to early dilators [37]. 

However, this study measured diameter at 50 seconds, two minutes and three minutes post-

release [37, 35]. Time to peak diameter is normally distributed or right-skewed; hence 

selecting specific time points for post-release diameter measurements may create artificial 

groupings that would not be apparent if diameter were measured continuously. Large studies 

with continuous diameter data are needed to further explore the reliability, mechanisms and 

clinical significance of delayed time to peak dilation.

In profile three, low FMD is due to increased constriction during cuff inflation (greater 

LFMC), rather than to reduced dilation after cuff release. This profile is based on responses 

reported in smokers by Stadler and colleagues [30]. Brachial artery LFMC occurred during 

occlusion in smokers, but not in non-smokers. Following cuff release, the absolute 

magnitude of the dilatory response appeared similar in both groups. However, lower artery 

diameter in smokers at the time of cuff release (due to LFMC) led to a smaller increase in 

diameter when compared to the pre-inflation baseline; hence FMD was lower in smokers. 

These data suggest that low FMD in smokers may have been due to LFMC, rather than to 

failed dilation following cuff release.

The fourth response illustrates the traditional interpretation of low FMD. Shear rate AUC 

appears normal; yet the artery does not dilate. This patient has reduced shear-mediated 

dilation in the brachial artery.

The fifth profile shows a hypothetical participant who has no increase in shear rate 

following cuff release. Shear-mediated dilation (FMD) in the brachial artery was never 

tested because there was no shear stimulus. Two studies have identified a subset of “non-

responders”; patients in whom distal cuff inflation causes limited reactive hyperemia and no 

dilation [35, 20]. These participants may have dysfunction in the distal vasculature, with 

failure to dilate in response to ischemia.

The profiles outlined in Figure 3, based on the existing literature, demonstrate how the 

combination of FMD, LFMC and shear rate AUC may provide more insights into the 

mechanisms and location of vascular dysfunction than FMD alone. Researchers have 
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traditionally interpreted low FMD as reduced dilation in the brachial artery in response to 

shear stress (profile 4). However, existing data raise the intriguing possibility that “low 

FMD” may capture distinct subtypes of vascular dysfunction. If only FMD is measured, then 

investigators cannot distinguish among these potential subtypes. The opportunity to gain 

mechanistic insights may be a key advantage of newer FMD protocols and analysis 

methods, despite their additional complexities.

This proposal for FMD use in research studies has several caveats, in addition to the known 

limitations of FMD [15, 1, 16]. These hypothetical responses are based on published data 

from groups of subjects. Further research is needed to determine whether these types of 

profiles occur and whether they can reliably be identified in individual patients. High day-

to-day variability is a significant limitation of FMD studies, and these individual response 

profiles will have limited value if they do not occur consistently within the same individuals. 

Researchers would also need to identify thresholds for determining whether each component 

is abnormal. Establishing thresholds for FMD is difficult because different laboratories use 

different protocols. Furthermore, each profile shows an abnormal response in a single 

component. However, it is possible that abnormalities in one component are associated with 

or contribute to abnormalities in other components. Finally, research would be needed to 

determine whether these response profiles have different implications for long-term disease 

risk. It is possible that FMD is an effective predictor because it detects abnormalities in 

several different vascular responses, any one of which identifies individuals at increased risk 

for cardiovascular disease. However, it is also possible that patients with no shear stimulus 

may have a worse prognosis than those with delayed dilation. In this case, newer protocols 

may allow researchers to obtain additional information about cardiovascular risk, in addition 

to the location and mechanisms of vascular dysfunction. This mechanistic insight could also 

help researchers and clinicians to identify new therapeutic targets for disease prevention and 

treatment. However, these questions can only be answered if investigators incorporate new 

protocols and analysis techniques into large clinical studies.

Preeclampsia: The Role of Endothelial Dysfunction

Endothelial dysfunction is a key feature of preeclampsia, and may contribute to increased 

cardiovascular disease risk years after pregnancy. The section examines what FMD studies 

reveal about vascular dysfunction in preeclampsia, while highlighting opportunities to gain 

greater mechanistic insight by using new methodologies.

Preeclampsia is a leading cause of maternal [38] and fetal [39] morbidity and mortality, 

which affects 2-7% of pregnancies [40, 41]. This disease is diagnosed in women presenting 

with new onset hypertension and proteinuria during the second half of pregnancy [42]. 

Preeclampsia can also be diagnosed in the absence of proteinuria in women with 

thrombocytopenia, impaired liver function, progressive renal insufficiency, pulmonary 

edema, or new onset cerebral or visual disturbances [42]. The only known cure for 

preeclampsia is delivery. Effective prevention strategies are lacking.

The pathophysiology of preeclampsia remains elusive; however endothelial dysfunction is 

believed to be a key feature. Maternal risk factors and abnormal placental development 
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contribute to systemic maternal endothelial dysfunction, which leads to maternal symptoms 

[43]. Failed adaptation of the uterine spiral arteries that supply blood to the placenta may 

cause hypoxia [43], repeated ischemia-reperfusion injury [44], or high velocity blood flow 

in the intervillous space [45]. The damaged placenta is believed to release factors that 

contribute to vascular dysfunction into the maternal circulation [43]. Many cardiovascular 

disease risk factors also increase preeclampsia risk, possibly by contributing to 

inflammation, oxidative stress and vascular dysfunction [43]. The American Heart 

Association recently recognized preeclampsia as a risk factor for cardiovascular disease [46] 

and stroke [47]. Endothelial dysfunction is critically important to the pathophysiology of 

preeclampsia, and may also contribute to future cardiovascular disease in these women.

FMD and Preeclampsia

Preeclampsia presents a unique opportunity for researchers interested in using FMD to 

examine the mechanisms of vascular dysfunction, and their relationship to future 

cardiovascular risk. Preeclampsia and cardiovascular disease share several risk factors, such 

as obesity, which are associated with vascular dysfunction and low FMD [48]. Endothelial 

dysfunction is a crucial component of preeclampsia pathophysiology, and is also 

hypothesized to be one mechanism linking preeclampsia with future cardiovascular disease 

and stroke.

Studies examining FMD in preeclampsia have focused on three time periods; prior to 

disease (10-29 weeks gestation), during preeclampsia, and post-partum (2 weeks to 11 

years). These studies provide considerable information about percent FMD. However, most 

studies used traditional protocols or modified traditional protocols that measured post-

release diameter at a few additional time points, and/or peak flow. A few studies recorded 

continuous post-release diameter data [49-53], however they did not report time to peak 

diameter. Studies have measured FMD above [50, 51, 54, 55, 49, 53, 52, 56-64] and below 

[65-73] the cuff. Shear rate AUC and LFMC have not been examined, as many studies were 

conducted before these measurements were proposed or recognized in clinical research.

FMD Prior to Preeclampsia (10 to 29 weeks gestation)

Preeclampsia occurs in 2-7% of pregnancies [40, 41]. Prospective first and second trimester 

studies would need to measure FMD in hundreds of women to obtain data in the small 

number of women who would later develop preeclampsia. Most investigators addressed this 

challenge by studying high-risk women, or combining small high-risk and low-risk cohorts. 

While these approaches increase the proportion of women who develop preeclampsia, data 

on low risk women who develop preeclampsia are lacking. In addition, each study recruited 

women with different risk factors. These risk factors included a previous preeclamptic 

pregnancy, abnormal uterine artery Doppler, referral to a high-risk obstetrics clinic, Type 1 

diabetes, obesity and hypertension. Risk factors, such as obesity, are themselves associated 

with lower FMD [48], and may confound study results.

Most studies observed lower FMD in the first and second trimesters among high-risk women 

who subsequently developed preeclampsia [50, 49, 64, 51, 63, 54]. These included studies in 

women with risk factors for preeclampsia [64], studies that combined low and high-risk 
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women [54, 49, 74], and studies that compared low-risk women to high-risk women who 

subsequently developed preeclampsia [50, 51]. One small study observed a non-significant 

trend towards lower FMD in women who later developed preeclampsia [75]. Lower FMD 

may be more apparent closer to diagnosis. FMD did not differ between women who later 

developed preeclampsia and those who did not at 16-20 weeks gestation, but was lower in 

women who later developed preeclampsia at 24-28 weeks [63]. Among women with Type 1 

diabetes, FMD was not different between those who later developed preeclampsia and those 

who did not [62].

Compared to women who remained normotensive, baseline diameter was not different [50, 

51] or larger [54] in women who developed preeclampsia. Peak flow did not differ between 

groups [64, 50].

Women with Preeclampsia

Most studies report lower FMD in women with preeclampsia, compared to normotensive 

pregnant women [70, 66, 71, 72, 65, 52, 76, 77]. However, a few studies found no 

differences [67, 61, 68]. Protocol differences do not appear to explain these divergent 

results. Peak flow [70, 67] or shear rate [61] did not differ between preeclamptic and 

normotensive pregnant women.

Data regarding the severity of preeclampsia is also conflicting. FMD was lower in women 

with preeclampsia complicated by HELLP (hemolysis, elevated liver enzymes, low 

platelets) syndrome, eclampsia or stillbirth, compared to women who had preeclampsia 

without these complications [78]. FMD was also lower in preeclamptic women with an 

abnormal uterine artery Doppler at diagnosis, compared to preeclamptic women with a 

normal uterine artery Doppler [66]. However, FMD did not differ among women with 

normotensive pregnancies, mild preeclampsia and severe preeclampsia [67], or between 

women with preeclampsia and women with preeclampsia superimposed on chronic 

hypertension [79].

Post-partum

FMD increases by four to six weeks post-partum in women who had preeclampsia [77, 67], 

suggesting a partial reversal of the endothelial dysfunction observed at diagnosis. However, 

most studies suggest that FMD remains lower in women who had preeclampsia for up to 

three years post-partum [68, 52, 56, 69, 57, 55, 58], when compared to women who had 

normotensive pregnancies. The presence and magnitude of the effect may depend on disease 

severity. Several studies suggest that FMD is lowest in women who have had early onset or 

pre-term preeclampsia [52, 49, 53]. FMD in women who had late onset [53] or term 

preeclampsia [49] was not different from FMD in women who had normotensive 

pregnancies. FMD was lower in women who had recurrent preeclampsia, compared to 

women who had one preeclamptic pregnancy [58]. Chambers and colleagues reported that 

FMD was lower in women with previous preeclampsia, even when the analyses were 

restricted to non-obese, non-smoking, normotensive women with normal fasting glucose and 

cholesterol levels [58]. Peak flow did not differ between women who had normotensive 

pregnancies and those who had preeclampsia [58].
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The persistent vascular dysfunction observed during the first three years post-partum may 

resolve by ten years post-partum. Hamad and colleagues evaluated the same women one 

year and eleven years postpartum. FMD was lower in women with previous preeclampsia at 

one year post-partum [56], but increased to levels observed in women with normotensive 

pregnancies by 11 years post-partum [59]. Despite this reversal of endothelial dysfunction, 

women with a history of preeclampsia had higher blood pressures and impaired glucose 

tolerance [59]. A second study also found no difference in FMD between women who had 

preeclampsia, and women who had normotensive pregnancies, ten years post-partum [60].

The timing of the post-release diameter measurement differed between the studies 

performed in the same women at one year and 11 years post-partum (50-60 seconds post-

release [56], vs. maximum of 30, 60 or 90 seconds post-release [59]). This could potentially 

impact the results if the peak dilation for many women occurred at 30 or 90 seconds post-

release in the later study. The study authors confirmed that the peak post-release diameter 

occurred at 60 seconds post-release in most women who were tested 11 years post-partum; 

therefore conclusions were not different when peak diameter was determined at 60 seconds 

post-release (Thomas Kahan, personal communication).

Future Directions

Existing studies suggest that women who develop preeclampsia have endothelial 

dysfunction in mid-pregnancy prior to the onset of disease and at the time of diagnosis. 

However, a few studies have not observed differences. This may be due to differences in 

study inclusion criteria or the timing of testing, differences in FMD protocols, or Type II 

error due to the small sample size of many studies. Post-partum studies raise the intriguing 

possibility that preeclampsia may cause persistent endothelial dysfunction that resolves 

between three and ten years post-partum. However, only two small studies have examined 

FMD in preeclamptic women ten years post-partum [59, 60]. Larger studies and studies 

which examine other time periods are needed. Very few studies have used continuous 

diameter measurements to account for potential between-group differences in time to peak 

diameter. Larger studies are needed to determine whether new protocols confirm these 

observations, while measuring the shear stimulus and LFMC. Researchers should also 

determine whether vascular dysfunction that resolves several years post-partum has lasting 

effects on cardiovascular risk. Pre-conception vascular function data are very difficult to 

obtain, but would be extremely valuable. Finally, combining FMD with other vascular 

assessment techniques may provide more comprehensive insight into vascular dysfunction 

before, during and after a preeclamptic pregnancy.

Conclusion

Combining FMD, LFMC and the shear stimulus may allow investigators to gain additional 

insight into the mechanisms and location of vascular dysfunction. Preeclampsia presents a 

unique opportunity for researchers interested in using FMD to examine the mechanisms of 

vascular dysfunction, and their relationships to long-term cardiovascular risk. Most studies 

suggest that women with preeclampsia have lower FMD than women with normotensive 

pregnancies, both prior to the onset of disease and at the time of diagnosis. While low FMD 
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persists for at least three years after a preeclamptic pregnancy, small studies suggest that this 

endothelial dysfunction resolves by ten years post-partum. If confirmed, this observation 

would suggest that preeclampsia presents a unique opportunity to evaluate the effect of 

medium-term vascular dysfunction on cardiovascular risk. Studies using new FMD 

protocols in women prior to, during, and after a preeclamptic pregnancy may provide 

valuable mechanistic insights into preeclampsia and future disease risk, while enhancing our 

understanding of FMD.
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Figure 1. How FMD Works
The FMD protocol typically includes one minute of baseline measurement, 5 minutes of 

distal cuff occlusion, and up to five minutes of data collection following cuff release. In 

newer protocols, diameter and velocity are measured continuously throughout the test and 

used to calculate shear rate.
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Figure 2. Measuring FMD, LFMC and Shear Rate AUC
This figure illustrates the three components of the FMD test – FMD, LFMC and shear rate 

AUC. Diameter and velocity are measured continuously throughout the test. FMD and 

LFMC may be calculated as an absolute or a percent change in artery diameter. FMD is 

calculated as the change in diameter from baseline, to the maximum diameter reached after 

cuff release. LFMC is the change in diameter from baseline to the end of cuff inflation. 

Shear rate is calculated as blood flow velocity/diameter. Shear rate AUC is the area under 

the curve from the time of peak diameter, to the time of cuff release. Only increases in shear 

rate above baseline values are included.
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Figure 3. Using FMD, LFMC and shear rate AUC to gain more insight into the nature and 
location of vascular dysfunction
Profile 1 shows expected responses in the brachial artery of a healthy subject, when FMD is 

measured above the occlusion cuff. Profiles 2-5 show multiple pathways that could 

potentially result in low FMD. The pathways and evidence supporting each are described in 

detail in the text.
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