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Abstract

Background: An efficacy evaluation of the AutoAnthro system to measure child (0-59 months)
anthropometry in the United States found 3D imaging performed as well as gold-standard manual
measurements for biological plausibility and precision.

Objectives: We conducted an effectiveness evaluation of the accuracy of the AutoAnthro
system to measure 0- to 59-month-old children’s anthropometry in population-based surveys and
surveillance systems in households in Guatemala and Kenya and in hospitals in China.

Methods: The evaluation was done using health or nutrition surveillance system platforms
among 600 children aged 0-59 months (Guatemala and Kenya) and 300 children aged 0-23
months (China). Field team anthropometrists and their assistants collected manual and scan
anthropometric measurements, including length or height, midupper arm circumference (MUAC),
and head circumference (HC; China only), from each child. An anthropometry expert and assistant
later collected both manual and scan anthropometric measurements on the same child. The expert
manual measurements were considered the standard compared to field team scans.
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Results: Overall, in Guatemala, Kenya, and China, for interrater accuracy, the average biases

for length or height were —0.3 cm, —=1.9 cm, and —6.2 cm, respectively; for MUAC were 0.9 cm,
1.2 cm, and —-0.8 cm, respectively; and for HC was 2.4 cm in China. The inter-technical errors

of measurement (inter-TEMSs) for length or height were 2.8 cm, 3.4 cm, 5.5 cm, respectively; for
MUAC were 1.1 cm, 1.5 cm, and 1.0 cm, respectively; and for HC was 2.8 cm in China. For
intrarater precision, the absolute mean difference and intra-TEM (interrater, intramethod TEM)
were 0.1 cm for all countries for all manual measurements. For scans, overall, absolute mean
differences for length or height were 0.4-0.6 cm; for MUAC were 0.1-0.1 cm; and for HC was 0.4
cm. For the intra-TEM, length or height was 0.5 cm in Guatemala and China and 0.7 cm in Kenya,
and other measurements were <0.3 cm.

Conclusions: Understanding the factors that cause the many poor scan results and how to
correct them will be needed prior to using this instrument in routine, population-based survey and
surveillance systems.

Keywords
children; anthropometry; 3D imaging system; accuracy; precision; validation

Introduction

Anthropometry is used to assess the prevalence of malnutrition, to identify at-risk
populations or individuals, to monitor changes in nutritional status over time, and to evaluate
impacts of interventions (1). In population-based household surveys and surveillance
systems, anthropometry usually has been manually performed by trained personnel

using dedicated instruments, such as weighing scales, tapes, calipers, and stadiometers

(1). However, the manual anthropometric measurements may be subject to errors from
equipment malfunction and/or human errors, even with well-trained measurers (2-4).

These errors affect the data quality and may have negative consequences for screening,
program evaluation, policy-making, accountability, advocacy, and global reporting. The
WHO, UNICEF, and others have developed multiple resources and tools to support high-
quality, manual anthropometric data collection (5, 6), but errors may still occur with manual
methods despite the application of these tools and resources. Various technologies exist to
automatically capture anthropometric dimensions; interest in 3D technologies focused on the
ability to capture data indirectly without touching the person and the potential for faster data
capture compared to manual methods (7, 8). Nonportable, expensive 3D technologies exist
that document better performance than manual methods, primarily in studies of adults (9,
10). To alleviate the challenges related to manual anthropometric measurements, low-cost,
portable, automatic body measurement systems that use 3D body scan data (11) have
emerged as a potential new approach for anthropometry assessments in population-based
surveys (12). An efficacy evaluation study conducted under ideal, controlled conditions was
carried out on the AutoAnthro system developed by Body Surface Translations, Inc. (BST)
among children 0-59 months in different facilities in metro Atlanta, Georgia. The efficacy
results found that 3D imaging performed as well as gold-standard manual measurements for
child anthropometry for biological plausibility and precision, but there was systematic bias
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compared to manual measurements (13); thereafter, BST adjusted the system to address the
systematic bias identified in the efficacy study.

The primary objectives of the study described in this publication were to carry out an
effectiveness evaluation under usual, real-world conditions of the accuracy and precision of
the AutoAnthro imaging system in measuring young children’s length or height, midupper
arm circumference (MUAC), and head circumference (HC) in population-based household
surveys and surveillance systems in Guatemala, Kenya, and China (HC measurements were
only done in China). The study also assessed the experiences and acceptability of caregivers
of the measured children and the field teams that collected the measurements. These results
will be reported elsewhere.

Study design, settings, and participants

The effectiveness evaluation study was carried out through surveys in Guatemala, Kenya,
and China. In all 3 countries, the evaluation was done using health or nutrition surveillance
system platforms. For Guatemala and China, the evaluation was embedded within routine
data collection procedures, whereas Kenya carried out a stand-alone, population-based
anthropometric survey using the surveillance system sampling frame to determine the
prevalence of malnutrition among children <59.9 months in the population catchment area.
While the survey was designed to be representative of children in the catchment area, the
effectiveness evaluation was not designed to collect data representative of the populations,
and evaluation data collection stopped upon reaching required sample sizes, which might be
less than the target survey or surveillance system sample size.

The surveillance system in Guatemala is an annual, nationally representative, cross-
sectional, continuous household health and nutrition survey that uses multistage sampling
to select 100 enumeration areas and 30 households within each enumeration area.
Anthropometric measurements for children usually include weight and length or height.
The MUAC is not routinely measured but was added for the evaluation. All children <59.9
months in the surveyed households were invited to participate in the evaluation.

In Kenya, the study was conducted within a health and demographic surveillance system
located in an urban informal settlement that is primarily used for surveillance of under-5
mortality. The county-based health surveillance system carries out a census and survey of
all households in the catchment area every 6 months. The most recent census of villages

and households was used to carry out 2 stages of sampling where clusters within villages
randomly selected children <59.9 months, who were invited to participate. Weight, length or
height, and MUAC were collected.

In China, the data collection platform was not a population-based household survey; instead,
data collection occurred at 2 county maternal and child health (MCH) hospitals that carry
out routine growth monitoring and physical examinations and follow-up visits to children
<6 years. The children under 2 years old were recruited when they came for these routine
health services. Weight and length or height for all children are routinely measured; HC
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is measured only for children <1 year old but was expanded to those <2 years old for
this evaluation. MUAC is not routinely measured but was added for the evaluation. We
originally planned to conduct the evaluation only in Guatemala and Kenya, but the China
site was opportunistically added last to include data from Asia. Funding only allowed for
data collection among children <24 months through MCH hospitals.

For power calculations, we assumed an a of 0.05, g of 0.1, and power (1-5) of 0.9 (90%).
For a paired ttest to detect a 0.2 cm difference with 90% power, the minimum sample size
is 263. Accounting for potential nonresponses, the sample size designed for each country
was 300 children per age group (<24.0 months and 24.0-59.9 months), with a total of 600
children per evaluation site in Guatemala and Kenya and 300 children in China.

Prepilot among 100 children in Guatemala and software adjustments

Training

In May 2018, the Centers for Disease Control and Prevention Foundation (CDCF) paid
BST to travel to Atlanta to train CDC and CDCEF staff on use of the AutoAnthro system
over 2 days. The CDC and CDCEF then traveled to Guatemala for approximately 2 weeks
in May 2018 to carry out training and pilot testing for the collection of manual and scan
anthropometry data among 50 children <24 months and 50 children 24 to 59.9 months

in the department of Huehuetenango to prepare for the main effectiveness evaluation.

The 100-child evaluation data collection was integrated into the Guatemala surveillance
platform and occurred over approximately 1 month. As agreed in the Bill and Melinda Gates
Foundation (BMGF) funding to CDCF, BST observed the training and pilot testing, helped
troubleshoot use of the AutoAnthro system, and later was given access to the manual and
scan anthropometry data from the 100 children. The data from the 100-child pilot are not
included in this paper.

Under separate grants awarded to BST by the BMGF, BST was expected to use the final
manual and scan data collected from the 100 Guatemalan children to resolve the bias
identified in the Conkle et al. (13) study. The revision to the software took approximately

2 months to complete, and BST considered the AutoAnthro system ready for the main
effectiveness evaluation by August 2018; thereafter, the CDC and CDCF independently
started the main evaluation training in Guatemala in late August 2018. The CDCF paid BST
to process the scans collected for the main evaluation in the 3 countries reported in this
paper. After BST had already provided the final scan results for each country, in September
2019 BST identified problems with their software and reprocessed the evaluation data with
the updated software. The revised data were received mid-November 2019 and used for the
analyses reported in this paper. BST did not have access to the manual anthropometry data
or analyses reported in this study prior to publication.

The CDC and CDCEF carried out all evaluation training of field teams, including on
traditional manual anthropometry, use of the AutoAnthro system, administering the
caregiver acceptability questionnaire, filling out the anthropometrist questionnaire, obtaining
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informed consent, collecting the date of birth of the child for estimating age, and recording
the date of data collection.

A manual was developed for use by field teams on the traditional manual anthropometry
methods, and BST provided the CDC and CDCF with a manual on the use of the
AutoAnthro system. The training included theoretical classroom training; practical, hands-
on training for manual and scan methods; and standardization exercises with children

<5 years (China <2 years) for manual anthropometry methods. The standardization

data were analyzed using a Microsoft Excel spreadsheet from the Micronutrient

Survey Toolkit (14). Classroom training covered all the different aspects of measuring
anthropometry and data collection procedures to conduct the effectiveness evaluation
component [manual anthropometric measurement procedures following WHO guidance
(15, 16); communication management during measurements; referral procedures; validating
calibration of stadiometers, measuring tapes, and scales; manual anthropometric
standardization tests; AutoAnthro data capture and review of scans; administering a
caregiver acceptability questionnaire; informed consent and sampling].

Selection criteria for the “expert” anthropometrist and assistant included receipt of prior
anthropometric measurement training; previously experience measuring anthropometry data
in population-based surveys or surveillance systems; and meeting all required levels of
precision and accuracy through a manual standardization exercise conducted as part of this
evaluation. These 3 criteria are based on the WHO growth standard study (16). To assess the
acceptability of scan captures, an acceptability questionnaire was administered to caregivers
after observing data collection by manual and scan methods. In Guatemala and Kenya

only, the expert also had to show acceptable performance administering the acceptability
questionnaire to caregivers in order to be selected.

The field team make-ups were as follows: Guatemala had 15 team members (1 expert and

9 field anthropometrists; 5 assistants); Kenya had 8 (1 expert anthropometrist+1 assistant; 3
field anthropometrists + 3 assistants); and China had 6 (1 expert anthropometrist+1 assistant;
2 field anthropometrists+2 assistants). In Guatemala, 1 expert anthropometrist was assisted
by 2 assistants, each at a different time during the survey, and 9 field anthropometrists were
assisted by 3 supervisors. Kenya and China had independent, 2-person teams.

Data collection

3D imaging.—The AutoAnthro system, developed by BST, uses off-the-shelf hardware
and a manufacturer-provided Software Development Kit installed on a smartphone or tablet
to assess anthropometry among children 0-59.9 months. This evaluation used an iPad tablet
and a Structure Sensor 3D camera (Occipital) that is connected to the tablet and was

the same equipment used in the efficacy study (13). The system did not produce weight
measurements or immediate results. All measurements were collected by an anthropometrist
with the help of an assistant, and in some cases also the caregivers.

Each data collection team had their own AutoAnthro system that was charged nightly with
electricity. Teams used a foam mat approximately 1 meter by 1 meter to create a plain on
the ground, or on top of a table or bed, for the AutoAnthro software to identify the area to
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measure. Anthropometrists stood approximately 3 to 6 feet away from the child, depending
on child age and size, and pointed the tablet and camera sensor at the child. On the screen, a
cubic box appeared and the anthropometrist changed the size of the box until the child was
fully within the cubic frame. Children <24 months were measured lying down on the mat
with their arms and legs spread so they were not touching the body. Children 24 months or
older were measured standing up on the mat with their legs spread apart and arms held away
from the body. They were instructed to place their arms and legs apart and hold their arms in
3 specific positions. Six scans were taken of the front of the child and another 6 scans of the
back. Children had to remain still during the scanning process with little movement. If they
were unable to remain still or in the correct position, then the assistant and caregiver would
hold the child’s finger tips and toes to keep the child still, and keep their arms and legs
spread, while simultaneously keeping their own body out of the scan as much as possible.
BST later removed the assistant and caregiver from the scans during scan processing. The
possibility of touching children varied from the efficacy study, where children were not
touched during scan capture (13).

The child had to wear minimal clothing (e.g., diaper, underwear, no socks) or tight clothing
(e.g., leggings, shorts, T-shirt with sleeves rolled up over shoulders, or tank top, all of which
could be wrapped tightly around the child’s body). Hats were removed but otherwise no
other hair adjustments were needed. Although the AutoAnthro System does not create a
photographic image, for ethical reasons all children had to wear a diaper, underwear, or
shorts for the scans. Teams had new, packaged clothing to give to families in cases when

the family did not have suitable clothing. Scans had to be collected away from bright natural
light (e.g., in shaded area or indoors) and away from walls and furniture. For the 12 scans,
anthropometrists were able to check each scan for a few seconds before the initial scan
image disappeared from the screen, and could decide whether it was acceptable or should
be deleted and redone (e.g., body part of child not in cubic frame or too much movement).
Once uploaded to the cloud, supervisors reviewed the scans for quality to provide feedback
to the field teams. Extra AutoAnthro systems and tablets were available to field teams, if
needed, for malfunction. BST processed the measurements over a period of several weeks or
months, depending on the country.

Manual anthropometry.—New manual anthropometry equipment was purchased for
each country evaluation, and each data collection team had their own full set of equipment.
All manual anthropometric measurements were collected by a measurer and an assistant, and
this team completed all measurements on 1 child before starting another. Shorr Boards were
used to collect recumbent length for children <24 months or standing height for children

24 months or older to the nearest 0.1 cm, following WHO guidance (15, 16). The MUAC
and HC were measured to the nearest 0.1 cm using QM2000 Circumference Measuring Tape
(QuickMedical), following WHO guidance (15, 16). Weight was measured to the nearest

50 grams using a Scale 874 DR (Seca). Stadiometers and scales were placed on sturdy,

flat surfaces with adequate light for reading the measurements. Caregivers were seated

and held younger children for the MUAC and HC measurements. Children wore minimal,
light clothing with no socks, and hair accessories were removed. Sleeves were rolled up, if
necessary, so they did not interfere with MUAC measurements. Polyvinyl chloride (PVC)
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pipe and known weights were provided to each team for daily validation of the calibration of
the stadiometer (PVC pipe), measuring tape (PVC pipe), and scales (known weights). Extra
tapes were purchased, and teams routinely replaced their tapes when they showed evidence
of wear or failed the validation test; stadiometer latches were repaired if they loosened or fell
off. Data collection teams noted after each manual measurement whether the child was calm,
crying, or actively fighting or resisting during each measurement.

Collection of anthropometric data.—Field team anthropometrists and their assistants
collected from the same child the manual anthropometric measurements, including weight,
length or height, MUAC, and HC (China only) and scans for measuring length or height,
MUAC, and HC. Manual anthropometric measurements were collected 2 times each for
each child consecutively. If differences between the first and second manual anthropometric
measurements exceeded WHO guidance (15, 16), then they were carried out a third time
and the 2 closest measurements were used in the analysis. The field teams also collected 1
session of 12 scans (6 front and 6 back) on the same child. Following the same protocols
as the field teams, later that day or the next day (China and Kenya) or up to 7 days later
(Guatemala), an anthropometry expert and assistant collected both manual anthropometric
measurements and scans on the same child as the field teams. We decided to include expert
team data collected in Guatemala within 7 days from the field teams based on a review of
differences between manual measurements collected within 3 days and within 7 days that
varied little (data not shown), and to minimize the loss of sample size (removing 79 at >3
days compared with 4 at >7 days). Supplemental Figure 1A—C shows the flowcharts for
enrollment and final sample sizes in Guatemala, Kenya, and China.

Two steps were taken to minimize potential bias arising from the order of measurements
and method of measurements. Manual anthropometric measurements were always collected
following the order of Z) length or height; 2 MUAC; and 3) HC. Each scan simultaneously
generates length or height, MUAC, and HC measurements. For each country, the order

of manual compared with scan measurements was switched either every day or for every
cluster so that either manual anthropometric measurements were collected first and the
scans second, or the scans were collected first and the manual anthropometric measurements
second.

Data management and analysis.—The data were analyzed using SAS 9.4 (SAS
Institute, Inc.). The main variables for the evaluation were length or height and MUAC

in Guatemala and Kenya, and length or height, MUAC, and HC in China. BST processed
the 12 scans for each child using a single anatomic model [in the efficacy study (13), 2
models were used: 1 for children less than 1 month old and another for children 1 to 59
months] and provided 2 sets of measurements for length or height, MUAC, and HC per
child using different scans for each measurement calculation. That is, per child, 6 scans were
used to calculate a single height measurement and the other 6 scans were used to create the
second height measurement. Analyses were conducted separately for each country. While
this evaluation in Guatemala and Kenya was embedded in surveys to assess the population
prevalence of malnutrition, this was not the design of the effectiveness evaluation, so our
analysis does not account for complex survey design because it does not attempt to draw
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inferences to make generalizations about the population. Data quality tests examined the
percentages of missing data by age and sex, end-digit preference of the first measurement,
and biologically implausible values (BIV) and SDs for each measurement and method (5).
We examined the BIV and SDs using the weights measured by the expert, as well as

the anthropometrist teams. Overall, the differences in the indices computed using either
weight measurement were minor for the weight-for-length z-score (WLZ), weight-for-height
z-score (WHZ), and BMI-for-age zscore (BMIZ). Therefore, the analysis used the weight
measured by each team: that is, the weight measured by the expert for the expert results and
the weight measured by the field teams for the field results.

For the accuracy and precision assessments, we used the mean of the 2 manual
measurements and the mean of the 2 scan measurements. To assess the agreement

between methods, we compared the manual measurements from the expert team with

the scan measurements from the field teams. The expert anthropometrist team values
collected using manual methods with a stadiometer and measuring tape served as the
“true” reference value. Accuracy is defined as the closeness of measurements to the

true reference value (17); the difference between the scan measurements from the team

of field anthropometrists and the true reference value from the manual measurements

from the expert anthropometrist (scan — manual) is referred to as the bias. Precision is
defined as the closeness of 2 measurements to each other. An intrarater difference is
defined as an observer’s (expert or field anthropometrist) first measurement compared to
the same observer’s second measurement, and an interrater difference is defined as the
field anthropometrist’s measurement compared to the expert measurement. An intramethod
difference is defined as a manual measurement compared to a manual measurement and a
scan measurement compared to a scan measurement. An intermethod difference is defined as
a manual measurement compared to a scan measurement.

For our primary objective to examine how close the mean scan measurements by field

teams are to the true reference value of the mean manual measurements of the expert

teams, we assessed interrater, intermethod accuracy (expert manual measurements compared
with field scan measurements). We calculated the mean, SD, absolute mean difference,
inter-TEM [interrater, intermethod technical error of measurement (TEM)] and relative
inter-TEM (18), intraclass correlation (ICC) (19, 20), and the agreement based on the
Bland-Altman method (21, 22). The inter-TEM is an indicator of accuracy, and the TEM
examines the SDs between repeated measurements obtained from the 2 methods (manual
and scan) on the same subjects. A lower inter-TEM reflects better accuracy, and we
considered an acceptable TEM threshold to be a 0.7-cm difference for length or height
measurements (23). The relative inter-TEM is a percentage that takes into consideration the
denominator (mean of the measurements), and a value below 1.5% (expert) to 2.5% (novice)
for interrater comparisons indicates better accuracy (24, 25, 26). The ICC assesses accuracy
and precision, and values range from 0 to 1, with values close to 1.0 reflecting low error
(26), and values <0.5, 0.5-0.75, 0.75-0.9, and >0.9 reflecting poor, moderate, good, and
excellent accuracy, respectively (20). When the ICC is 0.0, there is no variance, and the CI
cannot be calculated. Bland-Altman plots examine the differences and agreement between
measurements from 2 methods, with 95% of the observations falling within £1.96 (upper
and lower LOAS) of the mean difference (21, 22). We used a Pitman test to examine the
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correlation between accuracy and age (or size) of the child (24) and a Levene test of variance
homogeneity to examine the SDs of the differences between methods (27). In addition

to the widely used ICC, we examined the concordance correlation coefficient (CCC) (10,
28), which does not have ANOVA assumptions, unlike the ICC (29). The mean absolute
difference is the average of the absolute difference between two measurements from the
same subject.

To assess whether the difference in time between when the field teams and the expert
teams collected evaluation data (from minutes to up to 7 days apart) influenced accuracy,
we examined intrarater, intermethod agreement (mean of manual measurements from the
expert teams compared with mean of scan measurements from the expert teams, and mean
of manual measurements from the field teams compared with mean of scan measurements
from the field teams). We calculated the mean, SD, absolute mean difference, intra-TEM
(interrater, intramethod TEM), relative intra-TEM, and ICC for the interrater, intramethod
precision.

To examine repeatability and how close the first manual measurement was to the second
manual measurement and how close the first scan measurement was to the second scan
measurement, we examined the intrarater, intramethod precision agreement within each
method (the repeated manual measurements from the expert team for manual precision and
the repeated scan measurements from the field teams for scan precision). We calculated the
mean, SD, absolute mean difference, intra-TEM, relative intra-TEM, and ICC.

Each child was measured manually twice, consecutively, by a field team and later by

the expert team. To minimize the potential for precision bias, we examined interrater,
intramethod comparisons of the mean manual measurements from the field teams to the
mean manual measurements from the expert teams, and the 2 scan measurements from the
field teams to the 2 scan measurements from the expert teams. We calculated the mean,
SD, absolute mean difference, intra-TEM, relative intra-TEM, and ICC for the interrater,
intramethod precision.

Last, we excluded BIV and calculated the prevalences of stunting and wasting (5) by expert
manual and field scan measurements.

Ethical approval was obtained for the evaluation from the following institutions for

the data collection occurring in each respective country: Ministry of Public Health and
Social Assistance National Health Ethics Committee, Guatemala; Maseno University Ethics
Review Committee, Kenya; and Peking University Institutional Review Board, China. The
CDC determined this evaluation was research involving human subjects with no CDC
investigators.

The sample characteristics are presented in Table 1 and Supplemental Table 1. The order
of the method of measurement was alternated; manual measurements were first in 42% to
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56% of children across countries. The proportion of children reported as calm during manual
measurements varied from 51% to 86%, depending on the measurement, across countries.

Data quality control

Accuracy

Missing data.—The results for missing data are presented in Supplemental Table 2 by age
and sex, and for length or height, MUAC, and HC by age and sex. Overall across countries,
the results showed little or no missing age or sex data for manual or scan data and little

or no missing manual data for length or height, MUAC, or HC. While overall scans from
China had little missing anthropometric data, field team data in Guatemala and Kenya were
missing 6.0% and 8.1%, respectively, of anthropometric scan measures.

Digital preference.—The results for terminal digit preferences of the first manual and
scan measurements are presented in Supplemental Table 3 for length or height, MUAC,

and HC for each expert team and the average of the field teams. The expectation is that
each terminal digit value should be close to 10%, and deviation above or below suggests
rounding. The results overall and by age groupings showed more statistically significant (P
< 0.05) evidence of a terminal digit preference for the manual measurements compared with
the scan measurements.

BIVs.—The results for BIVs are presented in Supplemental Table 4 for length-for-age
z-scores (LAZs) and height-for-age z-scores (HAZs), WLZs and WHZs, MUAC-for-age
z-scores (MUACZs), HC-for-age z-scores (HCZs), and BMIZs. A WHO expert committee
recommended that BIV of 1.0% or higher reflect data quality problems (1). Across
countries, manual measurement BIV were rare and only exceeded the 1.0% threshold 2
times among an age grouping in Guatemala by the expert team. With few exceptions, overall
and age grouping results showed that when BIV occurred there were fewer for the manual
measurements compared with the scan measurements, and the BIV were highest among
children <24 months. Overall, there were no manual HC BIV, while scan BIV ranged from
12.3% to 28.9% across teams.

SDs of z-scores.—The SDs of the z-scores are presented in Supplemental Table 5 for the
LAZ, HAZ, WLZ, WHZ, MUACZ, BMIZ, and HCZ. WHO recommendations expect a SD
of 1.0, and values larger than 1.5 SD suggest poor anthropometry quality (1). The SDs for
MUACZs for both manual and scan measurements, and the SDs for manual measurements
of WLZ, WHZ, HCZ, and BMIZ, were generally around 1.0 or less across countries.
Overall, across countries the SDs from scan measurements are larger than the SDs of manual
measurements (e.g., LAZ and HAZ overall manual measurement SD ranges are 1.05-1.24
and scan measurement SD ranges are 1.57-4.71), and many SD scan values are higher than
1.5 (e.g., HCZ overall SD range, 1.64-2.87). Across countries, the SD scans were highest in
the youngest age groupings, except for HCZ scans for Guatemala and Kenya.

Interrater and intermethod agreement.—The interrater and intermethod agreement
compared the expert manual measurements with field scan measurements. The mean
measurements, mean absolute differences, absolute and relative inter-TEMs, and ICCs for
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length or height, MUAC, and HC are presented in Table 2, and the biases, Bland-Altman
upper and lower limits of agreement (LOAS), and Pitman test 2 values for the measurements
are in Table 3 and Supplemental Figure 2 for the Bland-Altman LOAs. The results in Tables
2 and 3, presented by 6-month or 12-month age intervals, are in Supplemental Tables 6 and
7. The CCC results are in Supplemental Figures 5-7.

For length or height, the mean absolute differences (mean expert manual—mean field

scan measurements) were 2.9 cm (SD, 2.8 cm) in Guatemala, 3.5 cm (SD, 3.2 cm) in
Kenya, and 6.6 cm (SD, 4.0 cm) in China. The overall absolute inter-TEMs were above the
acceptable TEM threshold (<0.7 cm), at 2.8 cm in Guatemala, 3.4 cm in Kenya, and 5.5

cm in China; the overall relative inter-TEMSs were also above acceptable thresholds, at 3.5%
in Guatemala, 4.0% in Kenya, and 7.5% in China. For height, relative inter-TEMSs were
below the novice threshold for children >24 months. In Guatemala and Kenya, the values
for children <24 months were higher than those for older children for absolute mean (SD)
differences and absolute and relative inter-TEMSs. Overall, the ICCs were 0.58 in Guatemala
(moderate), 0.47 in Kenya (poor), and 0.00 in China (poor). In Guatemala and Kenya, the
ICC values for children <24 months were <0.1 (poor), while those for older children were
around 0.8 (good; Table 2). The overall average bias was —0.3 cm in Guatemala, —1.9 cm

in Kenya, and —6.2 cm in China (Table 3). For Guatemala, the overall length or height
Bland-Altman lower and upper LOAs were —8.2 cm and 7.6 cm, respectively; for Kenya
they were —10.6 cm and 6.9 cm, respectively; and for China they were —15.4 cm and 3.0
cm, respectively (Supplemental Figure 2). The results for Kenya and China overall and for
children in Kenya <24 months had variances that were significantly different. The Pitman
test was significant for all measurements across countries, except for length or height in
Guatemala (Table 3). We then used the Levene test of variance homogeneity to test the SDs
of the differences between methods, which had a Pvalue < 0.05. Therefore, the difference in
the SDs could not be ruled out as the reason for the inconsistency of the accuracy across age
groups.

For MUAC, the mean absolute differences were 1.2 cm (SD, 0.9 cm) in Guatemala, 1.7

cm (SD, 1.3 cm) in Kenya, and 1.0 cm (SD, 0.9 cm) in China (Table 2). We considered a
0.5-cm difference an acceptable TEM threshold for MUAC measurements (23). The overall
absolute inter-TEMSs and relative inter-TEMs were 2 to 3 times or more over the acceptable
thresholds (TEM <0.5 cm; novice relative inter-TEM <2.5%) across countries. Overall, the
ICCs were poor across countries, at 0.13 in Guatemala, 0.00 in Kenya, and 0.00 in China.
The overall average biases were 0.9 cm in Guatemala, 1.2 cm in Kenya, and —0.8 cm in
China (Table 3). The overall MUAC Bland-Altman lower and upper LOAs for Guatemala
were —1.6 cm and 3.3 cm, respectively; for Kenya were —2.3 cm and 4.7, respectively; and
for China were —3.0 cm and 1.4 cm, respectively (Supplemental Figure 3), and the variance
was significantly different both overall and by <24-month =24-month age groups.

For HC, in China, the mean absolute difference was 3.1 cm (SD, 2.5 cm). We considered
a 0.5-cm difference an acceptable TEM threshold for HC measurements (23). The overall
absolute and relative inter-TEMs were 2.8 cm and 6.1%, respectively, and the ICC was 0.0
(Table 2). The overall average bias was 2.4 cm (Table 3); the overall HC Bland-Altman
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lower and upper LOAs were —=3.9 cm and 8.7 cm, respectively (Supplemental Figure 4); and
the variance was statistically significant.

The differences in overall stunting and wasting prevalences between methods ranged from 8
to 50 percentage points and <1 to 5 percentage points, respectively (Supplemental Table 8).

Intrarater and intermethod agreement.—The intrarater, intermethod results which
compared the expert manual measurements with expert scan measurements and field manual
measurements with field scan measurements (Table 4) are similar to the comparisons
between the expert manual measurements and the field scan measurements (interrater,
intermethod), and suggest the differences in time between data collection by the 2 teams

in each country (from minutes to 7 days apart) do not explain the differences in results by
each method.

Intrarater, intramethod precision.—The intrarater, intramethod precision compared the
expert manual first measurement with expert manual second measurement, the field scan
first measurement with field scan second measurement. Across countries and age groups, the
absolute mean difference between first and second manual measurements was 0.1 cm, and
the absolute mean differences ranged between 0.1 and 0.8 cm for scan measurements (Table
5). The intrarater TEM was low, at 0.1 cm, for all manual measurements across countries.
The intrarater TEMs were similar (0.1-0.2 cm) for scan-derived MUAC measurements, but
the intrarater TEMs for length or height and HC were higher (less precise) for scan-derived
measurements compared with manual measurements; however, all length or height relative
intra-TEM and HC intra-TEM and relative intra-TEM measurements were within acceptable
thresholds. The ICCs for manual measurements and scan measurements met the criteria for
excellent.

Interrater, intramethod precision.—We also examined the interrater, intramethod
results to assess the agreement of the mean measurements by method and team (expert
mean manual measurements compared with field mean manual measurements; expert scan
measurements compared with field scan measurements). Across countries and age groups,
the absolute mean differences between the means of the expert measurements and the means
of the field measurements ranged from 0.3 cm to 0.8 cm for manual measurements and from
0.3 cm to 3.9 cm for scan measurements (Table 6). Across all countries and measurements,
the intrarater TEMs were lower (higher precision) for all manual measurements compared
with scan measurements. For example, length or height intrarater TEMs ranged from 0.5 cm
to 1.0 cm for manual measurements compared with 2.2 to 3.2 cm for scan measurements.
The ICCs ranged from 0.91 to 0.99 for manual measurements (all excellent) and from 0.50
to 0.81 for scan measurements (moderate or good) among age groupings.

Discussion

Overall, this effectiveness evaluation of the use of AutoAnthro scanning technology to
measure anthropometric measurements of children <60 months in Guatemala, Kenya, and
China through population-based survey and surveillance systems found many poor results
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for anthropometric data quality, accuracy, and precision compared to the expert manual
anthropometric measurements of length or height, MUAC, and HC, especially for children
<24 months, but with some acceptable results among children >24 months. These results
vary from the efficacy evaluation of the AutoAnthro system (13) and other evaluations

of 3D technology collected in controlled settings using different 3D devices to measure
anthropometry among various population groups, which found better accuracy and precision
(9, 10, 30, 31).

Most anthropometrists were experienced with manual anthropometry methods, and for this
evaluation had comprehensive classroom and practical training. Standardization exercises
for scan measurements were not possible, as scan results were not immediately available.
Based on the missing, BIV, and SD results, the manual anthropometry data were of high
quality both overall and by <24-month and =24-month age groups. The scanned data for
digit preference were of higher quality, but scans had a higher percentage of missing data,
similar to other 3D technology studies (32). Multiple z-score indicators across countries for
children <24 months had scan BIV above 1% or SDs >1.5, indicating data quality problems
(1); however, except for HCZ, the scan BIV and SD data suggested good data quality for
older children =24 months. It is unknown why the scan data quality was poor primarily for
younger children. It was frequently necessary to have adults hold the child’s hands and feet
apart, and children often cried and struggled to move during scan measurements. From a
practical and cost perspective, acceptable data quality is needed for children 0-59 months,
not just for older children.

All anthropometrists carried out daily quality control checks to validate the calibration for
stadiometers, measuring tapes, and weighing scales, and carried extra equipment to use

as replacements when needed. There was no way to check the AutoAnthro scan results
against known lengths or circumferences, because scan results were not available for several
months. Other 3D evaluation studies have identified ways to validate the calibration when
results are immediately available (32). During a scanning session, anthropometrists could
quickly decide to discard a scan if they thought it was unacceptable based on their training.
Although the anthropometrists thought the scans were suitable and accepted them, the data
quality results suggest otherwise.

For precision, the intrarater, intramethod TEMs for manual measurements were more
precise compared with the scans for length or height and HC, but were similar for

MUAC. Among children =24 months, precision results were mostly acceptable for scans
for all measurements. Compared with the efficacy study (13), the scan intrarater precision
improved for MUAC measurements (0.4 cm efficacy compared with 0.1-0.2 cm across all
countries), while the scans were less precise, with intrarater TEMs higher across countries
compared to the efficacy study.

The interrater, intermethod accuracy results from this effectiveness study were generally
poor both overall and for the <24-month and =24-month age groups, with some exceptions.
For example, the overall inter-TEMs were 4 to almost 8 times beyond the threshold

for length or height; 2 to 3 times the threshold for MUAC; and more than 5 times

the threshold for HC. However, for children 224 months, relative inter-TEMs for height
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were acceptable below the novice threshold. The ICCs showed poor performance, except
for height measurements in children =24 months in Guatemala and Kenya, which were
categorized as good. The average bias was within WHO criteria (23) for overall and <24-
month and =24-month length or height data for Guatemala and <24-month MUAC data for
Guatemala and Kenya, but beyond thresholds for all other measurements across countries.

These poor results could be because high accuracy and precision are more challenging

in effectiveness field settings due to contextual differences (e.g., more anthropometrists,
less controlled setting). However, in all countries the teams were trained as typically done
for anthropometry surveys, used a mat to confirm the scanning plain, and carried extra
clothing in case the children’s clothing was not suitable. In Guatemala and Kenya, the field
teams usually were allowed inside households and moved furniture and closed window
dressings to limit lighting and resolve furniture issues affecting scans. In China, the setting
was more similar to controlled efficacy settings with dedicated rooms, and allowed team
members to easily control the lighting, temperature, and equipment placement. There were
more field anthropometrists and expert anthropometrists included in the effectiveness study
in Guatemala and Kenya compared to the efficacy study (13), but the numbers of field
anthropometrists (range, 4-12) in these evaluations were smaller than those used in many
Demographic Health Surveys or Standardized Monitoring and Assessment of Relief and
Transitions nutrition surveys (33, 34), for example.

Other potential factors that could influence the results in Guatemala and Kenya are the time
differences between data collection by field and expert teams, as natural diurnal variation
has been documented in the literature (35, 36), even though the same variations would
influence both the manual and the scan measurements. The intrarater, intermethod accuracy
results were similar to the interrater, intermethod results, suggesting differences of minutes,
hours, or up to 7 days were unlikely to be the main causes of poor results.

The BST algorithm is proprietary; it is unknown whether changes after the efficacy study
resolved the bias or improved accuracy and precision. The AutoAnthro training manual
suggests 3 specific positions for the arms and legs (unpublished, BST manual), which were
challenging to adhere to during fieldwork, and were often impossible with the youngest
children. Body positioning and inconsistent scan posture were noted to effect scan results
in other studies (37). The CDC and CDCF were informed by BST that a scan would

be acceptable if the arms and legs were not touching the body and there was minimal
movement, appropriate clothing, and adults only holding the fingers and toes, with the
child’s entire body inside the box on the tablet screen. It is unknown whether lack of
adherence to these instructions in terms of positions, movement, clothing, or holding
children affected the scan calculations. Landmarking software for data capture was noted
as a potential source of error influencing the body dimensions captured and results (38).
Touching children during scans was a variation from the efficacy study (13).

Data collection lasted from a few weeks to 7 months; it is unknown whether all evaluation
staff retained fidelity to the training for the duration of fieldwork. Only 1 anthropometry
expert team was used in each country evaluation, the teams alternated measuring first with
the manual compared with the scan method, and the order of manual measurements was
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fixed. The similarities of findings across countries and age groups, despite differences in the
contexts, strengthens our findings, as the contexts varied from a complex, comprehensive,
multitopic survey that lasted several hours in each household (Guatemala) to faster, 1-
component anthropometry surveys (household-based in Kenya and hospital-based in China).
The China setting was more controlled and more similar to the efficacy study than the
Guatemala or Kenya surveys, suggesting that differences between this evaluation and the
efficacy study may not be based on the setting and controlled environments, compared with
potentially the equipment or proprietary software changes. Overall, this effectiveness study
found many poor results and suggests that information on the factors causing the poorer
quality data and what steps could be taken to correct these factors is needed before using

the AutoAnthro system in population-based survey and surveillance system settings to assess
young child anthropometry.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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