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Measurements of cardiac function in a prospective
cross-sectional study of pregnant women between
|0 and 39 weeks of gestation using a computerized

brachial blood pressure cuff

Abstract

Background: Pregnancy requires substantial cardiovascular adaptation to support
maternal—fetal health but also increases the risk of hypertensive disorders, preeclampsia,
and fetal growth restriction. Routine vital signs do not assess stroke volume, cardiac
output, or total peripheral vascular resistance. Non-invasive pulse-wave analysis using a
computerized brachial cuff can measure these parameters, yet pregnancy-specific reference
intervals are lacking.

Objective: To establish gestational age—specific reference intervals and z-score equations
for key hemodynamic parameters between 10 and 39 weeks’ gestation and to evaluate the
effect of maternal position.

Study design: In this prospective cross-sectional study, 300 pregnancies without
hypertension, diabetes, fetal growth restriction, or incomplete data were analyzed.
Hemodynamic measurements were obtained in the supine, left lateral, and sitting positions.
Fractional polynomial regression using gestational age as the independent variable was
used to derive means, standard deviations, percentiles, and z-scores. Positional differences
were assessed using nonparametric tests.

Results: Heart rate increased from early pregnancy to the early third trimester and
declined toward term. Stroke volume and stroke volume index decreased progressively
across gestation. Cardiac output and cardiac index peaked at mid-gestation and declined
near term. Total peripheral vascular resistance decreased through mid-pregnancy, reached
a nadir in early third trimester, and increased at term. Compared with supine and sitting
positions, the left lateral position was associated with lower brachial and central blood
pressures, higher stroke volume, and lower vascular resistance, while cardiac output was
similar across positions. Gestation-specific centiles and z-score equations were generated
for all parameters.

Conclusion: This study establishes pregnancy-specific hemodynamic reference intervals
using a computerized brachial cuff-based device. The observed gestational trends
are consistent with prior studies and support left lateral positioning for hemodynamic
assessment. These reference standards may facilitate improved cardiovascular risk
assessment and individualized management in pregnancy.
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Introduction

Assessment of maternal cardiac function is increasingly important
in pregnancy, particularly for managing hypertension and identifying
women at risk for preeclampsia, fetal growth restriction, and other
adverse perinatal outcomes."¥’ Pregnancy is associated with
progressive and substantial changes in maternal hemodynamics,
including alterations in cardiac output and systemic vascular
resistance, that evolve across gestation.”®*" Despite this, routine
clinical assessment is largely limited to heart rate and brachial blood
pressure, which do not capture key aspects of cardiovascular function
needed to guide treatment decisions or stratify cardiovascular risk.?'!

Non-invasive assessment of maternal hemodynamics has therefore
gained increasing attention. In 2019, the International Working Group
on Maternal Hemodynamics reviewed available invasive, minimally
invasive, and non-invasive techniques for measuring cardiac function

in pregnancy.” The group emphasized that validation against

reference standards such as thermodilution, direct Fick, or MRI is
difficult in pregnant populations due to logistical and cost constraints.
Although transthoracic echocardiography is commonly used and
widely regarded as a reference method for assessing cardiac output
and vascular resistance, it is not well suited for routine screening and
is subject to operator variability.**

Importantly, the Working Group highlighted several limitations
of current non-invasive approaches. Different technologies rely
on distinct physiological assumptions and should not be used
interchangeably. Most critically, pregnancy-specific reference
intervals that account for gestational age and maternal characteristics
are lacking for many devices, limiting their clinical applicability.

Among non-invasive techniques, the UltraSonic Cardiac Output
Monitor (USCOM®) is the most extensively studied in both normal
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and high-risk pregnancies.?$10-2426.27.29.38-414351 Styydies using  this
device have reported clinically relevant hemodynamic patterns

Table | Studies of maternal cardiac function using the USCOM® device
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associated with adverse maternal and fetal outcomes (Table 1).35810.13-
15,19,20,22,24,27,29,41,45,47-49,51,52

Number
regnant . A
Authors Study P g Weeks studied Findings
patients
studied
Compare USCOM® with . Hemodynamic profiles were in line with data published in
Kager,®' P . ) 172 I'st to 3rd Trimesters oy P P
transthoracic echocardiography the literature.
In the first trimester, all the following vascular parameters
were higher in pregnant women compared to non-pregnant
. Compared pregnant and non- . - o
Khalil? P p. 8 185 Ist to 3rd Trimesters controls: cardiac output, cardiac index, stroke volume, stroke
pregnant patients . .
volume index. Pregnant women had significantly lower total
peripheral vascular resistance than non-pregnant controls.
Assessment of total peripheral
vascular resistance and total . . .
body water in normotensive When patients were stratified by total peripheral vascular
Lo Presti, Y . . 120 I st Trimester resistance < or > 1200 dynes/sec/cm5, there was no
women during the first trimester S . .
. significant difference in total body water.
of pregnancy to predict
hypertensive complications
Elevated total peripheral vascular resistance might indicate
an abnormal vascular adaptation already in the first weeks of
. . . regnancy. Moreover, in women who undergo an abortion,
Lo Presti,* I'st Trimester 160 I'st Trimester pregnancy. . ) &
elevated total peripheral vascular resistance could be
used to distinguish genetic or environmental causes of
miscarriage.
McNamara. Compared USCOM® with 3D 85 >25 weeks of USCOM® has acceptable agreement with 3D-TTE for the
’ echocardiography gestation measurement of cardiac output in pregnancy.
. . Women with a diagnosis of preterm delivery showed total
7 Evaluate patients with threatened ) ;
Valensise, . 68 Pre-term Labor peripheral vascular resistance values of > 1000 dynes/sec/
preterm delivery
cmb.
. Mean cardiac output in USCOM® was 0.6 L/min higher
45 USCOMB® vs transthoracic P " &
Mulder, echocardiography (TTE) 77 to 106 12 to 30 weeks compared to TTE in all trimesters; percentage error ranged
grapty from 35% to 45%.
Compared with controls, women with preterm hypertension
Perry,2 Hypertensive patients 231 3rd trimester had significantly lower cardiac output and significantly higher
systemic vascular resistance.
Pregnancies complicated by FGR presented with impaired
Evaluation of maternal maternal hemodynamic function, as evidenced by lower
19 hemodynamic function in growth 102 FGR, ) cardiac output, as well as higher mean arterial pressure, total
Perry, . 3rd trimester ) . . .
restricted (FGR) and small for 64 SGA peripheral vascular resistance and uterine artery resistance.
gestational age fetuses (SGA) Pregnancies delivering an SGA neonate, without evidence of
FGR, had normal maternal hemodynamic function.
Prediction of fetal distress in Increased total peripheral vascular resistance and decreased
Kalafat,® patients undergoing induction 27 3rd trimester cardiac output occurred in patients who developed fetal
of labor distress in labor requiring operative delivery.
Systemic vascular resistance . )
<15 yster - Total peripheral vascular resistance > 1006 dynes/sec/cm5
Farsetti, associated with fetal growth 24 29 . . )
. identified all fetuses with FGR.
restriction (FGR)
Pre-labor modifications of maternal cardiovascular variables
Mappa,'* Predict adverse outcome 133 37 to 39 weeks (stroke volume<50 ml, increased total peripheral vascular
resistance) are associated with adverse perinatal outcome.
No difference in cardiac findings between early and late
1o Identify early and late fetal 32 weeks or at time onset FGR. However, patients with hypertension and FGR
Ornaghi, e 102 ) - ; . )
growth restriction (FGR) of diagnosis vs. isolated FGR showed increased total peripheral vascular
resistance lower cardiac output.
) N ) GDM group had significantly lower values of cardiac output
13 Gestational diabetics mellitus group g y ; P
Mecacdi, 69 17 to 39 weeks and stroke volume than controls from the early third

(GDM)

trimester (26-30 weeks) until term.
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Table | Continued...
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Cardiac output lower and total peripheral vascular

Montaguti,? I'st trimester evaluation 187 I'st trimester resistance higher in patients who developed fetal growth
restriction in the 3rd trimester.
In DC pregnancy the maternal hemodynamics remain
. - stable as manifest by higher cardiac output and lower total
Dichorionic (DC) and . v g : put«
.5 L 40 MC . peripheral vascular resistance in the first-trimester when
Farsetti, monochorionic (MC) Ist to 3rd Trimesters ) . . .
regnanciess 35DC compared to singleton pregnancies. In contrast, in MC twin
preg pregnancy, the rise in maternal cardiac output continues in
the second trimester.
Maximum cardiac output and stroke volume values were
. measured in gestational weeks 30-32 and decreased over
Lihme,* Created reference ranges 405 28 to 40 weeks ) "8 . .
the third trimester, whereas systemic vascular resistance
increased during the same period.
) . 2nd and 3rd Unable to successfully predict the onset of PE or severe PE
Mangos,? Predict preeclampsia (PE) 137 ) v P
Trimesters based on hemodynamic parameters.
High total peripheral vascular resistance (>1200 Dynes/
Tiralongo,*® Predict preeclampsia 100 I'st trimester sec/cm5 during the first weeks of gestation may be an early
marker of cardiovascular maladaptation.
- Comparing USCOM® with ) . .
Vinayagam,* NIC(gM®g 598 3rd trimester USCOM® with NICOM® cannot be used interchangeably.
) . Stroke volume index and cardiac index decreased, and
] 2 Evaluation of morbidly obese 2nd and 3rd - ) .
Vinayagam, 23 ) total peripheral vascular resistance increased compared to
pregnant women Trimesters

controls

*= dynes-sec-cm™®

However, its use is limited by operator dependency, the need for
specialized training, assumptions regarding aortic dimensions, and
the requirement for a dedicated and relatively expensive stand-alone
system.

The Vicorder® device offers an alternative non-invasive approach
based on brachial cuff measurements combined with automated
waveform analysis. To date, it has not been evaluated for assessment
of cardiac function in pregnant patients, and pregnancy-specific
reference intervals are not available. In the absence of a non-invasive
gold standard for direct comparison, the primary aim of this study was
to establish gestational age—specific reference intervals for cardiac
function parameters measured with the Vicorder® device. Using
fractional polynomial analysis, percentile curves were created and a
z-score calculator to support clinical interpretation and potential use
of this device in pregnancy.

Materials and methods

Study design and ethical approval

This was a prospective, cross-sectional study conducted from
October 2023 to March 2024 at three maternal-fetal medicine
outpatient clinics located in Los Angeles County, California, USA.
The study protocol was approved by Pearl Institutional Review Board
(Protocol 22-FEDC-102; approval date: January 7, 2023), and all
participants provided oral informed consent prior to enrollment, in
accordance with IRB guidelines and institutional policy.

Participants and sampling methodology and patient
exclusion

A total of 330 pregnant patients were enrolled in the study. Thirty
patients were excluded: 6 for elevated mean arterial pressure (>107
mm Hg), 9 for estimated fetal weight <10th percentile, 10 due to
duplicate entries, and 5 for incomplete data. Thus, the final analytic

cohort included 300 participants (Flow Diagram, Supplement 1).
Eligible participants were pregnant individuals aged >18 years with
singleton gestations between 10 and 39 weeks of gestation who
consented for the study. The selected gestational ages were the result
of the referral patterns to our facilities. Patients were excluded if they
had any of the following at the time of or following the examination:

1) Mean arterial pressure (MAP) >107 mm Hg (equivalent to
>140/90 mm Hg).

2) Estimated fetal weight <10th percentile or >90" percentile for
gestational age determined using diagnostic ultrasound.

3) Preexisting chronic hypertension, diabetes mellitus, or other
systemic maternal conditions known to affect cardiovascular

physiology.
Study protocol

All patients were examined once only, consistent with the
methodological framework for cross-sectional modeling described by
Royston and further supported by Silverwood and Cole.>*> Exclusion
criteria were applied based solely on contemporaneous clinical
findings and not on future follow-up data.**>’

Cardiovascular measurements

Hemodynamic measurements were obtained  using
the Vicorder® device (I.LE.M. GmbH, Germany), a non-invasive,
FDA-cleared instrument that employs plethysmograph pulse wave
analysis of the brachial artery via an upper-arm blood pressure cuff.
Measurements were performed in a temperature-controlled room
(22-24°C) following a 15-minute rest period, with the participant in a
relaxed state. Each participant underwent cardiovascular assessment
in three body positions: supine, left lateral decubitus, and seated
upright. A 3-5-minute interval was observed between positions to
allow for hemodynamic stabilization (Figure 1) (Table 2).
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Table 2 Definitions of measurements obtained from the Vicorder® device used in the current study (Figure 1)

Measurements from the

Vicorder® Definition

Column 3 (Figure 1)

BP Brachial blood pressure (BP) in mmHpg, reflecting the brachial systolic and diastolic pressures.

PP Pulse pressure (PP) reflecting the brachial pulse pressure, the difference between systolic and diastolic pressure.

HR Heart rate (HR) in beats per minute (BPM) reflecting the mean heart rate derived from the timing of the brachial
waves.

MAP Mean Pressure (MAP) in mmHg referring to mean arterial pressure, derived as the arithmetic means over the brachial
pressure wave, where the mean pressure is supposed to be equal throughout the arterial tree.

co Cardiac output in liters/min relates to the non-invasive cardiac output that is calculated by Ohm’s law: cardiac output
= MAP / total peripheral vascular resistance

sV Stroke volume in milliliters refers to the cardiac stroke volume that is derived from cardiac output and heart rate

stroke volume = cardiac output / HR

Column 4 (Figure 1)

Aortic blood pressure (AoBP) in mmHg, reflecting the aortic central systolic and diastolic pressures, calculated from

AoBP )
the global transfer function.

AoPP Aortic pulse pressure (AoPP) in mmHg reflecting the central aortic pulse pressure, the difference between systolic
and diastolic central aortic pressure.

TPR Total peripheral vascular resistance in Peripheral Resistance Units (PRU) referring to the estimation of total

peripheral vascular resistance derived from the post systolic and diastolic portion of the central pressure wave.*

*The units for total peripheral vascular resistance (PRU) are expressed as pressure (mmHg) divided by cardiac output (mL/min), or mmHg-min-mL"', which
is sometimes abbreviated as peripheral resistance units. Alternatively, total peripheral vascular resistance may be expressed in centimeter-gram-second (cgs)
units as dynes-sec-cm®, where | mmHg = 1,330 dynes/cm? and flow (cardiac output) is expressed as cm®/sec. The total peripheral vascular resistance value in
peripheral resistance units can be converted to a corresponding value in cgs units by multiplying the peripheral resistance units value by 1333.%¢ Although the
cgs units are less intuitive, many clinical and experimental studies still express total peripheral vascular resistance in those units.

A

Right Brachial Cuff

Left Lateral Position

Figure | Analysis of the Brachial Waveforms Using the Vicorder® Device. (A) On the left side of the image the blood pressure cuff is placed on the right upper
arm of a patient lying in the left lateral position. The Vicorder® recorder is attached to the blood pressure cuff and interfaces with the computer program
that computes the measurements displayed on the computer screen. (B) is an enlarged image of the measurements obtained from the Vicorder® analysis. (1)
On the left side of the screen the real time brachial pressure waves are displayed. (2) The right part of the panel shows the mean brachial wave (white color
trace) averaged from previously recorded brachial pressure waves (1).While pressure waves on the left reflect the plethysmographic cuff reading, represented
by a low pressure of only tenths of mmHg, the mean brachial wave in the right panel is scaled to systolic and diastolic pressure (mmHg). The yellow trace in B
indicates the central aortic pressure wave derived from the brachial wave by applying the global transfer function.A yellow vertical cursor (dashed yellow line) is
placed at the “shoulder notch”, where the incident wave originating from the heart is superimposed by the reflected wave from the body.The blue line indicates
peak systolic pressure of the central wave while the white cursor is set at the end-systolic point, separating systolic and diastolic wave sections. On the upper
right side of this panel, the times T1 through T3 are given corresponding to the time related location of yellow, blue, and white cursors.TR gives the estimated

Reflection Time.The right lower panel provides the computed measurements (3 and 4) (Table 2).
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All measurements were performed by two trained operators,
certified in use of the Vicorder device and blinded to clinical data, to
minimize operator variability.

The following cardiovascular parameters were recorded:
1) Heart rate

2) Brachial and central aortic systolic, diastolic, and mean arterial
pressure

3) Pulse pressure
4) Stroke volume and stroke volume index
5) Cardiac output and cardiac index
6) Total peripheral vascular resistance (TPVR).
Calculation of total peripheral vascular resistance
TPVR was calculated using two methods to assess concordance:

1) Equation 1: TPVR (dynes-s-cm™) = (MAP x 79.96) / Cardiac
Output (L/min)

2) Equation 2: TPVR = 1333 x Peripheral Resistance Units (PRU),
where PRU is a direct output of the Vicorder device

The correlation coefficient between the two methods was r =
0.9997, indicating near-complete agreement and supporting their
analytic interchangeability. Both values are reported for transparency
and comparability with prior literature.

Statistical analysis

Data were analyzed using NCSS 24 (Kaysville, UT, USA)
and XLStat (Addinsoft, Denver, CO, USA). For each cardiovascular
parameter, fractional polynomial regression models were fitted using
gestational age as the independent variable to estimate gestational
age-specific means and standard deviations. From these, the 5th and
95th percentiles were computed as:
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1) 5th percentile = mean — (1.65 x standard deviation)

2) 95th percentile = mean + (1.65 x standard deviation)

Comparisons between body positions were conducted using
the Kruskal-Wallis test, followed by Dunn’s post-hoc test for multiple
comparisons. A p-value < 0.05 was considered statistically significant.

Results

Baseline characteristics

Table 3 describes the baseline characteristics of the study patients.

Table 3 Baseline characteristics of the study population (N = 300)

Characteristic Value
Maternal age (years) 3l4+66
Gestational age at exam (weeks) 22376
Maternal weight (Ibs) 164 + 34
Maternal height (inches) 63.0+34
Race/Ethnicity, n (%)

- Asian 10 (3.3%)

- Black or African American 16 (5.3%)

- Hispanic or Latina 120 (40.0%)
- White 154 (51.3%)

Reference intervals by maternal position

Gestational age-specific Sth, 50th, and 95th percentiles, along
with the regression equations for the mean and standard deviation
equations, and Z-score equations, are presented for each cardiovascular
parameter by position in Supplement 2_(supine), Supplement 3 (left
lateral), and Supplement 4 (sitting).

Heart rate

Heart rate increased across gestation, peaked in the early third
trimester, then declined slightly (Figure 2).

Heart Rate Heart Rate
Sitting Mean Values
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Figure 2 Reference intervals of the 5%, 50%, and 95* percentiles for maternal heart rate in the supine, left lateral, and sitting positions. When comparing the
supine with the left lateral position the mean values were lower for the left lateral position after 30 weeks of pregnancy.The image that summarizes the supine,
left lateral and supine graphs contains a colored * that represents the supine (red), left lateral (black) and sitting (green) mean results that are significantly
different (P<0.05).The sitting position showed significantly higher heart rate compared to supine and left lateral positions (Table 4,p < 0.001).
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Figure 2 illustrates the heart rate from 10 to 39 weeks of gestation
in the supine, left lateral, and sitting positions which suggests the
heart rate increases, peaks, and then decreases during the 3 trimester

of pregnancy.
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Brachial blood pressure

Systolic blood pressure (SBP) decreased until mid-gestation and
rose again toward term (Figure 3A). SBP was highest in the sitting
position, followed by supine and then left lateral (p < 0.01). Diastolic
blood pressure (DBP) showed a similar U-shaped trend in the sitting
and supine positions but remained stable in the left lateral position
(Figure 3B) (Table 4).
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Figure 3 Reference intervals of the 5%, 50, and 95 percentiles for the brachial systolic (A) and diastolic (B) blood pressures in the supine, left lateral, and sitting
positions.When comparing the supine (yellow shaded area) and sitting positions with the left lateral position, the mean values were lower for the left lateral
position for both the systolic (A) and diastolic (B) blood pressures throughout pregnancy.The image that summarizes the supine, left lateral and supine graphs
contains a colored * that represents the supine (red), left lateral (black) and sitting (green) mean results that are significantly different (P<0.05).
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Table 4 Kruskal-Wallis (Dunn Test) comparing the supine, left lateral and sitting positions cardiac measurements using the Vicorder® device

Measurement :tg;ine (Mean, z_;t:al;‘atsesz)zl :il;;ing (Mean, Ee\f’ta:::i:eral Ea\::::fvl;eft :u\;?rl'l:evs
’ Supine vs Sitting Sitting
Heart Rate 84 (13) 82 (12) 86 (15) 0.08 <0.001 0.04
Brachial blood pressure
Systolic (mm Hg) 122 (8.1) 110 (10.4) 126 (11.4) <0.001 <0.001 <0.001
Diastolic (mm Hg) 61 (6.6) 49 (7.5) 63.8 (10.6) <0.001 <0.001 0.0l
Pulse Pressure (mm Hg) 60.6 (7.4) 60.5 (8) 62.3 (11.8) 0.68 0.25 0.46
Mean Arterial Pressure (mm Hg) 87.4 (6.9) 76.1 (8.4) 90.8 (10) <0.001 <0.001 0.002
Central aortic blood pressure
Systolic (mm Hg) 115 (8.7) 106 (10) 119 (11.5) <0.001 <0.001 <0.001
Diastolic (mm Hg) 61 (6.7) 49 (7.5) 63 (10.6) <0.001 <0.001 <0.001
Pulse Pressure (mm Hg) 53.8(7.7) 56.7 (7.9) 55.8 (11.2) <0.001 0.02 0.15
Mean Arterial Pressure (mm Hg) 70 (4) 67 (7.6) 79 (4) <0.001 <0.001 <0.001
Ventricular function
Stroke Volume (ml) 96.3 (15.6) 101.2 (18.3) 94.3 (22.3 0.005 <0.001 0.0l
Stroke Volume Index (ml/BSA) 55.5(12) 59.2 (14.7) 55.5(12) 0.008 0.008 |
Cardiac Output (L/minute) 8 (1.5) 8.1 (1.8) 8.1 (2.2) 0.92 0.28 0.32
Cardiac Index (Cardiac Output/BSA) 4.6 (1.2) 4.7 (1.3) 5.1 (3.9) 0.87 0.3 0.38
Total peripheral vascular resistance
Peripheral Resistance Units
(mmPHg-min-mL-I) 0.65 (0.13) 0.57 (0.14) 0.73 (0.36) <0.001 <0.001 0.001
dynes/sec/cm5 871 (166) 764 (179) 919 (221) <0.001 <0.001 0.003

mm, millimeters; Hg, mercury; min, minute; mL, milliliters; BSA, body surface area; L, liters

Pulse pressure declined in late pregnancy in the supine and sitting  but remained stable in the left lateral position (Figure 4B). MAP was
positions but not in left lateral (Figure 4A). No significant differences  significantly lower in the left lateral position compared to supine and
were observed between positions (p > 0.05). Mean arterial pressure  sitting (p < 0.001) and sitting > supine (Table 4).

(MAP) increased progressively in the supine and sitting positions
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Figure 4 Reference intervals of the 5%, 50" and 95* percentiles for the brachial pulse pressure (A) and brachial mean arterial pressure (B) in the supine, left
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lateral, and sitting positions. When comparing the supine (yellow shaded area) with the left lateral position the mean values were lower for the left lateral
position for the mean arterial pressure (B) throughout pregnancy.The image that summarizes the supine, left lateral and supine graphs contains a colored * that

represents the supine (red), left lateral (black) and sitting (green) mean results that are significantly different (P<0.05).

Central aortic blood pressure

Trends in central systolic and diastolic pressures paralleled those of brachial pressures (Figure SA & 5B). The left lateral position consistently
yielded lower values compared to supine and sitting positions (p < 0.001). Pulse pressure was lowest in the left lateral position across all
trimesters (Figure 6A), and MAP was lowest in left lateral, followed by supine and sitting (Figure 6B) (Table 4).
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Figure 5 Reference intervals of the 5%, 50", and 95% percentiles for the aortic systolic (A) and diastolic (B) blood pressures in the supine, left lateral, and sitting
positions. When comparing the supine (yellow shaded area) and sitting positions with the left lateral position the mean values were lower for the left lateral
position for both the systolic (A) and diastolic (B) blood pressures throughout pregnancy.The image that summarizes the supine, left lateral and supine graphs
contains a colored * that represents the supine (red), left lateral (black) and sitting (green) mean results that are significantly different (P<0.05).
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position (yellow shaded area). The image that summarizes the supine, left lateral and supine graphs contains a colored * that represents the supine (red), left
lateral (black) and sitting (green) mean results that are significantly different (P<0.05).

Stroke volume and stroke volume index

Stroke volume (SV) declined steadily in the supine position and was relatively stable in the left lateral and sitting positions (Figure 7A).
The stroke volume index (SVI) showed a similar pattern, with higher values in the left lateral position across gestation (Figure 7B, p < 0.05).
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Figure 7 Reference intervals of the 5%, 50*, and 95" percentiles for the stroke volume (A) and stroke volume index (B) in the supine, left lateral, and sitting
positions.When comparing the stroke volume (A) and stroke volume index (B) in the supine (blue shaded area) and sitting position with the left lateral position
the mean values were higher in the left lateral position.The image that summarizes the supine, left lateral and supine graphs contains a colored * that represents
the supine (red), left lateral (black) and sitting (green) mean results that are significantly different (P<0.05).

Cardiac output and cardiac index

Cardiac output (CO) rose from early gestation until the mid-second trimester and then declined in all positions (Figure 8A). No statistically
significant differences were found between positions (p > 0.05). Cardiac index (CI) followed similar trends, peaking mid-gestation and then
declining (Figure 8B) (Table 4).
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Figure 8 Reference intervals of the 5%, 50™, and 95 percentiles for the cardiac output (A) and cardiac index (B) in the supine, left lateral, and sitting positions.
When comparing the cardiac output (A) and cardiac index (B) in the supine and sitting positions with the left lateral position the mean values were not
significantly different.

Total peripheral vascular resistance

Total peripheral vascular resistance, calculated via both PRU and dynes/sec/cm?®, decreased until the early third trimester and then increased
until term (Figure 9A & 9B). TPVR was lowest in the left lateral position, highest in the sitting position, with the supine position intermediate.
These differences were statistically significant (p < 0.001, Table 4).
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Figure 9 Reference intervals of the 5%, 50, and 95 percentiles for the total peripheral vascular resistance measured in peripheral resistance units (A) and
Dynes/sec/cm® (B) in the supine, left lateral, and sitting positions. When comparing the total peripheral vascular resistance, the values were lower in the left
lateral position than the supine (yellow shaded area) and sitting positions throughout pregnancy. The image that summarizes the supine, left lateral and supine
graphs contains a colored * that represents the supine (red), left lateral (black) and sitting (green) mean results that are significantly different (P<0.05).

Discussion
Principal findings

This study describes reference intervals for maternal cardiovascular
parameters measured using the Vicorder® device from 10 to 39
weeks of gestation. Irrespective of maternal position, brachial and
aortic mean arterial pressure and total peripheral vascular resistance
followed a U-shaped trend: decreasing to a nadir in the late second or
early third trimester, then increasing toward term. Heart rate changed
in the opposite direction, increasing through mid-gestation and
decreasing near term. Stroke volume and stroke volume index declined
steadily, while cardiac output and cardiac index increased until mid-

gestation before decreasing near term. Positional differences revealed
that the left lateral position was associated with significantly lower
mean arterial pressure and total peripheral vascular resistance, and
higher stroke volume and stroke volume index, though cardiac output
and cardiac index did not differ significantly across positions. These
findings suggest that despite similar cardiac output across positions,
reduced total peripheral vascular resistance in the left lateral position
may enhance end-organ perfusion.

Comparison with existing literature

Our results align with previous studies using other devices (e.g.,
USCOM®, NICOM®) that report similar gestational trends in cardiac
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output, heart rate, and total peripheral vascular resistance.’$40425%0 For
instance, di Pasquo et al.%' classified hypertensive pregnant patients
into hemodynamic phenotypes using USCOM measurements.®' They
demonstrated that aligning antihypertensive treatment with these
profiles reduced the incidence of severe hypertension before delivery
(6% vs. 19.4%, p=0.02). This underscores the value of understanding
individual cardiovascular profiles to inform therapy. Our findings also
support prior research indicating that altered cardiac output and total
peripheral vascular resistance may precede clinical manifestations
of preeclampsia and fetal growth restriction. Therefore, coupling
assessment of the maternal hemodynamic profile with the appropriate
antihypertensive medication appears to decrease the severity of
hypertension before delivery which has important clinical implications
since the latter is associated with significant perinatal and maternal
morbidities and mortality.®> "

Changes in cardiac output and total peripheral
vascular resistance prior to the manifestation of
gestational hypertension, preeclampsia, and fetal
growth restriction

Previous studies have suggested different manifestations of
cardiac output and total peripheral vascular resistance in patients
with gestational hypertension, preeclampsia, and preeclampsia
with fetal growth restriction (Table 1).”47 In patients who develop
preeclampsia the cardiac output may be increased with decreased total
peripheral vascular resistance, while those with preeclampsia and
fetal growth restriction the cardiac output may be decreased and total
peripheral vascular resistance increased.”®’’ In addition to profiling
cardiac function at the time of diagnosis of gestational hypertension
or preeclampsia, studies have also reported that an increased total
peripheral vascular resistance and decreased cardiac output occur in
the I* trimester, prior to the development of preeclampsia.®8264348
Therefore, routine measurements of these cardiovascular parameters
could be facilitated using the Vicorder® device because of its ease of
use.

Clinical implications

The availability of position-specific reference intervals may aid
clinicians in interpreting maternal hemodynamic data more precisely.
Total peripheral vascular resistance values may be important in
differentiating hypertensive subtypes and guiding individualized
treatment. The Vicorder® device’s simplicity allows for incorporation
into routine prenatal care. A practical calculator tool (Supplement 5)
and instructional video (Supplement 6) were developed to facilitate
bedside use. These tools enable clinicians to calculate Z-scores and
percentiles, visualize gestational trends, and support evidence-based
clinical decision-making.

Research implications

This study highlights the potential role of hemodynamic profiling
in the management of hypertensive disorders of pregnancy. Future
research should investigate the clinical utility of treatment selection
based on maternal cardiac output and total peripheral vascular
resistance measurements. Longitudinal studies using the Vicorder®
device could determine whether early deviations from normal
hemodynamic trajectories predict later adverse outcomes.

Strengths and limitations

Strengths of the study include its large sample size, standardized
measurement protocol, and generation of gestational age—specific
reference intervals for three maternal positions. The Vicorder® device
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offers a practical, non-invasive, and widely accessible method for
cardiovascular assessment. However, the study did not include direct
comparisons with other hemodynamic devices. As recommended
by the International Working Group on Maternal Hemodynamics,*
device-specific calibration remains essential due to technological
variability.

Conclusion

This study provides gestational age-specific reference intervals
and Z-score equations for maternal cardiovascular parameters from
10 to 39 weeks of gestation, stratified by maternal position. These
reference values, obtained using a simple brachial cuff-based system,
may aid in identifying abnormal cardiovascular adaptation in
pregnancy. Incorporating these parameters into clinical practice may
improve assessment and management of gestational hypertension and
preeclampsia, and facilitate personalized antihypertensive therapy
based on maternal hemodynamic profiles.
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