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Evaluation of Vascular Reactivity
of Maternal Vascular Adaptations

of Pregnancy With Quantitative MRI:
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Background: Abnormal maternal vascular function during pregnancy stemming from systemic endothelial dysfunction
(EDF) has a central role in the pathophysiology of preeclampsia (PE).
Purpose: To utilize quantitative MRI to investigate changes in physiological measures of vascular reactivity during normal
pregnancy, and to explore EDF associated with preeclampsia.
Study Type: Prospective.
Population: Healthy pregnant (HP) (n = 14, mean GA = 26 � 7 weeks) and nonpregnant women (NP; n = 14); newly post-
partum (PP <48 hours) women with severe PE (PP-PE; n = 4) and normotensive pregnancy (PP-HP; n = 5).
Field Strength/Sequence: 1.5T/3T. RF spoiled multiecho gradient-recalled echo, 1D phase-contrast MRI, time-of-flight.
Assessment: The micro- and macrovascular function (vasodilatory capacity of arterioles and conduit arteries, respectively)
of the femoral vascular bed was evaluated with MRI-based venous oximetry, arterial velocimetry, and luminal flow-
mediated dilation quantification, during cuff-induced reactive hyperemia. Aortic arch pulse-wave velocity (aPWV) was
quantified to assess arterial stiffness using an ungated 1D technique.
Statistical Tests: Two-tailed unpaired t-tests were performed to address our two, primary a priori comparisons, HP vs. NP,
and PP-PE vs. PP-HP. Given the pilot nature of this study, adjustments for multiple comparisons were not performed.
Results: In HP, microvascular function was attenuated compared to NP by a significant increase in the washout time
(10 � 2 vs. 8 � 2 sec; P < 0.05) and reduced upslope (2.1 � 0.5 vs. 3.2 � 0.8%HbO2/s; P < 0.05), time of forward flow
(28 � 5 vs. 33 � 6 sec, P < 0.05), and hyperemic index (11 � 3 vs. 16 � 4 cm/s2; P < 0.05), but luminal flow-mediated dila-
tation (FMDL)was comparable between HP and NP. PP-PE exhibited significant vascular dysfunction compared to PP-HP,
as evidenced by differences in upslope (2.2 � 0.6 vs. 1.3 � 0.2%HbO2/s, P < 0.05), overshoot (16 � 5 vs. 7 � 3%HbO2,
P < 0.05), time of forward flow (28 � 6 vs. 15 � 7 s, P < 0.05), and aPWV (7 � 1 vs. 8 � 1 m/s, P < 0.05).
Data Conclusion: Attenuated vascular reactivity during pregnancy suggests that the systemic vasodilatory state partially depletes
nitric oxide bioavailability. Preliminary data support the potential for MRI to identify vascular dysfunction in vivo that underlies PE.
Level of Evidence: 2
Technical Efficacy Stage: 1
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PREGNANCY CAN BE CONSIDERED a prolonged
“stress test,” given the significant and sustained vascular

and hemodynamics changes that occur.1 Maternal cardiac
output increases by 40 to 50%, as a result of profound
increases in both plasma volume and heart rate.1 By mid-

gestation, maternal physiology reaches its most vasodilated
state, manifesting as the lowest blood pressure and peripheral
vascular resistance for the pregnancy.1 However, as the
plasma volume and cardiac output plateau in the mid-third
trimester, maternal blood pressure often surpasses baseline
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levels.1 These profound cardiovascular changes are important
adaptations that characterize a normal pregnancy.1

Preeclampsia (PE), one of the greatest contributors to
perinatal morbidity and mortality worldwide, affecting 2–8%
of all pregnancies, is largely believed to be caused by an
underlying maternal endothelial dysfunction (EDF).2 In its
severe form, PE can manifest with life-threatening events to
the mother such as acute renal failure, cerebral edema, stroke,
and cardiac failure.3 In addition, PE is a strong independent
risk factor for future vascular disease and premature death in
women who developed PE during pregnancy.4 Therefore,
robust and accurate characterization of endothelial function
throughout pregnancy could allow for greater understanding
of the underlying normal and pathologic EDF. Further, to
help close the significant gaps in understanding and detecting
the underlying pathophysiology of this disease and its associa-
tion with future cardovascular events.5

Ultrasound (US) measurements of flow-mediated dilata-
tion (FMD) in the brachial artery following cuff-induced ische-
mia is currently the research standard for noninvasive
assessment of endothelial function.6 During reactive hyper-
emia, the increased shear rate on the endothelium leads to vaso-
dilation of the conduit artery via nitric oxide (NO) release.7

While often regarded as an effective surrogate marker for endo-
thelial function, brachial artery FMD is limited by poor
intrasubject reproducibility, with the coefficients of variation of
FMD measurements varying widely from as little as 1.5% to
�50% in others.8–10 This limitation is magnified, since the
average magnitude of FMD is �5% and US settings such as
dynamic range, gain, and probe distance are known to signifi-
cantly affect diameter measurements.11,12 Consequently, poor
reproducibility and standardization have contributed to con-
flicting FMD data in the pregnant population, including those
who developed PE.13,14

Arterial tonometry is another cardiovascular research tool
that is utilized to estimate pulse-wave velocity (PWV), a physi-
ologic marker of arterial stiffness that has been used to study
the vascular effects of aging, cardiovascular disease, stroke,
renal dysfunction, cognitive disorders, and smoking.15–18

Tonometry measures the time delay of the systolic pressure
wave at some downstream location using pressure transducers
placed at the two locations (typically the common carotid and
femoral arteries).19 However, tonometry has several significant
limitations, which include imprecise estimation of the path
length of the pressure wave, difficulty in obtaining the femoral
pressure waveform, and inability to target regional PWV mea-
surement of the aortic arch, which is the main elastic reservoir
of the cardiovascular system mainly responsible for the patho-
physiological effects of arterial stiffening due to its proximity
to the left ventricle.20,21 These limitations have led some
experts to be cautious of the validity and reproducibility of this
technique in the evaluation of vascular function.20 Nonethe-
less, significant associations between carotid-femoral PWV

and PE have been reported and may even persist for some time
after delivery.22,23

In this study we present an innovative quantitative mag-
netic resonance imaging (MRI) protocol for assessing normal
and pathologic vascular reactivity in pregnancy. These MRI
techniques have demonstrated their value and detection sensi-
tivity in the study of various pathologic states and physiologic
challenges, including peripheral artery disease and chronic
exposure to cigarette smoking, as well as the acute effects of
electronic cigarette aerosol inhalation.24–26 The objective of
this pilot study was to demonstrate the feasibility and poten-
tial utility of these MRI techniques in studying pregnancy-
related vascular pathophysiology.

Materials and Methods
Participants

VASCULAR REACTIVITY IN HEALTHY PREGNANT (HP)
VS. HEALTHY NONPREGNANT (NP). In pregnant subjects,
multiple gestation and known fetal anomalies were excluded from
participation. The pregnancy status was monitored under prenatal
care per clinical routine and collection of outcomes. Data for non-
pregnant, healthy controls were retrieved from a database of a recent
study that some of the present authors had completed using the
same MRI techniques.26

VASCULAR REACTIVITY IN POSTPARTUM SEVERE PE
VS. POSTPARTUM NORMOTENSIVE. Postpartum (PP) PE
subjects were diagnosed and treated for severe PE by their clinical
team during term delivery and then approached for participation
after delivery. At our institution, severe PE is defined based on cur-
rent American College of Gynecology guidelines, most commonly
with newly elevated blood pressures >160/110 mmHg and one of
the following: headache, visual disturbances, or signs of end-organ
damage such as proteinuria, renal insufficiency, elevated liver func-
tion test, thrombocytopenia, or pulmonary edema.27 Subjects were
approached for participation after delivery and MRI exams were per-
formed between 24 and 48 hours after delivery. Normotensive PP
controls with similar age (�5 years), race, body mass index (BMI)
(�5 kg/m2), and gestational age (�1 week) were recruited.

All subjects were recruited with written informed consent
obtained prior to all examinations following an Institutional Review
Board-approved protocol. Subjects were between 18 and 35 years of
age, with BMI ≤35, and no history of cardiovascular disease, diabe-
tes, or connective tissue disorders.

Quantitative MRI Protocol
All MRI on pregnant and postpartum women were performed with
a clinical 1.5T Siemens Avanto (Siemens Medical Solutions,
Erlangen, Germany) unit, using standard RF coils (a circularly polar-
ized extremity coil for imaging the femoral vessels, a body matrix
combined with spine coil for aortic arch). The entire protocol,
including scout scans, lasted less than 40 minutes and the patients
were scanned in feet-first supine position for the cuff-occlusion para-
digm (25 minutes, including patient setup and localizer scans) and
head-first supine for aortic PWV quantification (15 minutes, with
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10 minutes for patient repositioning and localizer scans). Subjects
were given a 5-minute break between each scanning position.

The data for the healthy nonpregnant women were obtained
from the control group of a recent study performed by some of the
authors exploring the acute effects of e-cigarette smoke inhalation.
In that study, the MRI protocol was structurally identical and
acquired the same set of physiological parameters, although using a
clinical 3T Siemens Prisma (Siemens Medical Solutions).26 For the
healthy pregnant and nonpregnant groups, the MRI protocol was
expanded to also include the quantification of femoral artery luminal
FMD (FMDL).

ASSESSMENT OF PERIPHERAL MICRO- AND
MACROVASCULAR ENDOTHELIAL FUNCTION. Briefly,
lower limb ischemia was induced by applying a blood pressure cuff
(SC120D model, Hokanson, Bellevue, WA) to the upper right
thigh, on the adductor longus region. The cuff was inflated to
100 mmHg above the subject’s systolic blood pressure (SBP), but
not exceeding 250 mmHg to occlude the superficial femoral artery
(SFA) and vein (SFV). The MRI examination during cuff paradigm
consisted of 2 minutes of baseline imaging, 5 minutes of cuff occlu-
sion, and 5 minutes of imaging during recovery (reactive hyperemia).
During the baseline (preocclusion) period, SFA blood flow velocity,
lumen area, and SFV oxygenation (SvO2) were quantified succes-
sively. During reactive hyperemia (postocclusion), blood flow veloc-
ity and oxygenation level were simultaneously time-resolved with a
temporal resolution of 150 msec and 2 seconds, respectively, but
suspended at 60, 90, 120, 180, and 240 seconds after cuff deflation
to acquire high-spatial resolution time-of-flight (0.625 mm) images
to estimate the maximum SFA FMDL. Quantification of SvO2 was
performed with MR susceptometry-based oximetry, a field-mapping
method, where images were acquired with a multiecho RF-spoiled
gradient-recalled echo (GRE) sequence.28 Absolute blood flow veloc-
ity waveform was time-resolved without gating via a 1D version of
phase-contrast (PC)-MRI.29

ASSESSMENT OF AORTIC ARCH STIFFNESS. Aortic arch
pulse-wave velocity (aPWV) was quantified by estimating the propa-
gation time of the velocity wave from ascending aorta to proximal
descending aorta. The foot and the systolic wave front of velocity
wave was time-resolved by sampling velocity-encoded center k-space
line ky = 0 repeatedly without gating.30

The pulse sequences used and their acquisition parameters are
summarized in Table 1. The MRI metrics that parameterize the
time-courses of SvO2 and blood flow velocity are also included in
the table along with their physiological interpretations.

Image and Data Analysis
All image reconstruction and image-based quantification of MRI
parameters were performed offline by the first author (10+ years of
experience).

The field maps or phase difference images Δϕmap for SvO2

quantification was constructed as Δϕmap = arg(Z2,Z1*) where Z1
and Z2 represent complex images of first and second echo, respec-
tively, and the asterisk denotes complex conjugate. The effect of low
spatial-frequency modulations of the phase caused by large-scale
induced magnetic fields was reduced by fitting, after appropriate

weighting and masking, the static field inhomogeneity to a second-
order polynomial.31 The venous oxygen saturation, SvO2, in the

femoral vein was computed as 100× 1− 6Δϕ=ΔTE
γΔχdoHct �Bo 3cos2θ−1ð Þ

� �
, where

Δϕ is the average intravascular femoral vein phase relative to average
intravascular femoral artery phase (assumed 100% oxygenation
level), ΔTE is the echo spacing, γ is the gyromagnetic ratio of water
protons, Δχdo = 4π× (0.27� 0.02) ppm is the susceptibility differ-
ence between fully deoxygenated and fully oxygenated erythrocytes
in SI units, θ is the vessel tilt angle relative to the main field B0, and
Hct (hematocrit) is the volume fraction of erythrocytes in packed
blood.24 The intravascular phase of was measured as the average in a
region of interest (ROI) placed at the center of the cross-sectional
area of the vessel.

The high-resolution bright-blood images were binarized using
automated thresholding based on the entropy method.32 Luminal

FMD (FMDL) was computed as A−Aoð Þ
Ao

× 100: To a first-order

approximation, FMDL doubles the sensitivity of conventional
ultrasound-based FMD that relies on the change in diameter, ie,
FMDL≡ δA/Ao≈ 2δr/ro, where δr and ro are the changes in radius,
and radius of the artery at rest, respectively.

In 1D PC-MRI, the phase difference between velocity-
encoded projections was computed after removing the interfering
background tissue signal. The signal from flowing blood was isolated
by masking out the vessels of interest from a reference image (fully
sampled k-space). The masked image was then Fourier-transformed
back to k-space. The resulting projection obtained from the center
k-space line (containing background tissue signal only) was sub-
tracted from the velocity-encoded projections prior to computing
the phase difference Δϕvel and converted to velocity image, πΔϕvel/
VENC; VENC is the user-defined velocity sensitivity parameter rep-
resenting the velocity value that will lead to flow-induced phase
accumulation of �π. Spatially averaged velocities of the vessels of
interest were computed by averaging the velocity along the readout
direction within the vessel boundaries.

Aortic PWV was determined as L/Δt, where L and Δt are the
path length and transit time of the velocity wave, respectively, from
ascending to proximal descending aorta. L was manually determined
from a sagittal oblique image of the aorta and Δt was determined via
the “foot-to-foot” method, routinely performed in tonometry, from
the jointly plotted time course of complex difference signal intensity
|CD| in ascending and descending aorta.20 The complex difference
signal intensity |CD| retains only the signal from the moving spins
and represents average signal across the lumen in the projection
direction (perpendicular to the readout direction).

All analyses, except FMDL, required manually drawing an
ROI, but within vessel lumen, which considerably reduced subjectiv-
ity. A recent reproducibility study performed in 10 participants
resulted in intraclass correlation coefficients (ICCs) greater than 0.9
for oximetric parameters and aortic PWV. The hemodynamic
parameters achieved ICC >0.8.26

Statistical Analysis
Descriptive analyses were performed for each of the four groups of
subjects: 1) healthy pregnant (HP); 2) healthy nonpregnant (NP); 3)
postpartum preeclamptic pregnancy (PP-PE); and 4) postpartum
healthy pregnancy (PP-HP). Then two-tailed unpaired t-tests were
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performed to address our two, primary a priori comparisons, HP
vs. NP and PP-PE vs. PP-HP, with P < 0.05 considered significant.

Results
The profiles of study subjects are summarized in Table 2. A
total of 14 healthy pregnant women (n = 14, mean gesta-
tional age, 26.4 � 6.5) and 14 nonpregnant controls were
included. Preeclampsia did not ensue in pregnant women. In
addition, nine postpartum subjects (four with severe PE) were
also examined. The total recruitment number for postpartum
women with severe PE pregnancy was 7. Three withdrew and
the reasons included change of mind before entering the scan-
ner, claustrophobia, and failure of cuff occlusion.

Representative time-courses of SvO2 and blood flow
velocity during reactive hyperemia of a healthy pregnant and
nonpregnant women are jointly shown in Fig. 1. For the
velocity time-course, only the sliding window average for the
healthy nonpregnant is shown for clarity. In Fig. 2 sample
high-resolution bright-blood and binarized images are shown.

In Fig. 3a the oblique sagittal localizer image of aorta
shows the location of the imaging plane that enables simulta-
neous quantification of velocity-encoded projections at proxi-
mal ascending and descending aorta (Fig. 3a,b). The axial
reference image (Fig. 3c) helps identify ascending and des-
cending aorta on the time-resolved |CD| image of Fig. 3d.

In pregnant subjects micro- and macrovascular function
was attenuated compared to nonpregnant women (Fig. 4).
There was a significant increase in the washout time (10 � 2
vs. 8 � 2 sec; P < 0.05) and reduction in both the upslope
(2.1 � 0.5 vs. 3.2 � 0.8%HbO2/s; P < 0.05), TFF (28 � 5
vs. 33 � 6 sec; P < 0.05), and hyperemic index (HI) (11 � 3
vs. 16 � 4 cm/s2; P < 0.05) between pregnant vs. non-
pregnant subjects. The observed differences in aortic arch
PWV (7 � 1 vs. 6 � 1 m/s; P = 0.081) and superficial femo-
ral artery FMDL (20 � 10 vs. 13 � 3%; P = 0.357) between
the pregnant and nonpregnant women were not significantly
different in this small, pilot study.

Impaired vascular function was observed when compar-
ing MRI parameters between the postpartum women with

and without severe PE (Fig. 5). Most notably, in the former
there were significant reductions in upslope (1.3 � 0.6
vs. 2.2 � 0.6%HbO2/s, P < 0.05), overshoot (7 � 3 vs.
16 � 5%HbO2, P < 0.05), and TFF (15 � 6 vs. 28 � 6 s,
P = 0.037). In addition, the regional PWV in the aortic arch
was also elevated (8 � 1 vs. 7 � 1 m/s, P < 0.05) in women
who had preeclamptic pregnancy compared to those who had
a normal pregnancy.

Discussion
In this pilot study, the primary objective was to present a non-
invasive quantitative MRI protocol for evaluating endothelial
function as a potential new imaging tool to help understand
the unique vascular reactivity of healthy, pregnant women car-
rying nonanomalous, singleton gestations. Further, in order to
study the pathophysiology of preeclampsia, we recruited newly
postpartum women who were diagnosed and treated for severe
PE by their clinical team during term delivery. We elected to
focus on the postpartum period since pregnant women with
severe PE at term require hospital admission and delivery,
making delaying their care for a research MRI inappropriate.
In addition, as the pathophysiology of severe PE remains
active to a large degree for days to weeks after delivery, this
would still allow us to preliminarily test our quantitative MRI
techniques in the study of this disease process. The prelimi-
nary MRI data indicate that a significant attenuation in vascu-
lar function is present in pregnant compared to nonpregnant
women. Although the preliminary data indicate that this MRI
strategy detects differences in vascular function in newly post-
partum women with severe PE compared to postpartum nor-
motensive controls, it should be interpreted with caution due
to the limited sample size. However, the results highlight the
potential for this MRI approach to enable quantitative, in vivo
investigations of vascular function in pregnancy.

MRI oximetric parameters are more recently developed
measures of microvascular function and add an entirely new
functional dimension to the evaluation of vascular function
compared to brachial artery FMD and carotid-femoral
PWV.24 During cuff occlusion, arterial supply is suspended,

TABLE 2. Subject Profile

Parameter

Pregnant Nonpregnant Postpartum (normal) Postpartum (PE)
n = 14 n = 14 n = 5 n = 4

Maternal age, year 24.8 � 6.2 23.7 � 3.9 31.1 � 6.5 29.3 � 3.1

Ethnic group

White 4 11 0 0

Black 9 2 5 4

Other 1 1 0 0

BMI, kg/m2 26.3 � 4.3 22.1 � 2.2 25.5 � 4.9 25.5 � 4.0

February 2021 451

Langham et al.: MRI Quantification of Vascular Reactivity During Pregnancy

 15222586, 2021, 2, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/jm

ri.27342 by U
ni C

hieti Pescarale, W
iley O

nline L
ibrary on [26/10/2022]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense



but oxygen extraction continues in the capillary bed. There-
fore, the partially desaturated blood in the microvascular cap-
illary bed serves as an endogenous tracer. Upon cuff
deflation, rapid replacement of desaturated capillary blood by
normally oxygenated venous blood is monitored in the
draining superficial femoral vein with MR oximetry and the
time-course of SvO2. Washout time estimates how quickly
the tagged blood in the capillary bed is “flushed” out of the
tissue, hence reflecting microvascular reactivity.33 Similarly,
rapid drainage, signifying healthy endothelial function in the
microvasculature,24 manifests as a higher rate of resaturation
(upslope) and the degree of supply exceeding the demand is
characterized by greater overshoot.

In a previous study, comparisons between young
healthy nonsmokers and young smokers, oximetric parame-
ters were shown to be more predictive in detecting the delete-
rious effects of aging and smoking on endothelial function
compared to brachial artery FMD. A significant difference
was observed in the washout time and upslope was observed
among young smokers.25 in this study, both washout time
and upslope parameters were also significantly different in
pregnant women compared to nonpregnant controls. Among
postpartum women, upslope and overshoot were significantly
lower in those who had preeclamptic pregnancy. These pre-
liminary results, albeit encouraging, are based on a limited
sample size; therefore, further study is warranted to interpret

FIGURE 1: Parameterization of dynamic oximetry and velocimetry time-course for quantifying reactive hyperemia. (a) Time-courses
of capillary blood oxygen saturation quantified at the superficial femoral vein of a pregnant (blue) and nonpregnant (orange)
women. Cuff release occurs at t = 0. Black arrows indicate suspension of dynamic oximetry for high-resolution imaging to estimate
femoral artery FMD. (b) Pregnant woman arterial blood flow velocity time-course (blue) showing individual systolic peaks with red
and orange lines representing 3-second sliding-window average of pregnant and nonpregnant women, respectively. Vmax divided by
the baseline average velocity (not shown) is related to the peripheral flow reserve (PFR). See text for definitions of parameters.

FIGURE 2: Femoral artery luminal FMD. (a) Sample high-resolution bright-blood magnitude image. Inset shows a magnified view of
superficial femoral vessels. (b) Binarized images for quantifying luminal area. The first image was acquired prior to cuff occlusion and
for demonstration purposes; subsequent images correspond to 60, 90, and 120 seconds after the cuff deflation. Red circle is
overlaid to facilitate visualization of dilation relative to baseline (first image). In this pregnant subject the maximum luminal FMD was
18%, corresponding to a 9% increase in vessel diameter occurring at 60 seconds after cuff deflation.

FIGURE 3: Noncardiac triggered aortic PWV quantification. (a) Oblique sagittal image of the aorta for velocity wave path length L
(black line) estimation. The white line indicates the prescribed slice position of the (b) reference axial image. It is rotated (readout
direction is vertical) to enable identification of the ascending (Aa) and descending aorta (Da) on the velocity-dependent intensity
image of (c) as denoted by the dashed rectangles. Three systolic peaks are shown. (d) Time-course of signal intensity generated from
(c) clearly showing transit delay Δt of the velocity wave at Da relative to Aa. PWV was computed as L/Δt.
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FIGURE 4: MRI surrogate markers of EDF quantified in healthy nonpregnant (NP) and healthy pregnant (HP) women. Significantly
prolonged washout time and decreased upslope, TFF, and HI in pregnant women compared to nonpregnant controls characterize
blunted micro- and macrovascular reactivity. Significant differences in oximetric parameters suggest slower replacement of capillary
blood while the hemodynamic parameters suggest reduced bioavailability of NO resulting in attenuated hyperemia. P values were
derived on the basis of paired t-tests. The boxes represent inner quartiles; horizontal lines within the box indicate the median, and
crosses (X) indicate the mean.

FIGURE 5: Negative impact on MRI surrogate markers of EDF after severe PE pregnancy (PP-PE) relative to healthy pregnancy (PP-
HP). Reduced upslope and overshoot indicated slower replacement of desaturated tissue blood by normally oxygenated venous
blood. Shorter TFF corresponds to inability achieve reduced microvascular resistance to accommodate hyperemia to full magnitude,
resulting in lower PFR.
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the results with regard to MRI metrics’ potential to provide
new insight into microvascular function in preeclamptic
pregnancy.

The MRI velocimetric parameters of arterial hemody-
namics exhibited differences in vascular function during
hyperemia in nonpregnant women in terms of higher initial
acceleration of blood flow velocity after cuff deflation (hyper-
emic index, HI) and longer duration of reduced microvascular
resistance (TFF) compared to pregnant women. These results
may indicate that the systemic vasodilatory state of pregnancy
partially depletes the recruitable endothelial reservoir. In other
words, while the reduced systemic vascular resistance may be
an essential adaptation in pregnancy to accommodate the sig-
nificant increases in plasma volume, cardiac output, and
uteroplacental perfusion, there are limits to the body’s ability
to adapt. Consequently, there is an attenuated hyperemic
response in pregnancy. In the postpartum PE group, only TFF

among hemodynamic parameters was altered compared to
normotensive controls, reaching statistical significance. The
reduced duration of monophasic velocity profile during hyper-
emia also suggest a limited bioavailability of nitric oxide.

The MRI approach used in this study also allows for
PWV assessment of the aortic arch. Tonometry-based assess-
ments of aortic stiffness in pregnancy have most often
targeted carotid-femoral (cf) PWV, with significantly
increased cf-PWV being reported in women with PE relative
to normotensive pregnancy.22,23 Studies have only shown
small (<10%) changes in cf-PWV in pregnant compared to
nonpregnant women.34,35 We did not observe a difference in
aortic PWV between healthy pregnant and nonpregnant
women but markedly increased arterial stiffness in postpartum
subjects with severe PE compared to normotensive controls.
During pregnancy, systematic vascular resistance reaches a
minimum in the second trimester. This adaptation delays and
attenuates peripheral wave reflections and reduces aortic stiff-
ness.20,36,37 However, profound cardiovascular adaptations
also include increased stroke volume, which increases wall
tension and shear stress of the central artery, and conse-
quently, may offset the vasodilatory effect on PWV.1 The
more profound increase in PWV in the postpartum PE group
may indicate a failure of the peripheral and microvasculature
adaptations in pregnancy to mitigate the impact that the
increased cardiac output and stroke volume has on the aortic
arch elasticity.

Limitations
The sample size of each cohort was limited. Of the 14 preg-
nant women, only four were in the third trimester, so we
were unable to examine the potential for longitudinal changes
between the second and third trimesters. Further, there were
only nine postpartum women total, and from such a small
dataset the results do not warrant a meaningful interpretation
regarding the pathophysiology of preeclampsia.

Another potential limitation of this study is that preg-
nant women were examined at 1.5T and compared to non-
pregnant controls examined at 3T field strength. MRI
quantification based on MR signal can lead to systematic
errors, even between two scanners with the same field
strength and operating platform.38 However, the proposed
MRI protocol relies on the phase of the MRI signal to quan-
tify the physiologic parameters (except for femoral artery
FMDL). In the latter case, the only requirement to be met is
adequate signal contrast between lumen and vessel wall for
estimation of the lumen area. The parameters extracted from
dynamic oximetry, velocimetry, and aortic arch PWV all rely
on signal phase and the primary source of phase error is static
field inhomogeneity. The MRI principle of velocimetry and
PWV are identical and the method is fundamentally robust
against static field inhomogeneity because the phase difference
is taken between two images acquired with the same echo
time.39 Dynamic oximetry is more susceptible to field
inhomogeneity; however, the superficial femoral vein is a
deep-lying vessel at mid-thigh and the primary effect of inho-
mogeneity caused by air–tissue interfaces is considerably miti-
gated and further reduced with retrospective correction.31

Thus, we are confident that the comparisons are valid despite
the different field strengths. Nonetheless, it is indicated in
future studies to minimize these potential confounders.

Conclusion
There remains much to learn about the complex vascular
adaptations in pregnancy and preeclampsia.4 Our pilot study
suggests that MRI has the potential to provide clinically use-
ful information on systemic vascular function associated with
maternal cardiovascular adaptations during pregnancy with
greater detail.
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