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ABSTRACT
Introduction Undetected high- risk conditions in 
pregnancy are a leading cause of perinatal mortality 
in low- income and middle- income countries. A key 
contributor to adverse perinatal outcomes in these settings 
is limited access to high- quality screening and timely 
referral to care. Recently, a low- cost one- dimensional 
Doppler ultrasound (1- D DUS) device was developed 
that front- line workers in rural Guatemala used to collect 
quality maternal and fetal data. Further, we demonstrated 
with retrospective preliminary data that 1- D DUS signal 
could be processed using artificial intelligence and deep- 
learning algorithms to accurately estimate fetal gestational 
age, intrauterine growth and maternal blood pressure. This 
protocol describes a prospective observational pregnancy 
cohort study designed to prospectively evaluate these 
preliminary findings.
Methods and analysis This is a prospective 
observational cohort study conducted in rural Guatemala. 
In this study, we will follow pregnant women (N =700) 
recruited prior to 18 6/7 weeks gestation until their 
delivery and early postpartum period. During pregnancy, 
trained nurses will collect data on prenatal risk factors 
and obstetrical care. Every 4 weeks, the research team 
will collect maternal weight, blood pressure and 1- D 
DUS recordings of fetal heart tones. Additionally, we will 
conduct three serial obstetric ultrasounds to evaluate for 
fetal growth restriction (FGR), and one postpartum visit to 
record maternal blood pressure and neonatal weight and 
length. We will compare the test characteristics (receiver 
operator curves) of 1- D DUS algorithms developed 
by deep- learning methods to two- dimensional fetal 

ultrasound survey and published clinical pre- eclampsia 
risk prediction algorithms for predicting FGR and pre- 
eclampsia, respectively.
Ethics and dissemination Results of this study will be 
disseminated at scientific conferences and through peer- 
reviewed articles. Deidentified data sets will be made 
available through public repositories. The study has been 
approved by the institutional ethics committees of Maya 
Health Alliance and Emory University.

INTRODUCTION
Around the world, almost 95% of all maternal 
deaths occur in low- income and middle- 
income countries. Factors that contribute 

STRENGTHS AND LIMITATIONS OF THIS STUDY
 ⇒ Active recruitment through public health centres 
will be used to recruit a diverse sample of pregnant 
women from the study town into the cohort.

 ⇒ Portable ultrasound devices will allow for the collec-
tion of two- dimensional ultrasound data even under 
challenging rural conditions.

 ⇒ Ultrasound data will be collected by nurses trained to 
international standards by a supervising physician.

 ⇒ Portable ultrasound records may be of lower resolu-
tion and quality than stand- alone devices.

 ⇒ Data from this rural Guatemalan population may 
not be generalisable to other low- resource settings 
globally.
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to this mortality include social, economic, gender and 
ethnic inequities.1 2 In addition, neonatal mortality is 
associated with a lack of skilled care and treatment during 
and immediately after birth and first week of life. Glob-
ally, around 1 million newborns die annually within the 
first 24 hours of birth.3

These maternal and neonatal deaths are mostly prevent-
able, assuming that adequate resources can be brought to 
bear to permit the timely detection of high- risk complica-
tions, such as maternal hypertensive disorders and fetal 
growth restriction (FGR). For example, in high- income 
settings, cardiotocography and two- dimensional (2D) 
ultrasound imaging are the standard of care for prenatal 
fetal monitoring and during labour. However, these tech-
nologies are high cost and highly dependent on the skill 
of trained operators.4 Lower- cost, accessible technologies 
are needed to improve monitoring during pregnancy and 
the perinatal period in low- resource settings.

Guatemala is a multicultural and multilingual country, 
which due to economic, social, cultural and language 
barriers, has some of the highest levels of perinatal 
morbidity and mortality in Latin America. This particu-
larly affects Indigenous Maya women from rural areas of 
the country, who often have limited access to biomedical 
care and frequently prefer to deliver in the home attended 
by traditional midwives. These midwives are important 
front- line healthcare providers in their community, but 
they often lack the training and resources necessary for 
the timely detection of complications.5

Recently, we developed a smartphone- based tech-
nology to provide decision support to midwives in rural 
Guatemala for the identification of high- risk perinatal 
conditions. Coupled with a care navigation system for 
individuals requiring facility- based care, this system has 
significantly improved access to biomedical obstetrical 
care.5 6 This system includes fetal heart tone record-
ings obtained using a low- cost direct- to- consumer 
1- D Doppler ultrasound (1- D DUS) device. Using 
signal processing algorithms and machine- learning 
approaches, our team has produced preliminary 
evidence that this low- cost 1- D DUS signal can be used to 
accurately predict hypertensive disorders of pregnancy 
and FGR.7 This approach has the potential to revolu-
tionise pregnancy and perinatal care in low- resource 
settings; however, our findings so far are limited by the 
use of retrospective data analysis and limited longitu-
dinal data points on maternal and fetal endpoints, espe-
cially early in pregnancy.

To address these limitations, we will conduct a prospec-
tive, well- powered observational pregnancy cohort study 
in Guatemala, as described in this protocol paper. In addi-
tion to providing detailed longitudinal data on maternal 
and fetal endpoints in this important setting, the overall 
goal of the cohort study is to validate the use of low- 
cost 1- D DUS signal, coupled with machine- learning 
algorithms, as a novel technology for early detection of 
maternal and fetal complications in low- resource settings. 
The Guatemala cohort study described here is part of a 

larger multisite collaboration dedicated to this overall 
goal.

METHODS AND ANALYSIS
Study setting and design
The Mobile Monitoring Doppler Ultrasound Study is the 
Guatemala arm of a prospective, multisite observational 
cohort study of pregnant women designed to validate 
the use of 1- D DUS signals to predict important maternal 
and fetal outcomes. In this study, we will collaborate 
with the local lead institution, Maya Health Alliance, to 
recruit pregnant women in the municipality of Tecpán, 
Chimaltenango, Guatemala. Maya Health Alliance has 
been the local partner for our team’s previous work 
developing a smartphone- based system for use with tradi-
tional midwives in this area.5 8 Tecpán is a highland (2200 
m above sea level) agricultural community of majority 
Kaqchikel Maya ethnicity with an estimated population of 
95 000. An overall study schematic is provided in figure 1.

Clinical endpoints
Gestational age will be determined by use of the four- 
component Hadlock equation on 2D fetal ultrasound 
performed between 15 and 18 6/7 weeks gestational 
age.9 10

FGR will be defined as:
 ► Estimated fetal weight less than the third percentile 

for gestational age by prenatal ultrasound evaluation.
 ► Estimated fetal weight between the 3rd and 10th 

percentile for gestational age with abnormal Doppler 
findings in the umbilical, uterine and middle cerebral 
arteries by prenatal ultrasound evaluation.11

Small for gestational age will be defined as a birth 
weight less than the 10th percentile using the WHO child 
growth reference standards.12

Gestational hypertension: New- onset hypertension will 
be defined as systolic blood pressure (SBP) >140 mm Hg 
or diastolic blood pressure (DBP) >90 mm Hg after 20 
weeks of pregnancy when previous blood pressure was 
normal, in the absence of proteinuria and other signs or 
symptoms of pre- eclampsia.13

Pre- eclampsia will be defined according to interna-
tional standards as either:
a. New- onset hypertension (SBP >140 mm Hg or DBP 

>90 mm Hg) and proteinuria on urine dipstick at least 
two occasions 4 hours apart.

b. New- onset hypertension with or without proteinuria 
but with at least one other significant symptom of end- 
organ dysfunction (eg, visual changes, altered mental 
status, severe headache, severe abdominal pain, pulmo-
nary oedema, low platelets and elevated creatinine).13

Eligibility criteria
Study participants will be pregnant women recruited 
from the municipality of Tecpán. Maya Health Alliance 
clinics, as well as collaborating public health clinics, will 
be the primary source for recruitment. Additionally, the 
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project will be promoted with fliers distributed through 
community centres.

Inclusion criteria are (1) pregnant women between 
18 and 49 years of age and (2) committed to remaining 
engaged in prenatal care with an identified healthcare 
provider throughout the pregnancy.

Exclusion criteria are (1) not willing or able to give 
informed consent; (2) primary residence or planned 
relocation outside the study area; (3) non- singleton preg-
nancy and (4) pregnancy >18 6/7 weeks by reliable last 
menstrual period (LMP) or ultrasound at the time of 
enrolment. Criteria for defining reliability of LMP are 
given in figure 2.

Sample size
We will plan to enrol 700 pregnant subjects over a 5- year 
timeline using a rolling recruitment methodology. 
This sample size target is based on the overall project 
goal of comparing the predictive accuracy of our 1- D 

DUS machine- learning- derived algorithm against gold- 
standard diagnostic methods for pre- eclampsia and 
FGR.

For pre- eclampsia, we will use gold- standard oscillo-
metric blood pressure device readings and the Bayesian 
pre- eclampsia risk prediction algorithm developed by 
the Fetal Medicine Foundation.14 This algorithm, not 
including optional biomarkers, has an area under the 
receiver operating characteristic curve (AUROC) for pre- 
eclampsia at >37 weeks of 0.74. Baseline prevalence of 
pre- eclampsia in Guatemala in our prior work is approxi-
mately 8%.5 Assuming an intertest correlation coefficient 
of 0.7, enrolling 560 subjects in Guatemala will provide 
80% power at an alpha of 0.05 to detect an AUROC for 
the new 1- D DUS algorithm of within a 0.12 difference in 
AUROC as compared with the Fetal Medicine Founda-
tion algorithm. Assuming a loss to follow- up rate of up to 
20% requires at least 670 subjects.

Figure 1 Overall design and subject flow for a prospective, observational pregnancy cohort study in rural Guatemala. 
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For FGR, we will use as gold standard comprehensive 
2D fetal ultrasound, which has an AUROC of 0.81.15 
However, given the lack of any detailed fetal growth from 
any prior study in our population, we base our sample size 
calculation on the prevalence of small for gestational age 
based on a birth weight obtained by trained personnel 
in the first 48 hours of life, which is approximately 5%.16 
Assuming an intertest correlation coefficient of 0.7, 
enrolling 380 subjects in Guatemala will provide 80% 
power at an alpha of 0.05 to detect an AUROC for the 
new 1- D DUS algorithm of 0.18 points. Given that the 
sample size estimates for pre- eclampsia detection above 
are larger, we will exceed enrolment targets for the FGR- 
based aims.

Recruitment and informed consent
Study staff will identify potential participants in usual 
care spaces run by Maya Health Alliance or collaborating 
public health centres, after receiving inquiries about the 
study from community- based promotional flyers. Subjects 
expressing interest will be rapidly screened for eligibility 

and then, if appropriate, study staff will administer 
informed consent. Research staff administering informed 
consent will be bilingual speakers of both Spanish and 
Kaqchikel Maya. They will be trained to administer 
informed consent and provide explanations of study 
details and procedures in these languages. A verbal 
informed consent procedure will be used, as is common 
in other minimal risk research studies conducted at Maya 
Health Alliance since literacy is low and obtaining signa-
tures is not culturally common. The consent script will be 
read by study staff in the participant’s chosen language 
and a teach back methodology will be used to ensure 
comprehension.

Enrolment based on gestational age
Enrolment in this study early in pregnancy is important 
for obtaining accurate gestational age estimates. 
However, obtaining accurate gestational age estimates 
is challenging in rural Guatemala given lack of access to 
routine obstetric ultrasound, typically late presentation to 
prenatal care, and frequent short interpregnancy intervals 

Figure 2 Overall recruitment and eligibility workflow for a prospective, observational pregnancy cohort study in rural 
Guatemala. *Box in upper right corner of figures gives study criteria for reliable LMP. **If body mass index is >40 ultrasound 
should be performed by study MD. LMP, last menstrual period.
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and extended breast feeding making determination of 
LMP at times uncertain. To address these concerns, study 
nurses will use a detailed workflow outlined in figure 2, 
which helps guide the timing of clinical data collection, 
physical examination and point- of- care ultrasound to 
determine eligibility based on gestational age.

Collection of clinical data
Each participant will have a maximum of seven study visits, 
each lasting an estimated duration of 90 min. Study visits 
will include (1) initial visit to explain study and obtain 
informed consent; (2) first data collection visit to obtain 
sociodemographic and clinical history data, perform first 
dating ultrasound (between 15 and 18 6/7 weeks gesta-
tional age) and measure height, weight, blood pressure, 
capillary haemoglobin and 1- D fetal Doppler recording; 
(3) monthly follow- up study visits (up to a maximum 
of 4: 20 0/7–23 6/7 weeks; 24 0/7–27 6/7 weeks; 28 
0/7–31 6/7 weeks; 32 0/7–37 6/7 weeks) to obtain 
blood pressure, weight and 1- D fetal Doppler recording, 
two sequential ultrasounds (second and third trimester, 
between 24–27 6/7 weeks and 32–36 6/7 weeks, respec-
tively), and review any new antenatal events and (4) one 
final postnatal visit performed within 48 hours of birth 
to determine final pregnancy disposition, document any 
maternal or neonatal complications, and obtain maternal 
blood pressure and neonatal weight. For hospital births, 
neonatal weight and other immediate postnatal data will 
be obtained by review of hospital records. Table 1 details 
the study visit sequence and elements.

2D ultrasound data will be collected by trained study 
nurses with close study physician support using the 
Butterfly iQ+device (Butterfly Network, Burlington, 
Massachusetts, USA). Nurses will be trained using 
the recommendations of the International Society of 
Ultrasound in Obstetrics and Gynecology Education 
Committee for basic training in obstetric ultrasound.17

Height and weight data will be collected in tripli-
cate on subjects wearing traditional clothing. Weights 
of representative sets of traditional clothing (typically 
woven cotton blouse, skirt and belt) will be recorded 
as we have previously described in detail in order to 
permit weight adjustments for worn clothing as needed 
for women.18 The Seca 213 portable stadiometer (Seca, 
Hamburg, Germany) and Tanita HD- 395 portable 
digital scale (Tanita, Tokyo, Japan) will be used for adult 
measures. For infant measures, a Seca 310 hanging scale 
and portable length board locally constructed according 
to UNICEF specifications will be used.19 Seated arterial 
blood pressure will be obtained in duplicate at 1 min 
intervals after 5 min of rest in the right arm using an 
iHealth KN- 550BT oscillometric automated blood pres-
sure device (iHealth Labs, Sunnyvale, California, USA) 
and an appropriately sized cuff following instructions in 
the user manual (22–42 cm or 42–48 cm) supplied with 
the device.

Capillary haemoglobin will be obtained using the 
HemoCue Hb 201+Analyzer (Hemocue AB, Ängelholm, 
Sweden) following manufacturer’s instructions. Haemo-
globin values will be adjusted for altitude.

Table 1 Schedule of study visits and procedures

Data element

Visit 1 (15 
0/7–18 6/7 
weeks)

Visit 2 (15 
0/7–18 6/7 
weeks)

Visit 3 (20 
0/7–23 6/7 
weeks)

Visit 4 (24 
0/7–27 6/7 
weeks)

Visit 5 (28 
0/7–31 6/7 
weeks)

Visit 6 (32 
0/7–36 6/7 
weeks)

Visit 7 
(<48 hours 
post partum)

Eligibility criteria

Informed consent

Social and clinical 
history

Interim history

1- D DUS

Blood pressure

Maternal weight

Maternal height

Capillary haemoglobin

Dating ultrasound

2°Trimester Fetal 
Survey Ultrasound

3°Trimester Fetal 
Survey Ultrasound

Neonatal weight

Neonatal height

1- D DUS, 1- D Doppler ultrasound.
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1- D DUS data will be collected at each study visit as a 
5 min recorded segment using a Google Pixel 6a smart-
phone (Alphabet, Mountain View, California, USA) 
running a bespoke data acquisition app developed by 
our team8 20 and the Contec Baby Sound- A Pocket Fetal 
Doppler (Contec Medical, Qinhuangdao Hebei, PRC).

Laboratory data are not routinely collected in antenatal 
care in Guatemala, but when elevated blood pressure or 
other concerns for hypertensive disorders of pregnancy 
are detected, referrals will be made to the local public 
hospital in Tecpán, where laboratory assessments for end- 
organ dysfunction (eg, proteinuria, serum creatinine and 
platelet count) are performed at the discretion of the 
on- call clinician. A study MD will review these data along 
with clinical notes to establish clinical endpoints.

Statistical methods
Clinical data will be pulled retrospectively from digital 
registries and associated with the 1- D DUS ultrasound 
and blood pressure recordings. We will calculate descrip-
tive statistics (demographics and baseline clinical factors) 
for our study population using proportions for categor-
ical variables and medians with iIQRs for continuous vari-
ables. We will present these data pooled and separately 
by final pre- eclampsia and FGR status. We will compare 
the test characteristics (receiver operator curves) of our 
1- D Doppler algorithms with a comprehensive 2D fetal 
ultrasound survey (for FGR) and with the Fetal Medi-
cine Foundations’ Bayesian pre- eclampsia risk prediction 
algorithm (for pre- eclampsia) using χ2 tests.14 15 Repeated 
bootstrap cross- validation will be applied to estimate the 
confidence intervals. Data will be analysed by using Stata 
V.18, SAS V.9.4 and R V.4.3.2 or a similar statistical anal-
ysis program.

ETHICS AND DISSEMINATION
Patient and public involvement
Patients or the public were not involved in the design, 
or conduct, or reporting, or dissemination plans of our 
research.

Ethics approval and consent to participate
The study has been approved by the institutional ethics 
committees of Maya Health Alliance (WK 2022 005) and 
Emory University (IRB Study # 00005252). All subjects 
will provide verbal informed consent, the requirement 
to document informed consent by signature has been 
waived by the Maya Health Alliance ethics committee.

Data management
All clinical data except for ultrasound images will be 
entered directly into Maya Health Alliance’s secure 
cloud- based electronic health record and subsequently 
extracted for analysis. Ultrasound data will be stored in 
Butterfly’s secure commercial cloud- based image storage 
solution.

Data monitoring, harm, auditing
Rates of subject recruitment, adherence to recruitment 
procedures and inclusion/exclusion criteria, and reten-
tion will be monitored closely by the study team. The study 
is of minimal risk to subjects. The anticipated risks include 
lost productivity or interference with home routines 
during study visits. There is also the risk of psychological 
distress if previously unknown maternal or fetal compli-
cations are discovered by the study team. Disclosure of 
unexpected or new complications will be closely overseen 
by a study physician. All subjects in the cohort study who 
require referral to public health facilities for the manage-
ment of complications will receive obstetrical care naviga-
tion services from Maya Health Alliance care navigators 
to assist in accessing effective care in a timely fashion.6 A 
study physician will closely track the outcomes of these 
referrals to care and liaise with hospital medical staff as 
necessary. The study is not expected to have any study- 
related adverse events, but any perceived adverse events 
or complaints from participants will be reported to the 
institutional review boards.

Availability of data and materials
Deidentified data sets will be uploaded to the DASH 
repository (https://dash.nichd.nih.gov/) or  PhysioNet. 
org, as appropriate, on completion of analysis and publi-
cation of primary manuscripts.
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