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Ultrasonography is widely used for fetal monitoring but it requires
sonographers and s limited to snapshot evaluations at discrete intervals.
Here we report a wearable ultrasound patch (UPatch) for continuous and
autonomous fetal monitoring. The UPatch can acquire anatomical structures
and blood flow velocities, demonstrating good agreement with a handheld
clinical ultrasound device on 62 pregnancies. Real-time image segmentation
allows autonomous tracking of target vessels to acquire continuous blood
flow spectraduring fetal and maternal movements without a sonographer.
Continuous monitoring data from 52 pregnant women aligned with stratified
perinatal conditions, including healthy, small for gestational age, large

for gestational age, gestational diabetes, preeclampsia and gestational
hypertension. With further technology development, integration with
aminiaturized circuit could enable fully wireless operation and greater

user mobility. The UPatch could provide continuous assessment of fetal
compromise in high-risk pregnancies, expanding prenatal-care capabilities.

The physiological maturation of the fetus in the uterus is supported
by coordinated blood flow through the maternal, placental and fetal
circulations'. Any disruption of these hemodynamic interactions can
precipitate fetal complications, such as hypoxia?, intrauterine growth
restriction® and cerebral palsy*, with stillbirth’ being the most extreme
outcome. Despite decades of research, many such fetal complications
remain undiagnosed and unexplained, with existing methods relying
mostly on postmortem investigations®’. Continuous monitoring of fetal
anatomy and hemodynamics throughout pregnancy not only provides
insights into the pathophysiological mechanisms of fetal complica-
tionsbut also allows early detection and mitigation of emergingissues,
helping to prevent adverse outcomes (Supplementary Discussion 1)°.

Continuous fetal monitoring currently relies predominantly on
cardiotocography, which measures the fetal heart rate and uterine

contractions (Supplementary Fig. 1 and Supplementary Discus-
sion 2)'>"", However, given the complexity of fetal physiology, these
measurements do not correlate well with fetal health and yield
false-positive rates up to 50% (Supplementary Discussion 3)"*™, Other
continuous monitoring devices based on electrocardiography,
pulse oximetry" or accelerometry’® cannot reliably differentiate
fetal from maternal signals and are not commonly used in clinical
practice. Ultrasonography is widely used to measure fetal biometry
and blood flow (Supplementary Discussion 4)"* and standardized
reference indices have been established throughout gestation to
evaluate fetal health (Supplementary Discussion 5)***°. However,
conventional ultrasonography is heavily dependent on the skills
of the operator and measurements are limited to snapshots that
can fail to capture the longitudinal patterns and critical moments
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Fig.1| Overview of the UPatch. a, Schematics of the working principle of the
UPatch for fetal monitoring (left) and a structurally exploded view (right).

The UPatch is attached to the maternal abdomen to monitor fetal anatomical
structures and hemodynamics continuously with duplex imaging. A sample
gate, indicated by the green dot, defines the target region for blood flow
measurements from a fetal vessel. A diverging beamis used for imaging and a
focused beamis used for blood flow measurement. The UPatch is multilayered
to enhance its signals and minimize its form factors. b, Comparison of signal-to-
noise ratios between transducers diced with the conventional method and the
super multipass method (n =12). Insets, optical images showing the results from
the two dicing methods. The images share the same scale bar. ¢, Acoustic fields
measured using ahydrophone in the elevational plane of the UPatch with (left)

and without (right) an acoustic lens. d, The power spectral density analysis of the
UPatch with and without the soft Faraday cage, input termination at 50 Q and
open circuit of the backend system. The soft Faraday cage reduces noise coupling
from electromagneticinterference by 11.7 dB Hz ' at 2.5 MHz (gray dashed line),
the center frequency of the UPatch. e, Photographs of the UPatch demonstrating
its mechanical compliance in wrapping (left) and bending (right) shapes. Images
share the same scale bar. f, UPatch safety measurements. The mechanical index
(M), soft tissue thermal index (TIS), bone thermal index (TIB) and cranium
thermalindex (TIC) were all well below the thresholds of 0.7 recommended by
the American Institute of Ultrasound in Medicine (AIUM)* and British Medical
Ultrasound Society (BMUS)** guidelines for continuous monitoring (n=4).
Datainb,fare presented asthe mean +s.d.

of fetal hemodynamics?*?. Although wearable ultrasound devices
have been developed for continuous monitoring of physiological
signals?®*™, they are unsuitable for fetal monitoring because of weak
blood flow signals from deep fetal vessels and signal loss during large
fetal movements.

Here, we report a wearable ultrasound patch (UPatch) that
can continuously image the fetus and autonomously measure fetal
blood flowinreal time (Supplementary Discussion 6). To enhance the
signal-to-noise ratio and imaging resolution, we integrated transducers
fabricated by super multipass dicing, as well as an acoustic lens and a
soft Faraday cage (Extended DataFig.1). Toidentify and track moving
targets, we used asegmentation-based algorithmto place sample gates

inthe dupleximages. Blood flow spectra canbe acquired continuously
and autonomously in real time, even during large fetal movements.
We conducted a prospective study with 62 pregnant participants to
validate the accuracy of the UPatch compared with ahandheld clinical
ultrasound device. Furthermore, we used the UPatch to continuously
monitor the umbilical cord blood flow in 52 participants, generating
longitudinal measurements that distinguished transient fluctuations
from sustained compromise. We found that Doppler indices exhib-
ited monotonic relationship with gestational age and differentiated
high-risk from healthy pregnancies. Ina preeclamptic case, the UPatch
revealed the severity of intrauterine growth restriction, leading to an
early Cesarian delivery to prevent stillbirth.

Nature Biotechnology



Article

https://doi.org/10.1038/s41587-026-03140-1

/

/ Circle of
?“ Willis

7P Umbilica
Umbilical vein  f artery

Umbilical cord:™ o

10cms’” I_

Middle cerebral artery

\

YR
" .M .‘t'hh‘ y’um Muo MM ‘W

UPatch Clinical
e f c device
4 a 10
Q0
50 L — UFTaFch . . ° 0.8 o +1.96 s.d
zzzz (Clinical device ] +1.96 s.d o 6.67
; L 5.6
= 40 S~ % oal o5 8 ®
O o) ﬁ . Qo Mean
= 30 Q =3 Mean kS
< 2 - O (o] el 0 £:95
1) JA) -0.0190] @
S 20 & ® L . o -1.96 s.d.
- = -0.4 . P e
] 1 a . -1.96s.d £ -5 s e
10 5 ~05551| & e e
-0.8 | <
0 0 1 1 1 S -10 N N
BPD HC AC FL EFW 1 2 3 4 5 9 120 140 160 180

Fig. 2| Measurements and validations of the UPatch for fetal monitoring.

a, Schematicsillustrating the fetal cardiovascular system. The umbilical cord
shows coiling of the two umbilical arteries and one umbilical vein. The middle
cerebral artery is located within the circle of Willis. b, Duplex images of the
umbilical cord and circle of Willis recorded with the UPatch. Theimages share
the same scale bar. ¢, Blood flow spectra from three key vessels recorded
withthe UPatch. The spectrashare the same scale bar.d, Comparison of the
cerebroplacental ratio (CPR) measured with the UPatch and a handheld clinical
ultrasound device (Voluson E10, GE Healthcare) (n = 5). e, Comparison of

fetal biometry measured with the UPatch and a handheld clinical ultrasound

Mean S/D ratio

Mean fetal heart rate (bpm)

device. Biparietal diameter (BPD), head circumference (HC), abdominal
circumference (AC) and femur length (FL) were used to calculate fetal weight
(EFW) (n = 4)*.f, Bland-Altman plots for the systolic-to-diastolic ratio (S/D ratio;
left) and fetal heart rate in beats per minute (bpm) (right) measured using the
UPatch and a handheld clinical ultrasound device. Solid red lines are the mean
differences between the two devices, solid blue lines are 95% limits of agreement
(1.96 s.d. above and below the mean differences) and black dashed lines are the
zero difference between the two devices. Each plotincludes three repeated
measurement pairs acquired using the same devices in each of the

62 participants. Dataind,e are presented as the mean +s.d.

Design of the UPatch

Fetal structures and vessels vary in size and are distributed across a
wide range of depths within the uterus (Fig. 1a, left)*. Brightness-mode
imagingis based on echoes from tissue interfaces and distributed scat-
tering withintissues®. In contrast, color Dopplerimaging and spectral
Doppler waveforms of blood flow are based onthe much weaker echoes
fromred blood cells***.

We adopted three strategies to strengthen the echoes from red
blood cells in deep fetal vessels. First, the UPatch contains a 2.5-MHz
PZT-5H 1-3 composite with a conductive epoxy backing layer at a
pitch of 0.65 ultrasound wavelength (Fig. 1a, right). We used super
multipass dicing, which reduced the kerf and, thus, increased the
element width by 25% (Fig. 1b, Methods, Supplementary Figs. 2 and 3
and Supplementary Discussion 7). This improved the signal-to-noise
ratioby 7.2 dB without increasing the crosstalk between adjacent ele-
ments (Supplementary Fig. 4). Second, we designed an acoustic lens
toimprove elevational focusing, which reduced the focal beamwidth

by 25% and, thus, enhanced the spatial resolution and color Dop-
pler signal sensitivity (Fig. 1c, Methods, Supplementary Figs. 5-8
and Supplementary Discussion 8)*. Additionally, the acoustic lens
moved the elevational focal depth from 14 to 10 cm, on par with clini-
cal devices, to balance the spatial resolution throughout the entire
uterus (Fig. 1c and Supplementary Fig. 7). Third, we developed a soft
Faraday cage by connecting the electromagnetic shielding layer
to the mesh ground electrode layer using vertical interconnect
accesses (Methods, Supplementary Figs. 9 and 10 and Supplemen-
tary Discussion 9). The cage fully encapsulated the elements and
reduced the electromagnetic interference by 11.7 dB Hz™" (Fig. 1d
and Supplementary Figs. 11-13)*¢. Additionally, we used two signal
electrode layers that can individually address each element with a
minimal electrode footprint (Supplementary Fig. 9). The UPatch was
mechanically compliant (Fig. 1e) and imposed negligible constraints
on the movement of pregnant participants in various positions
(Supplementary Fig.14).
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Table 1| Participant demographics in the validation study

Race/ethnicity n (percentage)
White 45 (72.6%)
Asian 5 (81%)
Mixed, American Indian 8 (12.9%)
Unknown* 4 (6.4%)

At the time of study Meanzs.d.
Age (years) 31.45+4.88
Height (cm) 164.44+7.34
Weight (kg) 73.33£18.11
Body mass index 2717+6.92
Gestational age (days) 238.90+26.68

Placental location n (percentage)

Anterior 36 (58.1%)
Posterior 17 (27.4%)
Lateral 4 (6.5%)
Fundal 5(81%)

*The participants refused to provide this information.

To quantify the UPatch performance, we characterized its bright-
ness, color Doppler and spectral Doppler modes following the Insti-
tute of Physics and Engineering in Medicine protocol (Methods)*.
On a phantom filled with monofilament wires and tissue-mimicking
contrast targets, the axial and lateral resolutions as well as dynamic
range and contrast-to-noise ratio of the UPatch in brightness mode
were comparable to those of a handheld clinical ultrasound device
(Supplementary Fig. 15)*%. On a flow phantom with blood-mimicking
fluids, the color Doppler sensitivity and the spectral Doppler accu-
racy of the UPatch at different depths and velocities were similar to
those of the clinical device (Supplementary Figs. 16 and 17)*°. On a
customized umbilical cord flow phantom, the UPatchreliably acquired
flow signals regardless of phantom orientation (Extended Data Fig. 2,
Supplementary Figs.18 and 19 and Supplementary Discussion10).Ona
healthy adult participant, all three modes of the UPatch and the clinical
device were comparable in quality (Supplementary Figs. 20 and 21).

Acoustic safety characterizations

Minimal acousticintensity is necessary for the fetus to avoid potential
side effects associated with ultrasound exposure*°. We examined the
biological effects of the UPatchin vitro in all three ultrasound modes
following the guidelines from the American Institute of Ultrasound in
Medicine (AIUM)*, British Medical Ultrasound Society (BMUS)** and
Food and Drug Administration (FDA)* (Methods and Supplementary
Discussion11). The maximum spatial average temporal average inten-
sitywas 0.72 mW cm™ (<20 mW cm2isrecommended by the FDA** and
5mW cmisthe value reported for the GE Corometrics 250CX (https://
my.getzhealthcare.com/getzhealthcare/products/ge-healthcare/coro-
metrics-250cx/corometrics250cx_datasheet.pdf). The maximumder-
ated spatial peak pulse average intensity was16.42 W cm2 (<190 W cm™
is recommended by the FDA*), the maximum derated spatial peak
temporal average intensity was 58.5 mW cm™ (<94 mW cm™isrecom-
mended by the FDA*’) and the mechanical index was 0.20 for duplex
(combinedbrightness and color Doppler) imaging and 0.38 for spectral
Doppler (<1.9 isrecommended by the FDA* and <0.7 isrecommended
by the BMUS*) (Fig. 1f).

We also evaluated the thermal characteristics of the UPatch (Sup-
plementary Discussion 12)***°, Surface temperatures were measured
using a thermocouple on a phantom and in air (Methods). In both
conditions, the temperature increase was <0.7 °C during 48 h of
continuous UPatch activation (Supplementary Fig. 22). To calculate

the thermal index, acoustic power was measured and cross-checked
using a hydrophone and radiation force balance (Methods and
Supplementary Figs. 23 and 24)*. The soft tissue thermal index, bone
thermalindex and cranium thermalindex were 0.02, 0.05 and 0.05 for
dupleximagingand0.1,0.38 and 0.17 for spectral Doppler, respectively
(Fig. 1f). All measurements were well below the maximum level of 0.7
recommended by the AIUM and BMUS for continuous monitoring**%,

Fetal monitoring and validation
Duplex imaging can reveal fetal anatomical abnormalities, quantify
fetal biometry and facilitate the recording of spectral Doppler wave-
forms of fetal vessels*®. Correcting the phase aberration induced by
the maternal abdomen allowed the acquisition of high-quality signals
from the UPatch (Supplementary Fig. 25 and Supplementary Discus-
sion 13). The UPatch was able to image the two arteries and one vein
in the helical umbilical cord and the middle cerebral artery from the
circle of Willis (Fig. 2a,b). Detailed blood flow velocity waveforms were
acquired from all of these vessels (Fig. 2c and Supplementary Discus-
sion 5). The cerebroplacental ratio (the pulsatility index of the middle
cerebral artery divided by that of the umbilical artery) quantifies the
fetal brain-sparing effect during prolonged hypoxia or in placental
insufficiency, and the measurements acquired by the UPatch and a
clinical device were comparable (Fig. 2d)*. The UPatch accurately
measured anatomical structures (such as the biparietal diameter
(BPD), head circumference (HC), abdominal circumference (AC) and
femur length (FL)), providing an estimated fetal weight (EFW) for the
assessment of growth-related complications (Fig. 2e, Methods and
Supplementary Fig. 26)*.

The UPatch accuracy was validated against a clinical device on
62 participants across a range of vessel depths, orientations and
placental locations (Table 1, Methods, Extended Data Fig. 3 and
Supplementary Figs. 27 and 28). From the spectral Doppler wave-
forms, an envelope extraction algorithm can derive peak-systolic
velocity, end-diastolic velocity and fetal heart rate to calculate the
systolic-to-diastolic ratio, pulsatility index and resistance index
(Supplementary Fig. 29)*. Based on Bland-Altman analysis, the
mean differences * s.d. between the UPatch and clinical device were
-0.019 + 0.274 for the systolic-to-diastolic ratio (-0.72% relative
mean difference), -0.010 + 0.117 for the pulsatility index (-0.92%),
-0.004 £ 0.044 for the resistance index (-0.64%) and 0.95 +2.91
beats per minute (bpm) for the fetal heart rate (0.68%) (Fig. 2f and
Supplementary Fig. 30). Pearson correlation coefficients demon-
strated a strong linear relationship between the measurements from
two devices (Extended Data Fig. 4).

Autonomous vessel tracking

Spectral Doppler waveforms of the umbilical blood flow can monitor
thefetoplacental circulation responsible for fetal oxygenand nutrient
delivery (Supplementary Discussions 4 and 5)°. However, the umbili-
cal cordis amoving target because of fetal and maternal movements,
respiration and uterine contractions (Supplementary Discussion14)*.
In clinical practice, sonographers manually adjust the color-flow box
and set a sample gate to acquire spectral Doppler signals from the
target vessel, whichis both time-consuming and operator dependent
(Supplementary Fig.31)®.Inlow-resource settings where the incidence
of pregnancy complications remains high, suchsonographers are often
limited in number>**%,

To reduce the need for manual operation and the correspond-
ing healthcare burden, we developed an image segmentation-based
algorithm that can autonomously identify and track moving ves-
sels (Fig. 3a and Supplementary Discussion 15). We used a diverging
beam to cover a large field of view, ensuring that the moving vessel
remains consistently visible within the ultrasonographic window
(Supplementary Fig. 32)**. The UPatch stably acquired the umbilical
cord signals without repositioning across common maternal postures
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Fig. 3| Autonomous vessel tracking by image segmentation. a, Beam-forming
sequence and working principle of the image segmentation-based vessel-
tracking algorithm. Top, the tracking algorithm operates between the duplex
imaging and spectral Doppler. Bottom, the algorithm identifies the pulsating
regions in consecutive frames, segments the umbilical artery, recognizes the
primary region and registers the spatial centroid as the sample gate. Images
outlined in green and orange represent the end diastole and peak systole,
respectively. In these two images, the blue regions show similar intensities,
indicating the non-pulsatile umbilical vein, whereas the red regions show
intensity differences, indicating the pulsatile umbilical artery. Among the four
segmented areas, the primary region is defined as the largest segmented area
(denoted with the black dashed box). b, Tracking a moving umbilical artery and
registering a sample gate using the UPatch with the autonomous algorithm.

Mean S/D ratio

Allimages share the same scale bar. ¢, Top, the autonomous algorithm allows the
measurement of blood flow from a moving vessel continuously. Bottom, without
the autonomous tracking algorithm, a predefined sample gate results in signal
loss because of vessel movements. The spectrashare the same scale bar.d, A
representative image showing the difference between the sample gates labeled
by the autonomous tracking algorithm and by asonographer. e, Summary of the
lateral and axial discrepancies in the sample gates labeled by the autonomous
tracking algorithm and by a sonographer. f, Bland-Altman plot for the S/D ratios
measured by the autonomous tracking algorithm and asonographer. The solid
red lineis the mean difference between the two methods, the solid blue lines are
95% limits of agreement (1.96 s.d. above and below the mean differences) and the
black dashed lineis the zero difference between the two methods.

(Extended Data Fig. 5). By segmenting the reconstructed duplex
images, the tracking algorithm identifies pulsatile signals by calcu-
lating the variance in color Doppler pixelintensity across consecutive
frames (Fig. 3a, Extended Data Fig. 6 and Supplementary Discussion
16). Then, the algorithm identifies the primary region of the pulsatile

signals and registers the spatial centroid of the primary region as the
sample gate, where a focused beam is directed to acquire blood flow
spectra (Fig. 3aand Supplementary Figs. 33 and 34)**. This autonomous
sample gate registration enabled continuous blood flow monitoring
of amoving vessel in real time (Fig. 3b,c, Supplementary Video 1 and
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Supplementary Discussion17). Without the tracking algorithm, blood
flow signals were lost during vessel movements (Fig. 3¢).

To validate the accuracy of the autonomous tracking algorithm,
we compared its sample gatesto those registered by asonographerina
double-blind test (Fig. 3d, Methods and Supplementary Discussion18).
We found that 91.9% and 90.5% of the sample gates were withina2-mm
discrepancy (an accepted clinical standard) in the lateral and axial
directions, respectively (Fig. 3e and Supplementary Discussion 19)*°.
In a separate test, the sample gates registered by the tracking algo-
rithmwere considered accurate by three sonographersin 94.2% of the
images acquired using the clinical device (with some images affected
by fast cord movements) and in 91.2% of the images acquired using
the UPatch (because of slight differences in image quality; Methods,
Extended Data Fig. 7 and Supplementary Discussion 18). We used
Bland-Altman analysis to compare the systolic-to-diastolic ratio from
the sample gates acquired by the tracking algorithm and a sonog-
rapher (Methods and Supplementary Discussion 18). The mean dif-
ference +s.d. was only 0.036 + 0.124 (Fig. 3f). While its accuracy was
comparable to that of U-Net** and ConvLSTM?>, our tracking algorithm
achieved more than a tenfold reduction in processing time, enabling
real-timeimage processing (Supplementary Fig. 35 and Supplementary
Discussion 18).

Continuous monitoring of pregnant participants
The continuous monitoring of umbilical artery blood flowisimportant
for assessing fetal growth restriction (Supplementary Discussions 4
and 5)°°. Abnormal waveforms (such asabsent or reversed end-diastolic
velocities) often indicate fetal pathology because of placental insuf-
ficiency and even subtler abnormalities (such as increased Doppler
indices) indicate an elevated risk”%. Continuous monitoring of these
changes can inform optimal delivery time, managing the competing
risks of premature birth, which may lead to postnatal complications®’,
and delayed birth, which heightens the risk of asphyxia, cerebral palsy
and stillbirth®.

We used the UPatch to compare a healthy (gestational age:
32 weeks, 6 days) and a preeclamptic (gestational age: 28 weeks, 3 days)
participant. The participants were in a semirecumbent position with
the UPatch placed on the maternalabdomen to monitor the blood flow
continuously at the placental cord insertion (Fig. 4a and Supplemen-
tary Discussion20). We derived the fetal heart rate and Dopplerindices,
including pulsatility index, resistance index and systolic-to-diastolic
ratio, which are independent of the ultrasound incident angle (Sup-
plementary Discussion 21)*. Both participants showed similar fetal
heart rate patterns (Fig. 4b-d). The average fetal heart rates were
149.5 bpm for the healthy and 143.3 bpm for the preeclamptic partici-
pant, with variabilities of 20.3 and 21.5 bpm, respectively (Fig. 4b and
Supplementary Discussion 22). The UPatch could detect transient fetal
heart rate accelerations, which indicate a healthy fetal state (Fig. 4c

and Supplementary Fig. 36)°". However, the Doppler indices of the
participants showed distinct features. There was minimal variability in
the Dopplerindices of the healthy participant, indicating stable blood
flow. The mean pulsatility index of 1.04, resistance index of 0.62 and
systolic-to-diastolic ratio of 2.61 aligned with the 50th percentile of
established reference norms, indicating a healthy fetus®. In contrast,
the preeclamptic participant showed large fluctuations in the Dop-
pler indices and the end-diastolic velocity was absent 24.9% of the
time (Fig. 4b,d, Supplementary Fig. 37 and Supplementary Discus-
sion 22). The mean pulsatility index of 2.04, resistance index of 0.85
and systolic-to-diastolic ratio of 5.11 were above the 97.5th percentile,
suggesting severe placental dysfunction®. Following the detection of
compromised fetal health using the UPatch, the preeclamptic partici-
pant underwent intensive monitoring and the baby was delivered by
Cesarean section 4 days later.

Current obstetric practice relies on a two-step process of cardi-
otocography for fetal heart rate and separate manual Doppler ultra-
sound for Doppler indices (Supplementary Discussion 23)*. We used
the UPatch to continuously monitor both signals simultaneously in 52
pregnancies (Supplementary Figs.36-91and Supplementary Discus-
sion24). Cohort analysis showed that the fetal heart rate and Doppler
indices were not correlated, highlighting their potential to provide
complementary clinical insights (Fig. 4e and Supplementary Fig. 92).
Additionally, continuous monitoring results revealed that transient
physiological fluctuations can temporarily alter Doppler indices to
abnormal values (Supplementary Figs. 36-91). With conventional
ultrasound devices, these transient fluctuations may be misin-
terpreted as pathological and trigger unnecessary interventions,
whereas continuous monitoring with the UPatch establishes a person-
alized baseline and temporal context to distinguish transient fluctua-
tions from sustained compromise. While fetal heart rate decelerations
were observed, the substantial beat-to-beat variability and absence
of a well-defined gestational reference trend made interpretation
challenging (Fig. 4f and Supplementary Fig. 93)%. In contrast, Dop-
plerindices exhibited monotonicrelationships with gestational age,
consistent with established reference ranges®, supporting their use
as objective, clinically actionable information for assessing fetal
vascular resistance and identifying high-risk pregnancies (Fig. 4g
and Supplementary Figs. 93 and 94). The data were also stratified by
perinatal conditions, including healthy, small for gestational age,
large for gestational age, gestational diabetes, preeclampsia and
gestational hypertension. Fetal heart rate distributions overlapped
substantially among all conditions, showing minimal discrimina-
tion (Fig. 4h). In contrast, Doppler indices differed, particularly for
small for gestational age, preeclampsia and hypertension, illustrat-
ing the UPatch’s potential to identify high-risk pregnancies in real
time (Fig. 4i, Supplementary Figs. 95 and 96 and Supplementary
Discussion 25).

Fig. 4 | Continuous monitoring of pregnant participants. a, Photograph of
the measurement setup, with a participant in asemirecumbent position. The
UPatch was laminated on the maternal abdomen and connected to an ultrasound
beam former and a host computer, which displays the duplex image, tracks the
sample gate and measures spectral Doppler signals from the umbilical artery.
b, Histograms of the fetal heart rate (FHR; left), pulsatility index (middle)

and resistance index (right) from the healthy (gray) and preeclamptic (red)
participants. ¢, Pulsatility index, resistance index (top) and FHR (middle)
recordings from the healthy participant, with highlighted spectral Doppler
signals from the shaded regions (bottom). The recorded traces share the same
scale bar. The spectrashare the same scale bar. d, Pulsatility index, resistance
index (top) and FHR (middle) recordings from the preeclamptic participant,
with highlighted spectral Doppler signals from the shaded regions (bottom).
Therecorded traces share the same scale bar. The spectrashare the same scale
bar. e, Scatter plot of pulsatility index against FHR with each color in the data
points corresponding to anindividual participant. Participant 1 corresponds

to the healthy participant and participant 2 corresponds to the preeclamptic
participantinb-d. The corresponding color scheme for all participants is
provided in Supplementary Figs. 88-91.f, FHR plotted against gestational age
(n=241).g, Pulsatility index plotted against gestational age (n = 241). The black
dashed line is the 50th percentile and the solid black lines are the 5th and 95th
percentiles of awidely used reference population®. Data in f,g are presented
asthe mean +s.d. h,i, Box plots of FHR (h) and pulsatility index (i) stratified

by perinatal conditions: healthy (31 participants, 217 data points), small for
gestational age (SGA; seven participants, 49 data points), large for gestational
age (LGA; three participants, 21 data points), diabetes (DB; six participants, 42
data points), preeclampsia (PE; seven participants, 49 data points) and maternal
hypertension (HYN; ten participants, 70 data points). Eachbox represents the
interquartile range (25th-75th percentiles), the whiskers denote the 5th-95th
percentile range and the midline indicates the median. Each participant’s data
were segmented into 10-minintervals (n =7 per participant). The color schemes
ine-iarethesame.
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Discussion

TheUPatch canvisualize fetal anatomy and measure fetal heart rate and
blood flow, offering complementary insights to existing approaches
to evaluate fetal health. Whereas standard clinical regimens mandate
periodicblood flow assessments performed by sonographers, typically
at weekly intervals in outpatient settings and up to three times per
week forinpatients, these evaluations are labor intensive and prone to
errors”.In contrast, the UPatch adheres directly to the maternal abdo-
men for hands-free use and implements animage segmentation-based

algorithmtoidentify and track blood vessels autonomously, enabling
continuous and accurate blood flow measurements without the need
forasonographer.

Several strategies could be pursued toimprove the UPatch further.
First, the tracking algorithm cannot maintain uninterrupted spectral
Doppler waveforms during motion because vessel trackingand spectral
Doppler acquisition occur sequentially. This limitation can be solved by
integrating a separate image segmentation algorithm to detect signal
loss in real time, allowing the system to pause the spectral Doppler
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sequence and track the target vessel in the duplex image. Leveraging
advanced graphics processing units would substantially accelerate
computation, enabling simultaneous duplex imaging and spectral
Doppler acquisition (Supplementary Discussion 17)>¢*,

Second, the UPatch currently needs to be wired to a bulky back-
end system for both power and high-bandwidth data transmission,
like many other wearable devices?®*"*>*°, While this configuration is
appropriate forinpatient settings, it limits mobility and broader appli-
cability. Future developments could incorporate wireless circuits to
expand therange of clinical scenarios. A compact circuit was recently
developedtointerfaceatransducerarray with asingle transceiver for
vessel pulsation monitoring but it is not capable of Doppler imaging
(Supplementary Discussion 26)’°. Developing a more advanced circuit
with multiple transceivers for Doppler imaging would enhance user
mobility, help assess the impact of maternal posture and physical
activity on fetal health and show how maternal circulation affects
fetal hemodynamics’.

Third, this study was limited to using only the UPatch. Future
work could focus on integrating UPatch data streams (such as fetal
heartrate and Dopplerindices) with additional physiological metrics
from both the fetus (such as electrocardiography) and the mother
(such asblood pressure, pulse oximetry and tocodynamometry). Such
multimodal integration would provide a more comprehensive and
accurate understanding of the dynamic interactions between fetus
and mother".

Lastly, applying big data analysisto correlate UPatch datastreams
with postnatal and postmortem results would yield unprecedented
insights into the mechanisms of fetal complications, advancing diag-
nosis and intervention strategies’.

Online content

Any methods, additional references, Nature Portfolio reporting sum-
maries, source data, extended data, supplementary information,
acknowledgements, peer review information; details of author contri-
butions and competinginterests; and statements of dataand code avail-
ability are available at https://doi.org/10.1038/541587-026-03140-1.
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Methods

Fabrication of the UPatch

Thefabrication process can be divided into three steps: (1) transducer
assembly; (2) electrode printing and acoustic lens integration; and (3)
device packaging.

Transducer assembly. A silicone (Ecoflex-0030, Smooth-On) layer was
first spin-coated at 3,000 rpm for 60 s on two glass slides and curedin
an 80 °C oven as temporary substrates. Conductive epoxy (Von Roll
3022 E-Solder, EIS) was prepared as the backing layer by mixing an
Ag-epoxy composite with a hardener in a12.5:1 weight ratio and sub-
sequently degassedinavacuumdesiccator. Then, a1-3 composite was
placed onthesilicone surface of one glass slide. The degassed conduc-
tive epoxy was placed ontop and covered by the other silicone-coated
glassslide, followed by curing at room temperature for 24 h. The thick-
ness of the backing layer (400 pum in this study) was controlled by
placing certain spacers in between the two glass slides.

After curing, the glass slides were removed, and the transducer
made of 1-3 composite and backing was diced. To ensure direct
transfer of the backing layer side of the transducer to the signal elec-
trodes, the 1-3 composite side of the transducer was first placed on
an ultraviolet tape (UHP-110M3, Denka) with a frame film applicator
(UH114, Ultron Systems). Then, the transducer was diced with a dic-
ingmachine (DAD3221, Disco) to 25.55 mmby 12 mm using a diamond
blade (ZH14-SD1700-V1-90 GE, Disco) at 25,000 rpm for the spindle and
0.5 mm s feed speed. A second diamond blade (Z09-SD4000-Y1-60,
Disco) was used to dice the 0.05-mm kerf of the transducer. Super
multipass dicing was performed with 50-um (depth) stepwise cuts
at 40,000 rpm for the spindle and 10 mm s feed speed to minimize
blade and transducer vibration during dicing (Supplementary Fig. 2
and Supplementary Discussion 7). Lastly, the diced transducers were
detached from the ultraviolet tape using an ultraviolet curing system
(UH104, Ultron Systems).

Electrode printing and acoustic lens integration. The substrate
for electrode printing was prepared by spin-coating polydimethyl-
siloxane (Sylgard 184) at 3,000 rpm for 60 s on a glass slide, fol-
lowed by curing in an 80 °C oven as a temporary substrate. Then,
polyimide and copper laminates (AC181200EN, DuPont) and the
polydimethylsiloxane-coated glass slide were activated by ultravio-
let light (PSD series Digital UV Ozone System, Novascan) and bonded
together. Electrode patterns (such as electromagnetic shielding,
mesh ground electrode and two signal electrodes) designed with
AutoCAD (Autodesk) were laser ablated (G4 pulsed fiber laser, wave-
length: 1,095-1,065 nm, energy: 0.228 mJ, frequency: 35 kHz, speed:
300 mm ™, and pulse width: 500 ns) on the polyimide and copper
laminate (Supplementary Fig.9). Two polyimide masks were prepared
by laser ablation for dispensing conductive epoxy on the transducer
bonding pads of the two signal electrode layers.

For acoustic lens integration, an aluminum mold was designed
with Solidworks (Dassault Systemes) and machined using acomputer
with numerically controlled machining (Tormach1100MX, Tormach)
at a spindle speed of 10,000 rpm and feed rate of 40 inches per min
(Supplementary Fig. 6 and Supplementary Discussion 8). The mold
was cleaned with isopropanol before silicon elastomer was cured in
the mold and used as the acoustic lens.

Device packaging. First, polyimide tapes were adhered to two glass
slides to ensure device detachment after final packaging. Silicone
(Ecoflex-0030, Smooth-On) mixed with black dye was spin-coated
on the polyimide tape at 4,000 rpm for 60 s, followed by curing
atroom temperature for 2 h. The electromagnetic shielding layer,
which was transferred onto a water-soluble tape (AQUASOL), and
the silicone-coated glass slide were activated by ultraviolet light and
bonded together, followed by heatingin an 80 °C oven for 30 min. After

the water-soluble tape was dissolved, asilicone layer was spin-coated
ontop at4,000 rpmfor 60 s, followed by curing.

Similarly, the first layer of the signal electrode was aligned
and transferred onto the electromagnetic shielding layer using a
water-soluble tape. A polyimide mask was placed on the signal elec-
trode to protect the transducer bonding pads of the electrode from
another silicone layer spin-coated on top. After the polyimide mask
was removed and the silicone layer was cured, the second layer of the
signal electrode was aligned and stacked onto the first layer of the
signal electrode. Conductive epoxy was dispensed onto the transducer
bonding pads ofbothsignalelectrodes throughapolyimide mask. After
the mask was removed, the backing layer side of the diced transduc-
erswasaligned and bonded by curing the conductive epoxy for 8 hat
roomtemperature and then2 hat40 °C. Flexible printed circuit cables
were bonded tothe signal electrodes using solder paste (Sn,,Bis,; (Ag 4,
melting point: 138 °C).

The mesh ground electrode was bonded to a silicone-coated
glassslide. After conductive epoxy was dispensed using a polyimide
mask, the mesh ground electrode was aligned and cured onto the
transducers. The exterior boundaries of the mesh ground electrode
and electromagnetic shielding layer were connected with vertical
interconnectaccesses by soldering copper wires (Remington Indus-
tries) to create a Faraday cage (Supplementary Fig. 10 and Supple-
mentary Discussion 9)”°. After the device was fully encapsulated
with silicone elastomer, the glass slides were removed. Lastly, the
acoustic lens was aligned and bonded with silicone elastomer onto
the packaged transducers.

Quality assurance

The UPatchwastransmitted atafrequency of 2.5 MHz with a sampling
rate of 10 MHz. Apodization was uniform across 64 channels with the
imaging view angle of 45°. The number of compounding angles was 21
with a step size of 0.75° for brightness mode imaging. The ensemble
length was 14 for color-flow mode. Doppler modes used a pulse repeti-
tion frequency of 3,000 Hz. The sample gate size for spectral Doppler
was 2 mm.

The UPatch was characterized using two phantom setups and
compared to a handheld clinical ultrasound device (P4-1, ATL), both
transmitting at 2.5 MHz. Both the UPatch and the clinical device were
connected to the Vantage 256 (Verasonics), rather than connecting
the P4-1device to a clinical backend system (Voluson E10, GE Health-
care). Thismethod allows comparison of the probe performance more
fairly and avoids confounding effects from differences in backend
signal processing.

First, the brightness mode was characterized witha multipurpose
phantom (ATS 539, CIRS) (Supplementary Fig. 15)*”**, Monofilament
wireswere used to determine the axial and lateral resolutions. A volume
of water on top of the phantom was used as a standoffto characterize
depths up to 20 cm. The distance between two adjacent pixels in the
axial and lateral directions was calculated as follows:

depth
Ay = ——— @
Y Npixel,axial -1
Ax — depth @

Npixel, lateral — 1

The full width at half maximum of the point spread function for
each wire in the axial and lateral directions was measured. The axial
and lateral resolutions were calculated by multiplying the number
of pixels within the full width at half maximum and adjacent pixel
distance. The six tissue-mimicking contrast targets in the phantom
were used to characterize the dynamic range and contrast-to-noise
ratio®. The dynamic range was calculated by linearly fittingamong the
six grayscale targets and finding the maximum positive and negative
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contrasts corresponding to gray values of 255 and O. Then, the nega-
tive one was subtracted from the other. The contrast-to-noise ratio
was calculated as follows:

Contrast —to — noiseratio = M 3)

2 2
V ain + aout

where 1, and g, are the mean and s.d. of pixel intensities within each
target and p,, and o, arethemeanands.d. of pixelintensities outside
eachtarget. The contrast and contrast-to-noise ratio were computed
onthebasis of displayed images rather thanraw radiofrequency signals
orin-phase and quadrature data, meaning that the values were derived
fromlog-compressed images™.

The color and spectral Doppler modes were characterized with
Doppler fluid (769DF, CIRS) pumped into a Doppler phantom (ATS
523A, CIRS) with diameters of 2,4, 6 and 8 mmusing a peristaltic pump
(Supplementary Fig. 16)*°. The UPatch was positioned at varying dis-
tancesfrom30 mmto120 mmatintervals of 10 mm from the phantom.
The signal-to-noise ratio in the color-flow images was calculated by
increasing the color gain to maximum to obtain a noise level in the
tissue-mimicking phantom. The accuracy of spectral Doppler was
measured by comparison to aknown velocity from the peristaltic pump
atdifferent depths and velocities.

Acoustic exposure and thermal measurement protocols
Hydrophone. A needle hydrophone (HNP-0400, ONDA) was con-
nected to a right-angle adapter (ONDA), preamplifier (AH-2010-100,
ONDA) and DC block (BNP, ONDA) and suspended in deionized water
(Supplementary Fig. 23) (https://www.ondacorp.com/Handbook/).
The signals were read with an oscilloscope (PicoScope 5000 Series,
Pico Technology). At 2.5 MHz, the effective sensitive element diameter
(amore meaningful measure of spatial resolution thanthe geometrical
sensitive element diameter, which was 400 pm) was estimated to be
480 pm (ref. 75). The uncertainties of hydrophone-based pressure,
intensity and power measurements were ~15% (ref. 76).

The hydrophone system was calibrated <1 year before the meas-
urement. The calibration M.(f) is the hydrophone end-of-cable open
circuit sensitivity, which can be converted as follows:

Mcwdﬂrel,+120

Mc(f) =107 = )

where M (f)is the sensitivity inV per Paand Mc(f) , ., is thesensitivity
in decibels relative to 1V per pPa (https://www.ondacorp.com/Hand-
book/). The manufacturer’s sensitivity magnitude data (that s, relative
calibration from 1to 20 MHz) was used to perform magnitude-based
waveform deconvolution to compensate for the hydrophone’s nonu-
niform frequency response in the signal spectrum (Supplementary
Fig.23). Magnitude-based deconvolution has been showntobe nearly
as effective as complex deconvolution for improving the accuracy of
pressure and intensity measurements’’. Additionally, because the ratio
of the hydrophone sensitive element diameter d, to the product of the
wavelength 1and F/# (ratio of focal distance to aperture width) « 1,
ahydrophone spatial averaging correction was not necessary’®.

Considering the capacitive load of the preamplifier when convert-
ingthe voltage measurementsto pressure values, the loaded sensitivity
M, (f) can be estimated as follows:

C
M) =M e ®

where G(f)is the preamplifier gain (20 dBin this study), Cyis the capaci-
tance of the hydrophone (70 pF in this study), C, is the capacitance of
the preamplifier (7 pF in this study), and C. is the capacitance of the
right-angle adapter (1.6 pF in this study) (https://www.ondacorp.
com/Handbook/).

A hydrophone controlled by a three-dimensional linear motor
in a water tank was used to measure the acoustic signal intensity
(Supplementary Fig. 23). Transverse scans with scanning increments of
Ax = 0.5 mm (approximately one effective hydrophone diameter) and
Ay= 0.5 mmandanaxial scanwithscanningincrements of Az= 0.5 mm
from breakpoint depth to focal depth were performed (Supplementary
Discussion11)”. Two different beam-forming methods were measured
separately: diverging beam (for brightness and color-flow mode) and
focused beam (for spectral Doppler mode) that was focused at every
1cm (depth; between 5 and 15 cm) along the beam axis. The UPatch
was activated at 30 V with a pulse repetition frequency of 3,000 Hz.
Power was derived from the hydrophone scan data by integrating
over a transverse plane within the beam cross-sectional area where
theintensity wasatleast -26.2 dB of the peak value. All measurements
were calculated on the basis of the settings used for dupleximaging and
spectral Doppler because these were the modes used during continu-
ous monitoring in this study.

Radiation force balance. Power measurements were obtained
from a radiation force balance (RFB-2000, ONDA) with a flat absorb-
ing target, which could accurately measure power levels up to 2 W
(Supplementary Fig. 24) (https://www.ondacorp.com/radiation-
force/#:~:text=Designed%20specifically%20for%20easy%20
Ultrasound,and%20with%20associated%20IEC%20standards). First,
al-g weight was used to calibrate the radiation force balance. The
calibration constant obtained was 0.9699 A N, which fellin the range
designed by ONDA (0.9-1.1 AN™). The distance between the radiation
force balance and the UPatch was set to =1 cm to avoid thermal and
electrical coupling effects between the radiation force balance and the
UPatch. Acoustic output power was obtained from the entire aperture
of the UPatch and the bounded-square output power over al-cm*area
was measured by masking the UPatch.

The thermal index was calculated on the basis of acoustic out-
put power measurements from both the radiation force balance and
hydrophonescaninthe transverse plane, providing twoindependent
measurements to minimize uncertainty in the calculation®.

Surface temperature testing. The surface temperature of the UPatch
was evaluated under two scenarios to simulate clinical conditions based
onlEC60601-2-37 (ref. 80). Although the standard requires only 30-min
testing®®, we extended the assessments to 48 h to ensure compliance
with regulatory standards even under prolonged operation.

First, a phantom test was performed to replicate the setup in
the hospital (Supplementary Fig. 22). The phantom consisted of a
silicone-based skin (NPL) and agar-based tissue (NPL) with acoustic
and thermal properties similar to those of human skin and tissue,
respectively. A type K thermocouple (5SRTC-TT-KI-40-1M, OMEGA)
with a thickness of 75 pm (ultrasound wavelength at 2.5 MHz) was
placed on top of the skin mimicking phantom to measure the surface
temperature of the UPatch**.

Second, to evaluate thermal changes when the UPatch was acti-
vatedinair, surface temperature was measured. Because the UPatch-
airinterface has a higher acousticimpedance mismatch comparedto
that of the UPatch-tissue phantom interface, more heat is expected
to be generated in the air**. The UPatch was suspended on a clean
surface in astationary position with minimal airflow across the trans-
ducer area. The same thermocouple was adhered to the UPatch for
temperature measurement.

Evaluation of the vessel-tracking algorithm

The comparative analysis of the lateral and axial discrepancies in defin-
ing the sample gates between the tracking algorithm and a sonogra-
pher was performed using a double-blind method (Supplementary
Discussion 18). The tracking algorithm and the sonographer each
selected sample gates independently from 1,000 duplex images,
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without access to the other’s chosen locations. This design was used
to prevent bias in sample gate placement and to ensure an objective
comparison between algorithm-selected and sonographer-selected
measurements, with discrepancies quantified by the spatial distance
between the selected gates. The lateral and axial discrepancies were
calculated between the two sample gates (Fig. 3d). A2-mmsample gate
lengthis commonly used in hospitals (Supplementary Discussion19)".
Thus, within a2-mm discrepancy between the tracking algorithm and
the sonographer, the sample gate was considered to acquire spectral
Doppler signals accurately.

Additionally, a new dataset was acquired, containing 500 duplex
images from scanning the clinical device on a participant and 500
duplex images from the UPatch on another participant. The tracking
algorithmidentified the sample gatesinall1,000 images. We engaged
three experienced sonographers, each with 30, 8 and 20 years of fetal
ultrasonography experience, to independently assess the tracking
performance on 1,000 images (Extended Data Fig. 7). This validation
method aligns with the recently FDA-cleared cardiac Doppler track-
ing algorithm (https://www.accessdata.fda.gov/cdrh_docs/pdf23/
K232145.pdf), whichalsorelied onthree sonographers and evaluated
only 168 images. All three sonographers evaluated the tracking algo-
rithm with a customized graphical user interface in Matlab R2023b
(Mathworks). ‘Optimal’ was defined by the sonographer as the tracked
sample gate that could potentially be used for spectral Doppler acquisi-
tion, ‘suboptimal’ was defined as the sample gate potentially providing
low-quality spectral Doppler signals, and ‘nondiagnostic’ was defined
as the sample gate that could not provide any spectral Doppler signal
(Extended Data Fig. 7 and Supplementary Discussion 18).

Lastly, the tracking algorithm was evaluated with the UPatch based
onthe systolic-to-diastolic ratio of a participant (Supplementary Dis-
cussion18). Each pair of measurements was acquired sequentially by a
sonographer andthe trackingalgorithm. For the mean difference + s.d.
between the UPatch and clinical device, it is expected that the device
differences and physiological variability increase the spread of values,
evenwhen the overall bias remains very small (Fig. 2f). By eliminating
interdevice variability and focusing merely on sample gate selection,
the tracking algorithm analysis yields a narrower distribution, even
though the mean offset is slightly larger (Fig. 3f). Notably, the mean
values reflect different reference comparisons and are not expected
to be identical, whereas the reduced s.d. reflects the elimination of
device-related variability.

Human test protocol

All human tests were approved by the Institutional Review Board of
the University of California, San Diego (804817) and the UK Research
Ethics Committee (23/WA/0032). The participants all gave voluntary
consent tothe UPatchtests and all measurements were conducted by
aclinician. The studyincluded 62 participants for accuracy validation
(Fig. 2f, Table 1 and Supplementary Fig. 30) and 52 participants for
continuous monitoring (Supplementary Figs. 36-91). This dataset
captures abroadrange of clinical conditions across the study cohort,
including variations in fetal biometry (for example, small and large
for gestational age) (Fig. 4h,i and Supplementary Figs. 95 and 96)
and gestational age (Table 1). For the validation test, three pairs of
measurements were acquired from the UPatch and a handheld clinical
ultrasound device (Voluson E10, GE Healthcare) on 62 participants.
For continuous monitoring, the clinical device was used to locate
the position of the vessel. Then, the UPatch was taped on the mater-
nal abdomen for continuous monitoring. The measurements were
acquired at15 s intervals. The current study was conducted under
inpatient conditions, where pregnant participants were free to move
within the limits of standard clinical monitoring. During the record-
ings, the pregnant participants naturally moved within their beds,
accompanied by various fetal behavioral states, fetal movements and
uterine contractions.

While healthy pregnancies typically exhibit strong forward
end-diastolicflow, severe pathological pregnancies can have reduced,
absent or reversed end-diastolic flow, resulting in weaker diastolic
spectral content and increased waveformvariability>®. In these cases,
pulserepetition frequency of Doppler ultrasound becomes particularly
critical;if itistoo high, low velocity components are compressed near
the waveformbaseline and become difficult to distinguish from noise,
while a pulse repetition frequency thatis too low risks aliasing at peak
systolic velocities®. To ensure afair and clinically relevant comparison
across healthy and severe pathological conditions, validation was per-
formed using matched pulse repetition frequency settings between
the UPatch and clinical ultrasound system.

The UPatch was designed for easy repositioning as needed. It is
movable, canbe sanitized with alcohol wipes and can be repositioned
without compromising functionality. This allows adaptability in clinical
use while maintaining hygiene and user comfort.

For fetal biometry, EFW was calculated on the basis of Hadlock’s
IV formula*®:

EFW =1.3596 — 0.00386AC « FL + 0.0064HC
+0.00061BPD « AC + 0.0424AC + 0.174FL

(6)

Reporting summary
Further information on research design is available in the Nature
Portfolio Reporting Summary linked to this article.

Data availability
The datasupporting the findings of this study are available in the main
text or the Supplementary Information.

Code availability
The code used in this study is available from GitHub (https://github.
com/ParkingTom/Autonomous-tracking-algorithm).
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12.8 mm

25.6 mm

Extended DataFig. 1| Hardware comparison of the UPatch with previous
wearable ultrasound devices. a, Schematic of arepresentative previous
wearable ultrasound patch developed for cardiac® and vascular*’ imaging.
Bottom inset is the zoomed-in side view of the transducer array. The maximum
aperture was 12.8 mm, and the kerfwas 0.1-0.2 mm (ref. 29). Separated liquid
metal” and copper mesh*’ allowed two-dimensional shielding. b, Schematic of

the UPatch developed for fetal imaging in this work. Bottom inset is the zoomed-

inside view of the transducer array. The aperture was increased to 25.6 mm,

Stitching vertical
interconnect accesses

providing more than a twofold increase relative to the previous designs. The
acoustic lens enhances elevational focusing, reducing the elevational focal
beamwidth by 25% and shifting the elevational focal depth from 14 cm to 10 cm to
balance resolution across the 20 cm imaging depth of a typical womb. A reduced
kerfwidth of 0.05 mm increases element width, improving signal-to-noise ratio
while maintaining aminimal level of crosstalk between adjacent elements.
Stitching vertical interconnects accesses with copper mesh enables a three-
dimensional soft Faraday cage for improved electromagnetic shielding.
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Extended Data Fig. 2| UPatch imaging of the umbilical cord phantom across applicationin dynamicin utero environments, accommodating variations in
various anatomical orientations. The UPatch can image the umbilical cord umbilical cord position due to fetal motion and anatomical variability. Allimages
phantomin diverse spatial configurations. This capability supports the device’s share the same scale bar.
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Extended DataFig. 3| Duplex images of the umbilical cord. The UPatch can
visualize the umbilical cord, including both the umbilical artery and vein,
across arange of vessel depths and orientations in pregnant participants. The
figure panels are organized toillustrate variations in vessel depth from shallow

10 mm

Perpendicular = Oblique

Parallel Parallel

=

-

Oblique =0Oblique

Parallel Parallel

to deep and differences in vessel orientation relative to the ultrasound beam,
including perpendicular, oblique, and parallel cases. All images were acquired by
asonographer specializing in fetal ultrasonography. Allimages share the same
scale bar.
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a, systolic-to-diastolic (S/D) ratio, b, fetal heart rate, ¢, pulsatility index and d,
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coefficient for each set of data are displayed within each respective plot.r,
Pearson correlation coefficient.
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Extended DataFig. 5| Duplex imaging of the UPatch across various maternal positions. When positioned to insonate the umbilical cord at the placental cord
insertion site, the UPatch maintains reliable signal acquisition during four common postures: a, lying supine, b, lying on the right side, ¢, lying on the left side and
d, sitting upright. The images share the same scale bar.
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Extended DataFig. 6 | Segmentation of the umbilical vessels. a, Two

Vein

Artery

4 5 6 7 8 9 10 1
Inter-frame color difference

inter-frame color differences. The dashed line indicates the threshold value used

consecutive duplex imaging frames showing color Doppler signals in the to differentiate arterial and venous pixels in this study. ¢, Binary segmentation
umbilical vessel region. The images share the same color bar. b, Histogram of maps of the vein (left) and artery (right), generated by applying the threshold
inter-frame color differences, which is the change in pixel color intensity values inb. The color (cool or warm hues) of the vessel in the image does not affect
between consecutive frames, reflecting temporal fluctuations in blood flow classification of artery or vein because the algorithm measures the change in
velocity. Due to differences in pulsatility, the artery and vein exhibit distinct color intensity between consecutive frames, not the absolute color.
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Extended DataFig. 7| Sonographer evaluation of the tracking algorithm.
Validation by a, asonographer with 30 years, b, asonographer with 8 years, and
c,asonographer with 20 years of fetal ultrasonography experience. The tracking
algorithm was used to register the sample gate of the umbilical artery in frames
collected using a clinical device (Voluson E10, GE Healthcare) and the UPatch.
The sonographers evaluated as ‘Optimal’ for sample gates that are suitable for
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acquiring spectral Doppler signals, ‘Sub-optimal’ for sample gates that may
yield spectral Doppler signals of low quality, and ‘Non-diagnostic’ for sample
gates that areincapable of providing any spectral Doppler signals. These results
demonstrate that the tracking algorithm achieves comparable performance
when applied to both the UPatch and the clinical device.
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