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CONTRIBUTION

What are the novel findings of this work?
This is the first study in a low-resource setting to
demonstrate that the quality of pulsed-wave Doppler and
fetal biometry ultrasound measurements can be assessed
reliably using freely available objective evaluation tools.

What are the clinical implications of this work?
Well-trained healthcare providers in underserved regions
can perform Doppler and fetal biometry scans with
consistency. The impact of in-service retraining and
clinical audits on the quality of scans should be evaluated
in future studies.

ABSTRACT

Objective The aim of this study was to determine
the quality of fetal biometry and pulsed-wave Doppler
ultrasound measurements in a prospective cohort study in
Uganda.

Methods This was an ancillary study of the Ending
Preventable Stillbirths by Improving Diagnosis of Babies
at Risk (EPID) project, in which women enroled in
early pregnancy underwent Doppler and fetal biometric
assessment at 32–40 weeks of gestation. Sonographers
undertook 6 weeks of training followed by onsite refresher
training and audit exercises. A total of 125 images for
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each of the umbilical artery (UA), fetal middle cerebral
artery (MCA), left and right uterine arteries (UtA), head
circumference (HC), abdominal circumference (AC) and
femur length (FL) were selected randomly from the
EPID study database and evaluated independently by
two experts in a blinded fashion using objective scoring
criteria. Inter-rater agreement was assessed using modified
Fleiss’ kappa for nominal variables and systematic errors
were explored using quantile–quantile (Q–Q) plots.

Results For Doppler measurements, 96.8% of the UA
images, 84.8% of the MCA images and 93.6% of the
right UtA images were classified as of acceptable quality
by both reviewers. For fetal biometry, 96.0% of the HC
images, 96.0% of the AC images and 88.0% of the FL
images were considered acceptable by both reviewers.
The kappa values for inter-rater reliability of quality
assessment were 0.94 (95% CI, 0.87–0.99) for the UA,
0.71 (95% CI, 0.58–0.82) for the MCA, 0.87 (95% CI,
0.78–0.95) for the right UtA, 0.94 (95% CI, 0.87–0.98)
for the HC, 0.93 (95% CI, 0.87–0.98) for the AC and
0.78 (95% CI, 0.66–0.88) for the FL measurements. The
Q–Q plots indicated no influence of systematic bias in
the measurements.

Conclusions Training local healthcare providers to
perform Doppler ultrasound, and implementing quality
control systems and audits using objective scoring tools
in clinical and research settings, is feasible in low- and

© 2022 The Authors. Ultrasound in Obstetrics & Gynecology published by John Wiley & Sons Ltd ORIGINAL PAPER
on behalf of International Society of Ultrasound in Obstetrics and Gynecology.

https://orcid.org/0000-0001-5459-2804
https://orcid.org/0000-0002-3438-9662
https://orcid.org/0000-0002-4017-2910
https://orcid.org/0000-0001-5468-6755
https://orcid.org/0000-0001-9616-4605
https://orcid.org/0000-0001-8143-2232
https://orcid.org/0000-0002-5462-9889
https://orcid.org/0000-0003-0914-5508


482 Ali et al.

middle-income countries. Although we did not assess the
impact of in-service retraining offered to practitioners
deviating from prescribed standards, such interventions
should enhance the quality of ultrasound measurements
and should be investigated in future studies. © 2022
The Authors. Ultrasound in Obstetrics & Gynecology
published by John Wiley & Sons Ltd on behalf of
International Society of Ultrasound in Obstetrics and
Gynecology.

INTRODUCTION

Stillbirth and its associated psychosocial and economic
costs are critical global health problems affecting dispro-
portionately parents, healthcare providers and commu-
nities in low- and middle-income countries (LMICs)1–3.
Over 50% of stillbirths in sub-Saharan Africa are antepar-
tum and the majority are linked to placental failure4. Pla-
cental dysfunction leads to impaired exchange of oxygen
and nutrients at the maternal–fetal interface and manifes-
tation of acute or chronic fetal hypoxia, which is known
to be associated with increased impedance to flow in the
umbilical (UA) and uterine (UtA) arteries5. This stresses
the importance of examining the placental and fetal circu-
lation (commonly using Doppler ultrasound), in addition
to fetal biometry, in order to identify at-risk pregnancies.

Given the essential role of Doppler ultrasonography and
fetal biometry in clinical practice, these measurements
should be accurate and reproducible. Slight variation
in measurements may be unavoidable, but significant
systematic errors can lead to misinterpretation, inap-
propriate intervention and harmful effects on pregnant
women6. In the context of research, erroneous findings
could prompt misguided public health policies. Thus,
measurements should be performed and interpreted by
well-trained healthcare providers, using adequate equip-
ment and following standardized procedures.

In addition, regular departmental audits are neces-
sary to identify ultrasonographers who may require
tailored feedback and retraining to ensure that desired
examination standards are upheld7,8. Audit tools for
two-dimensional fetal biometry9, crown–rump length
(CRL)10 and pulsed-wave Doppler measurements7,8 have
been published. Such tools are based on objective equally
weighted scoring criteria and have been found to be
more reproducible compared with subjective evaluation
in high-income countries (HICs)7–9. However, studies
documenting the use and applicability of obstetric
ultrasound quality assurance procedures and tools in
routine clinical and research settings in LMICs are
limited. Thus, it remains fertile ground for research, with
implementation of Doppler technology a top priority to
lessen the burden of stillbirth and perinatal complications.
Here we report on the quality of fetal biometry and
pulsed-wave Doppler ultrasound measurements and the
quality control strategies employed in a large prospec-
tive cohort study conducted in a rural community in
Uganda.

METHODS

Design and participants

This quality assessment study was designed and reported
in accordance with the Guidelines for Reporting
Reliability and Agreement Studies (GRRAS)11. We
report on the ultrasound measurement quality control
protocols followed in the Ending Preventable Stillbirths
by Improving Diagnosis of Babies at Risk (EPID) project,
a prospective cohort study implemented between 2018
and 2020 in a rural obstetric care facility in western
Uganda12–14. The primary aim of the EPID study was to
determine the predictive performance of Doppler ultra-
sound for adverse perinatal outcome in a low-resource
setting. Pregnant women were enroled at < 23 weeks’ ges-
tation and were offered fetal growth and Doppler scans in
the third trimester (between 32 and 40 weeks). Perinatal
and maternal outcomes were assessed at the time of birth
and up to 28 days postnatally. Additional information
on the EPID study is published elsewhere12–14. All
women recruited to the main prospective cohort provided
informed and written consent, with illiterate participants
signing using a thumbprint. This study was approved by
the Makerere University School of Medicine Research
and Ethics Committee (SOMREC) (reference 2018-090)
and the Uganda National Council for Science and
Technology (UNCST) (reference HS 2459). We obtained
permission to work within the Kagadi region from the
Kagadi District Health Team and local authorities.

Setting

The EPID study was implemented in Kagadi Hospital, a
secondary healthcare facility handling around 4000 births
annually and serving women in the rural communities of
the greater Kibaale region in midwestern Uganda, approx-
imately 215 km from the national capital, Kampala.
In 2016, the Uganda Demographic and Health Survey
estimated the total population of Kibaale at 788 714, with
389 278 (49.4%) males and 399 436 (50.6%) females15.

Data collection

The EPID project adapted the strategies for standardiza-
tion and quality control of ultrasound measurements from
the methodological recommendations of the International
Fetal and Newborn Growth Consortium for the 21st

Century (INTERGROWTH-21st) project16. The training
and quality control program was led and co-ordinated
by a maternal–fetal ultrasound specialist and research
scientist (S.A.). We created a training and quality control
team (S.A., E.A.B., A.N.K., A.M., M.M., S.K., C.S. and
M.J.R.) that supported the training of sonographers and
the continuous assessment of the quality and consistency
of ultrasound measurements obtained during the study.
The EPID study quality control team had 8–15 years’
experience in obstetric ultrasound as of 2020.

The training components included, but were not limited
to: pregnancy dating using ultrasound; recognition of

© 2022 The Authors. Ultrasound in Obstetrics & Gynecology published by John Wiley & Sons Ltd Ultrasound Obstet Gynecol 2023; 61: 481–487.
on behalf of International Society of Ultrasound in Obstetrics and Gynecology.
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common fetal anomalies; principles and safety concerns
associated with Doppler ultrasound and interpretation of
results; scanning techniques; and general data collection
procedures. To ensure continuity of the service beyond
the termination of the study, two of the trainees were
onsite residential sonographers at the time of study
implementation. We evaluated the trainees’ knowledge
and skills using pre- and post-training theoretical and
practical assessments. Even though the trainee sonogra-
phers had been practising basic obstetric ultrasound for
11–15 years as of 2018, they had little-to-no experience
in performing Doppler scans. Their preassessment results
also indicated the need for thorough training. Thus, the
prestudy training exercise lasted for 6 weeks: 1 week was
dedicated to the review of theoretical materials, 3 weeks
to hands-on practice at training centers and 2 weeks were
spent at the study site.

Preimplementation training took place at Ernest Cook
Ultrasound Research and Education Institute (ECUREI),
Mengo Hospital, Kampala, Uganda and The Woman’s
Place, Kampala, Uganda. ECUREI is a local tertiary
teaching institution that was nominated as a center
of excellence by the World Federation for Ultrasound
in Medicine and Biology in 2007 and has participated
previously in ultrasound capacity-building projects. The
Woman’s Place is a local maternal–fetal ultrasound clinic
equipped with state-of-the-art ultrasound systems for
specialized obstetric and gynecological imaging.

Before commencing participant enrolment, we con-
ducted additional onsite training to familiarize the sono-
graphers with the study equipment and data collection
procedures. We undertook spot reviews of a few randomly
selected images on three occasions during implementation
(once during the initial phase of participant enrolment
and twice at the start of follow-up examinations in the
third trimester), of which the results highlighted areas for
onsite retraining. Monthly site visits were organized to
address implementation issues, such as equipment servic-
ing, adherence to study protocol and refresher training
for the entire study team.

All fetal biometry and Doppler scans in the EPID
study were performed by two Kagadi Hospital resident
ultrasonographers and the first author (S.A.), following
prescribed standards17,18, using a Voluson™ e (GE
Healthcare, Zipf, Austria) or Philips HD9 (Philips Ultra-
sound, Amsterdam, The Netherlands) machine. Head
circumference (HC) was acquired in the transthalamic
plane with calipers placed on the outer border of the
skull (Figure S1). Abdominal circumference (AC) was
measured in an axial plane, with the umbilical vein in
the anterior third of the fetal abdomen (at the level of the
portal sinus) and the stomach bubble visible. The femur
length (FL) of the limb closest to the transducer was
obtained with the calipers placed on the outer borders of
the diaphysis of the femoral bone. The UA was examined
in a free loop of the umbilical cord, with measurements
taken in the absence of fetal movement, while keeping the
insonation angle at < 30◦ (Figure S2). The fetal middle
cerebral artery (MCA) was examined at its proximal

third, close to its origin in the internal carotid artery,
with the angle of insonation kept as close as possible
to 0◦. The UtAs were recorded transabdominally, with
the angle of insonation maintained at < 30◦.

Ultrasound images were scored according to a set of
published criteria (Appendices S1 and S2)7–9 by two
independent raters (Raters A and B), who were blinded to
each other’s results. Each criterion was assigned 1 point
when satisfied and 0 when not satisfied, and was equally
weighted towards the total score, which was calculated
as the sum of the points. A maximum of 4 points were
available for FL and 6 points for HC, AC, UA, MCA and
UtA. Women for whom all fetal biometry and Doppler
measurements had been obtained were selected randomly
for inclusion in this study. Based on previous studies7,8,
a minimum of 125 images would be sufficient to detect
a 10% difference in agreement between two raters
with 90% power, assuming an inter-rater agreement
of 80%. Therefore, we randomly selected 125 images
per ultrasound examination for this analysis, using the
set.seed function in R (R Foundation for Statistical
Computing Platform, Vienna, Austria) to ensure that our
random sample was reproducible.

Statistical analysis

The total image scores of each rater were dichotomized
into acceptable and unacceptable. For FL, images with
a score of ≥ 3 points were classified as acceptable,
while for HC, AC, UA, MCA and UtA images, a
threshold of ≥ 4 points was considered acceptable. These
classification schemes were based on published studies
and the recommendations of the developers of the scoring
tools7,8,19. Descriptive statistics for image quality scores
were reported as n (%) and were presented graphically
using bar graphs.

To determine inter-rater agreement, we used the s*
statistic, a modified Fleiss’ kappa for nominal variables
that is not affected by the paradoxes of Cohen’s and Fleiss’
kappa statistics20. The 95% bootstrap CI of the s* statistic
was calculated using Monte Carlo simulations with 1000
iterations. P-values were also approximated using the
Monte Carlo procedure at a 5% level of significance. For
interpretation of kappa, we used the following cut-off val-
ues: 0.00–0.20, slight agreement; 0.21–0.40, fair agree-
ment; 0.41–0.60, moderate agreement; 0.61–0.80, good
agreement; and > 0.80, very good agreement11.

Analysis of the Z-score distribution is also a recom-
mended approach for quality assessment21. The Z-score
distribution is expected to follow the properties of a
standard normal distribution; the mean and SD should be
approximately 0 and 1, respectively. We first transformed
the HC, AC, FL and UA pulsatility index (PI) measure-
ments into gestational-age-specific Z-scores using the
INTERGROWTH-21st fetal-growth standards22 embed-
ded in the R package healthy birth, growth & development
(hbgd)23 and INTERGROWTH-21st Doppler charts24.
We then constructed quantile–quantile (Q–Q) plots for
the HC, AC, FL and UA-PI Z-scores to allow for visual

© 2022 The Authors. Ultrasound in Obstetrics & Gynecology published by John Wiley & Sons Ltd Ultrasound Obstet Gynecol 2023; 61: 481–487.
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assessment of their distributions. The mean and SD of the
Z-score distributions were compared with the standard
normal distribution. We also used the Shapiro–Wilk test
to assess normality at a 5% level of significance. Data
were managed in STATA version 14.0 (StataCorp., Col-
lege Station, TX, USA) and analyzed using the package
raters in R version 4.0.4 (R Foundation for Statistical
Computing Platform; https://www.r-project.org/).

RESULTS

Image quality

A total of 875 ultrasound images (125 each for the HC,
AC, FL, UA, MCA and each UtA) scored by two raters
were considered for this analysis. The image-quality scores
for pulsed-wave Doppler and fetal biometry awarded by
Raters A and B are reported in Table 1 and Figures S3
and S4. For the MCA, 119/125 (95.2%) images were
classified as acceptable by Rater A, 111/125 (88.8%) by
Rater B and 106/125 (84.8%) by both raters. For the
UA, 125/125 (100%) images were classified as acceptable
by Rater A, 121/125 (96.8%) by Rater B and 121/125
(96.8%) by both raters. For biometry measurements,
124/125 (99.2%), 120/125 (96.0%) and 120/125 (96.0%)
AC images were classified as acceptable by Rater A, Rater
B and both raters, respectively. For the FL, Rater A
scored 114/125 (91.2%) images, Rater B scored 120/125
(96.0%) images and both raters scored 110/125 (88.0%)
images as acceptable. The proportion of images meeting
each constituent criterion of the overall quality score
is reported for fetal biometry in Table S1 and Doppler
ultrasound in Table S2.

Inter-rater agreement

The overall inter-rater percentage agreement for objective
evaluation of UA Doppler images was 96.8% (modified
kappa, 0.94 (95% CI, 0.87–0.99); P < 0.001) (Table 2).
For the MCA, inter-rater agreement was 85.6% (modified
kappa, 0.71 (95% CI, 0.58–0.82); P < 0.001), while for

Table 1 Proportion of fetal biometry and pulsed-wave Doppler
ultrasound images in pregnant women at 32–40 weeks’ gestation
that were classified as acceptable, according to Raters A and B

Parameter Rater A Rater B Both raters

Biometry
HC* 120 (96.0) 124 (99.2) 120 (96.0)
AC* 124 (99.2) 120 (96.0) 120 (96.0)
FL† 114 (91.2) 120 (96.0) 110 (88.0)

Doppler
UA* 125 (100) 121 (96.8) 121 (96.8)
MCA* 119 (95.2) 111 (88.8) 106 (84.8)
RUtA* 124 (99.2) 118 (94.4) 117 (93.6)
LUtA* 123 (98.4) 116 (92.8) 114 (91.2)

Data are given as n (%). For each parameter, 125 images were
assessed. *Acceptable score cut-off is ≥ 4. †Acceptable score cut-off
is ≥ 3. AC, abdominal circumference; FL, femur length; HC, head
circumference; LUtA, left uterine artery; MCA, middle cerebral
artery; RUtA, right uterine artery; UA, umbilical artery.

Table 2 Percentage agreement and modified Fleiss’ kappa between
Raters A and B for quality of fetal biometry and pulsed-wave
Doppler measurements in pregnant women at 32–40 weeks’
gestation

Parameter
Agreement

(%)
Modified Fleiss’
kappa (95% CI) P

Biometry
HC 96.8 0.94 (0.87–0.98) < 0.001
AC 96.8 0.93 (0.87–0.98) < 0.001
FL 88.8 0.78 (0.66–0.88) < 0.001

Doppler
UA 96.8 0.94 (0.87–0.99) < 0.001
MCA 85.6 0.71 (0.58–0.82) < 0.001
RUtA 93.6 0.87 (0.78–0.95) < 0.001
LUtA 91.2 0.82 (0.71–0.92) < 0.001

For each parameter, 125 images were assessed. AC, abdominal
circumference; FL, femur length; HC, head circumference; LUtA,
left uterine artery; MCA, middle cerebral artery; RUtA, right
uterine artery; UA, umbilical artery.

the UtAs, inter-rater agreement was 93.6% (modified
kappa, 0.87 (95% CI, 0.78–0.95); P < 0.001) and 91.2%
(modified kappa, 0.82 (95% CI, 0.71–0.92); P < 0.001),
for the right and left sides, respectively. The inter-rater
percentage agreement for objective evaluation of AC
measurement was 96.8% (modified kappa, 0.93 (95% CI,
0.87–0.98), P < 0.001), and for HC measurement was
96.8% (modified kappa, 0.94 (95% CI, 0.87–0.98),
P < 0.001).

Z-score distributions

The Q–Q plots in Figure 1 demonstrate normal distribu-
tions of the HC, AC, FL and UA-PI gestational-age-specific
Z-scores. The mean ± SD was −0.02 ± 1.00 for HC
Z-scores, 0.03 ± 0.92 for AC Z-scores, 0.53 ± 0.82 for
FL Z-scores and −0.27 ± 1.05 for UA-PI Z-scores in the
sample. The corresponding Shapiro–Wilk test P-values
for the HC Z-scores, AC Z-scores, FL Z-scores and
UA-PI Z-scores were 0.955, 0.409, 0.416 and 0.286,
respectively.

DISCUSSION

Summary of key findings

The quality of ultrasound measurements obtained in
the EPID study was high, with ≥ 84.8% of pulsed-wave
Doppler images and ≥ 88.0% of fetal biometry images
scored as acceptable by both raters. Inter-rater agreement
was good or very good for Doppler and biometry images,
with a modified kappa of 0.94 (95% CI, 0.87–0.99)
for the UA and 0.94 (95% CI, 0.87–0.98) for the HC.
All fetal biometry and UA-PI Z-scores had normal
distributions, implying negligible influence of systematic
error in our measurements.

Strengths and limitations

Strengths of this study include the fact that ultrasound
measurements in the EPID study were acquired using

© 2022 The Authors. Ultrasound in Obstetrics & Gynecology published by John Wiley & Sons Ltd Ultrasound Obstet Gynecol 2023; 61: 481–487.
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standardized techniques and that the sonographers
underwent a longer course of preimplementation training
(up to 6 weeks) compared with that in most published
studies, supplemented by audits and refresher training.
Although we did not measure the impact of the
retraining exercise, it could have enhanced the quality
of measurements. Quality assessment was performed by
experienced reviewers who were blinded to each other’s
ratings and to the findings of the study sonographer.
Further, they were not involved in data collection or
retraining, allowing for independence in their reviews.

Although we used arbitrary thresholds to classify
images as acceptable or unacceptable, this approach is
recommended in the literature to simplify the interpre-
tation of findings7,8,19. According to the International
Society of Ultrasound in Obstetrics and Gynecology
(ISUOG) clinical standards committee, a comprehensive
quality control strategy should also involve assessment
of caliper placement bias and the limits of agreement
of the actual measurements. These are not reported as
we did not obtain multiple measurements in a repeated
fashion from each woman, for reasons of feasibility.
However, we used the Z-score distribution method to
assess for systematic bias in the measurements. Another

limitation was the resource-intensive nature of the
training exercise. However, based on our experience
conducting ultrasound studies in low-resource contexts,
similar results are achievable within a shorter time period.
Future studies should also include ultrasound-naı̈ve
practitioners.

Interpretation

This study shows that it is possible to train ultrasonogra-
phers in underprivileged regions to perform fetal biometry
and Doppler scans with consistency. The quality of ultra-
sound measurements can be assessed reliably using freely
available objective evaluation tools7,8,19. In this study,
≥ 85% of acquired Doppler images were judged to be of
an acceptable standard by two independent raters. Similar
findings were reported in a multicenter Doppler study
conducted in a HIC, in which 89.2% of MCA images
and 85.0% of UA images were of acceptable quality25.
Moreover, nearly 90% of images of each fetal biometric
parameter in the present study were deemed acceptable.
In comparison, over 98% of biometry images were of very
high quality in a large multicenter international project19.
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Figure 1 Quantile–quantile plots for fetal head circumference (a), abdominal circumference (b), femur length (c) and umbilical artery
pulsatility index (d) Z-scores in pregnant women at 32–40 weeks’ gestation.
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The inter-rater agreement in this study was good or
very good for all Doppler images, with an agreement rate
of 96.8% (modified kappa, 0.94) for the UA and 85.6%
(modified kappa, 0.71) for the MCA. Previous studies
from HICs have demonstrated that interobserver agree-
ment for Doppler image assessment is very good when
using an objective scoring system, and higher than that
achieved by subjective assessment, in both clinical and
research settings7,8,25. The INTERGROWTH-21st group
reported overall agreement of 85% (adjusted kappa,
0.70) when using an objective scale compared with 70%
(adjusted kappa, 0.47) for subjective assessment of UA
and UtA Doppler images8. Likewise, objective assessment
with a 6-point scoring system had higher interobserver
agreement (91.9%; kappa, 0.839) compared with subjec-
tive agreement (75.8%; kappa, 0.516) for MCA images7.
In a multicenter randomized controlled trial, kappa values
for inter-rater reliability of quality assessment were 0.85
(95% CI, 0.81–0.89) and 0.84 (95% CI, 0.80–0.89) for
the MCA and UA, respectively25. Further, a high level
of inter-rater agreement was reported for HC (kappa,
0.99 (95% CI, 0.98–0.99)), AC (kappa, 0.98 (95% CI,
0.97–0.99)) and FL (kappa, 0.96 (95% CI, 0.95–0.98))
measurements across multiple INTERGROWTH-21st

study sites adhering to strict quality control measures19.
Similarly, the inter-rater agreement for all fetal biometry
measurements obtained in this study was very good.

It is not surprising that most of our findings were
comparable with those from HICs. Acceptable and
accurate Doppler scans are achievable when performed
by adequately trained ultrasonographers observing strict
examination protocols6. We demonstrated previously
similar results for CRL measurements in a Ugandan
clinical setting26 and for fetal biometry performed by
local healthcare workers in a refugee camp on the
Thai–Burmese border27. Standardization of obstetric
ultrasound practice in LMICs is important for clinical care
and research, particularly in multicenter studies in which
a broad range of settings, women and practitioners are
involved. Although there was no evidence of systematic
error in our measurements, differences in reviewer scores
for individual elements of the scoring system, such as UA
image clarity (Table S2), emphasize the need to adequately
orient practitioners using clinical tools to ensure uniform
interpretation.

As the World Health Organization now recommends
the use of UA Doppler to manage high-risk pregnan-
cies28, it is imperative that quality control systems are
established and adhered to in obstetric ultrasound units
in LMICs. Local guidelines for the management of
suspected growth-restricted fetuses should be developed
using a bottom-up collaborative approach, and should
emphasize the use of similar and context-appropriate
reference standards constructed using robust methodolo-
gies, such as the INTERGROWTH-21st charts, to deliver
appropriate care to women29,30.

Increasing access and promoting the efficient use
of ultrasound technology in LMICs will require
commitments from governments, funding agencies and

international communities to improve the quality of ante-
natal care. A structured training program in obstetric
ultrasound, taking into account the local context and
available cadres at the frontline, may be a constructive
strategy27,31. With the advent of artificial intelligence,
there is hope for future commercial products with the
ability to support practitioners to undertake and interpret
complex ultrasound procedures with high precision32,33.
Such modern clinical decision support tools would be of
great benefit in high-burden settings in which the number
of highly skilled fetal medicine specialists falls far short of
demand.

Conclusions

Training healthcare providers in underserved regions
to undertake Doppler ultrasound examinations with
consistency is feasible. Implementation of quality control
systems, using freely available objective ultrasound image
scoring tools, is recommended in clinical and research
settings in low-resource communities. Future studies
should seek to evaluate the impact of regular in-service
audits and retraining.
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SUPPORTING INFORMATION ON THE INTERNET

The following supporting information may be found in the online version of this article:

Figure S1 Fetal biometry images showing correct measurement of head circumference (a), abdominal circumference (b) and femur length (c).

Figure S2 Color and pulsed-wave Doppler images showing correct measurement of umbilical artery (a), middle cerebral artery (b) and
uterine artery (c).

Figure S3 Distribution of the total quality scores for pulsed-wave Doppler images of the umbilical artery (a), middle cerebral artery (b),
right uterine artery (c) and left uterine artery (d), according to Raters A and B.

Figure S4 Distribution of the total quality scores for ultrasound images of head circumference (a), abdominal circumference (b) and femur
length (c), according to Raters A and B.

Appendix S1 Image-scoring criteria for umbilical artery, middle cerebral artery and uterine artery pulsed-wave Doppler ultrasound
measurements

Appendix S2 Image-scoring criteria for head circumference, abdominal circumference and femur length ultrasound measurements

Table S1 Proportion of fetal biometric ultrasound images meeting each constituent criterion of the quality score, overall and according to
rater

Table S2 Proportion of pulsed-wave Doppler ultrasound images meeting each constituent criterion of the quality score, overall and
according to rater
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