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Accurate and reliable measurement of child length and height is essential for assessing nutritional status,
monitoring growth, and identifying undernutrition among children under five years of age. However,
conventional anthropometric measurement methods using wooden length/height boards can be time-
consuming and challenging to implement in community-based settings. This study aims to validate the
accuracy, precision, reliability, and agreement of the D100 Laser Height/Length Measuring Device against
the conventional ShorrBoard among children aged 1-59 months in Quang Nam Province, Vietnam. Using
a prospective, paired-measurement design involving trained experts and community volunteers, the study
will assess device-related and measurer-related differences, including performance in recumbent length
and standing height measurements. This Statistical Analysis Plan (SAP) outlines the analytical methods for
evaluating measurement agreement, technical error of measurement, and equivalence within
prespecified margins, as well as the implications of measurement differences for the classification of
childhood stunting and wasting using WHO Child Growth Standards. The SAP also specifies the analytical
populations, statistical models, subgroup and sensitivity analyses, and data quality procedures to ensure
a rigorous, transparent, and reproducible assessment of the device's performance and its potential
suitability for community-based nutrition programming.

Table 1 — Summary of Data Analysis Plan and Descriptions for Study 1

Type of Error to be Analyzed Methods of Description When to Use Interpretation
Assessments

1. Agreement or Bland-Altman Measures When comparing a | Small mean
Concordance (Systematic | Plot (62,63) agreement new device (laser difference and
Error): Closeness of between the device) with an narrow limits of

laser device established or agreement = High
agreement between

measured by accepted one agreement;
measurements from two CHWSs and (ShorrBoard)
methods (one being an ShorrBoard Alower inter-TEM
accepted method measured by = High Agreement;

Experts acceptable TEM

e Inter-rater inter-method threshold <0.7cm

Technical Error of d|f'_ference for
] height/length
Measurement (inter-TEM) measurement
(60) (53).
Mean Difference | Measures the For paired Mean difference
(Bias) average measurements close to zero =
difference (Laser device vs. High agreement
between two ShorrBoard)
methods
(calculate
mean, SD, and
absolute mean
difference) (64)

2. Reliability (Random Intraclass Measures Intra-rater intra- High ICC (>0.90) =
Error): Consistency Correlation consistency TEM: Comparing High reliability
between repeated Coefficient (ICC) between measurements

(61) repeated from the same
measurements under .
o o measurements | measurers using
similar conditions and under similar the same device
over time conditions over repeated
trials
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Type of Error to be Analyzed

Methods of
Assessments

Description

When to Use

Interpretation

e Intra-rater intra-TEM
reliability, Inter-rater
intra-TEM reliability,
Intra-rater inter-method
reliability, test-retest
reliability (61)

Inter-rater intra-
TEM: Comparing
measurements
from different
measurers using
the same device
over repeated
trials

Intra-rater inter-
method:
Comparing
measurements
from the same
measurers using
different devices
over repeated
trials

Test-retest
reliability:
Measures the
consistency of
results when the
same measurer
uses the same
device to measure
the same
individuals
multiple times
under the same
conditions over
time

3. Precision (Random Error):

Closeness of repeated
measurements when
measuring using same
device

e Intra-rater intra-TEM
precision

Coefficient of

Measures the

For assessing the

Lower CV= Higher

Variation (CV) ratio of the spread of repeated | precision
standard height
deviation to measurements
the mean
Standard Measures the For evaluating the Lower SD= Higher
Deviation average spread of repeated | precision
deviation from | measurements
the mean
Technical Error Measures the For assessing how | Lower TEM=
of Measurement | variability much error is Higher precision
(TEM) (61) between introduced by the
repeated measurer or the
measurements | instrument
taken under
the same
conditions.
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Type of Error to be Analyzed Methods of Description When to Use Interpretation
Assessments
Bland Altman Measures the To quantify the Narrower LoA =
Plot (62,63) range within level of agreement | Higher Precision;
which 95% of between two or acceptable TEM
repeated more repeated threshold <0.7cm

measures fall

measurements
made by same
person using same
device

difference for
height/length
measurement (53)

Exploratory Variables

Incidence of WLZ/WHZ
category difference when
using laser device vs.
ShorrBoard (categorical)

Cross-tabulation
of WHZ category
(e.g., wasted
(WLZ/WHZ<-
2SD)/not wasted
(WLZ/WHZ>-
2SD)) for each
method

Change in WLZ/WHZ-score as
assessed by laser device vs.
ShorrBoard (difference in ICC)
(continuous)

ICC
Bland-Altman
analysis:

e Plots the
mean of
both
methods vs.
their
difference

e  Shows bias
and limits of
agreement

Use ICC(2,1) or

ICC(A,1) for
absolute
agreement
(preferred
when
comparing
methods)

Incidence of LAZ/HAZ
category difference when
using laser device vs.
ShorrBoard (categorical)

Cross-tabulation
of LAZ/HAZ
category (e.g.,
stunted
(LAZ/HAZ<-
2SD)/not stunted
(LAZ/HAZ>-2SD))
for each method

Changes in LAZ/HAZ-score as
assessed by laser device vs.
ShorrBoard (difference in ICC)
(continuous)

ICC
Bland-Altman
analysis:

e Plots the
mean of
both
methods vs.
their
difference

e  Shows bias
and limits of
agreement

Use ICC(2,1) or

ICC(A,1) for
absolute
agreement
(preferred
when
comparing
methods)
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We will use the Pitman test to assess the correlation between agreement and the child’s age (or
length/height) (65), and the Levene test of variance homogeneity to analyze the SDs of the differences
between methods (66). In addition to the commonly used ICC, we will also examine the concordance
correlation coefficient (CCC) (45), which does not rely on the ANOVA assumptions like the ICC does (67).
The mean absolute difference represents the average of the absolute differences between two
measurements from the same subject.

4. Secondary outcomes: Assess the differences in weight-for-height or weight-for-length z-score and
height-for-age or length-for-age z-score categorization when assessed by the two different methods.

Measured Variables

This section lists every variable recorded by the field instrument and every variable derived during analysis,
including variables used only for subsetting, exclusion, or sensitivity analysis. Variables described as
derived are computed in the analysis script and are not present in the raw data extract. Table 2 covers
variables as collected; Table 3 covers derived variables.

Table 2 — Variables recorded in the field instrument

Domain Variable (as recorded) Type Role in analysis Notes
Identification Child_ID Identifier Linking key Links the four instrument-by-
and design measurer records contributed
by each child
Enum_Team Categorical | Design factor Teams 1 and 3 are expert
(1-4) teams; teams 2 and 4 are
community volunteer teams
Team_Names Text Documentation Free-text names of team
members
Survey_Date Date Derivation input Used with date of birth to
compute exact age
Zone, AP, Commune, Categorical | Descriptive; Geographic identifiers within
Village clustering Minh Long Area Programme
Data_check Indicator Data Field-entered verification flag
management
Child child_DOB Date Derivation input Date of birth
characteristics
MOA Integer Superseded Completed months; a floor
(months) rather than a rounding of true
age. Replaced by exact age in
days
Gender, Gender_MF Binary Covariate; z-score | Sex is required for all WHO z-
input score calculations
Ethnic_Grp Categorical | Descriptive; Not used in primary analysis
potential
subgroup
Oedema Binary Descriptive; Bilateral pitting oedema status,
classification required for correct wasting
input classification
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Domain Variable (as recorded) Type Role in analysis Notes
Weight (kg) Continuous | z-score input; Does not depend on stature,
positive control so weight-for-age must be
identical between devices
Anthropometry | W1_Height, W2_Height | Continuous | Primary First, second and (where
, wooden board | 2, W3_Height 3 (cm) measurement required) third board readings
W1/W2/W3incl. 1 mm | Continuous | Analysed board Board readings incorporating
gap (cm) readings the 1 mm headpiece
correction
Measured_3x_TrueYes Binary Protocol and Whether a third board reading
derivation was taken
W_Finall, W_Final2, Continuous | Supplied derived Reproduced independently in
W_AverageFinall_Final values the analysis script as a
2 verification step
Anthropometry | L1_Height, L2_Height, Continuous | Primary First, second and (where
, laser device L3_Height (cm) measurement required) third laser readings
Measured_3x Binary Protocol and Whether a third laser reading
derivation was taken
L_Finall, L_Final2, Continuous | Supplied derived Reproduced independently in
L_AverageFinall_Final2 values the analysis script
Measurement position Categorical | Prespecified Corresponds exactly to age
context (Lying, stratification group in this dataset
Standing) factor
Child_Crying_1YES_2NO | Binary Effect modifier Reported by the measuring
team
Crying_Difficult_Measur | Binary Effect modifier Reported by the measuring
ing_1YES_2NO team; may be endogenous to
measurement difficulty
Weather during Categorical | Descriptive only Near-constant (almost all
measurement measurements indoors);
insufficient variation to analyse
Measurement time in Continuous | Not analysable Missing for the large majority
minutes; Measurement of occasions, structured by
time in minutes — Laser team, and containing a
constant placeholder value in
one team
Supplied z- WAZ_Wood, Continuous | Cross-check only Recomputed independently for
scores HAZ_ Wood, analysis; the supplied values
WHZ_Wood, contain biologically
WAZ_Laser, HAZ Laser, implausible entries
WHZ_Laser
WAZNutStat, Categorical | Cross-check only Classification labels derived
HAZNutStat, from the supplied z-scores

WHZNutStat (Wood and
Laser)
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Table 3 — Variables derived during analysis

Derived variable

Definition

Role in analysis

age_days, age_months

Survey_Date minus child_DOB, in days;
months as days divided by 30.4375

Covariate, stratification, and input
to all WHO z-scores

agegrp Under 24 months versus 24 to 59 months Prespecified stratum

measure Length indicator for recumbent measurement, | Selects the correct WHO growth
height indicator for standing standard

cadre Expert versus community volunteer, from Design factor; measurer effect
Enum_Team

team Enum_Team as a four-level factor Confounding check for the

measurer effect
block Team pair A (teams 1 and 2) or B (teams 3 and | Design structure; sensitivity

4)

analysis

wrl,wr2 | rl | r2

Retained replicate pair: the two closest of
three readings where a third was taken,
otherwise the first two

Input to all precision estimates

w_mean, |_mean

Mean of the retained pair

Child-level summary value for
each instrument-by-measurer cell

w_dif, |_dif Difference within the retained pair Input to intra-observer technical
error of measurement
dif_ w_ft, dif | ft Absolute difference between the first two Determines whether a third
readings, rounded to the 1 mm instrument reading was required
graduation
trig_w, trig_| Indicator that the rounded first-pair difference | Protocol adherence; burden

exceeded 0.7 cm

analysis

has_w3, has_I3

Indicator that a third reading was recorded

Protocol adherence

unres_w, unres_|, unres

Third reading required but not recorded

Exclusion criterion 2

gap_add

Whether the 1 mm headpiece correction was
applied to a given board record

Sensitivity analysis

haz_b, whz_b, waz_b;
haz_|, whz_I, waz_|

WHO 2006 z-scores recomputed separately
from board-derived and laser-derived stature

Classification outcomes and
exclusion screening

biv_haz, biv_whz,
biv_waz, biv_any

WHO biological implausibility flags (+5 SD for
weight-for-height, +6 SD for height-for-age, -6
to +5 SD for weight-for-age)

Exclusion criterion 1

excl_biv, excl_unres,
excluded

Child-level exclusion indicators and their union

Defines the primary analysis set

C1,C2,C3,C4

Child-level paired contrasts between
instrument-by-measurer cells

Accuracy outcomes

dev_eff, mea_eff, int_eff

Device main effect, measurer main effect, and
their interaction, from the balanced within-
child design

Primary decomposition for
objective 2

stunt, sstunt, wast, swast
(board and laser)

Binary classifications at the -2 and -3 z-score
cut-offs

Classification outcomes

band Distance of the board-derived height-for-age Prespecified subgroup analysis
z-score from the -2 cut-off, in four categories
sq Quartile of expert board-measured stature Subgroup analysis across the

measurement range

Seven variables were added after project planning, and exact age in days was used in place of months
completed. This is because a completed-month variable is a floor rather than a rounding of true age and
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shifts height-for-age z-scores down. The Measurer cadre, team and block variables were constructed so
that measurer effect could be considered separately from device, and team-level confounding could be
assessed. Third reading trigger and completion variables were included to permit assessment of
adherence to the protocol and for definition of the second exclusion criterion. The correction indicator
for a 1 mm headpiece was retained to assess the effect of the correction on estimated bias. The first
exclusion criterion was WHO biological implausibility flags. Prespecified subgroup analysis included
distance from the diagnostic threshold and stature quartile. Finally, two variables describing the duration
of measurement were found not to support analysis.

Statistical Models by Question

The unit of analysis is the child. Each child contributes four measurements: board and laser, each by an
expert team and by a community volunteer team. Analyses are conducted overall and stratified by age
group (under 24 months, measured recumbent; 24 to 59 months, measured standing). All models are
specified below in sufficient detail to be reproduced from the data.

1. Did the ShorrBoard achieve gold-standard measurement precision in this setting?

The estimator is the TEM, defined as the square root of the sum of squares of within-pair differences/(2n)
for each instrument and cadre separately, with 95% confidence interval (Cl) calculated using the chi-
square distribution on n degrees of freedom. The formula is as follows. In this case, the reference process
is considered gold standard if the expert board TEM is less than 0.4 cm.

If expert board TEM is 0.4 cm or above, no accuracy can be estimated under the WHO/UNICEF interim
standards, and the analysis switches to the effectiveness branch where only precision is assessed. The
criterion is non-inferiority of laser TEM to board TEM. All the accuracy models below assume this condition
is satisfied.

2. What are the separate device and measurer effects, and is the laser device equivalent to the board
within the prespecified margin?

Four child level paired contrasts are defined: the laser minus board within experts (C1), the laser minus
board within volunteers, the volunteer minus expert (board), and the volunteer (laser) minus expert
(board). C1 is the primary contrast for device validity. Each contrast is summarized by a one-sample t-test
of the mean difference with upper and lower 95% confidence intervals and Bland-Altman limits of
agreement. Post-hoc, limits of agreement for a single future measurement are derived using the
correction for replicated data, i.e. adding within-subject replicate variance for each method to the
variance of the differences of the mean measurement between the two methods.

The model specification used is a balanced, complete two-by-two (device, cadre) design within each child,
so that both the device and measurer effects are estimable as main effects. The model is stature(i,j,k) =
BO + B1-device(j) + B2-cadre(k) + B3-device(j)xcadre(k) + u(i) + e(i,j,k). The parameters are defined as in
the text, where i is the child index, j is the instrument index (board is reference), k is the cadre index
(expert is reference), and u(i) and e(i,j,k) are child random intercept and residual error terms, with
variances o%u and o?e, respectively. For balanced, orthogonal designs such as this, the fixed effects equal
linear combinations of the child-level cell means estimated directly via one-sample t-tests. Thus, the
device main effect is the mean of (laser minus board) averaged over the cadres, the measurer main effect
is the mean of (volunteer minus expert) averaged over the instruments, and the interaction is C2 minus
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C1. This analysis is preferred as it makes no distributional assumptions about the random intercept term.
The mixed model is fit as a check and should agree to within rounding.

Equivalence is tested with a two one-sided tests procedure procedure with a margin of 6=0.2 cm. and
0=0.05. The two treatments are considered equivalent if the 90% confidence interval for the mean
difference is completely within +8. A secondary margin of 0.4 cm is reported. All four contrasts are
equivalence tested with C1 as the primary.

Lin's concordance correlation coefficient and the intraclass correlation coefficient for absolute agreement,
ICC(A,1) are also shown for comparative purposes. Neither of these is used to test whether the device
meets the prespecified requirements: both of these are measures for the ratio of the between-child
variance to the total variance so are based upon the age range of the sample as much as the functioning
of the instrument.

3. Does device performance differ between recumbent length and standing height?

To test systematic difference, contrast(i) = y0 + y1-position(i) + (i) were separately fitted to C1 and C2
with position contrast between recumbent and standing. A Welch's t-test assuming unequal variances
between strata was used to compare means. Dispersion was tested using the Brown-Forsythe test. This is
a variant of ANOVA, in which absolute deviations from the median of each stratum are used. This test was
used instead of the mean-based Levene's test or the F test because it is not dependent on the normality
assumption. The ratio of technical errors of measurement was computed as the square root of the
variance ratio, with boundaries determined from the F distribution. Summed for each instrument and
cadre, the same test was applied to the intra-observer replicate differences to discriminate a position
effect on between-method agreement from a position effect on the repeatability of the measurements
of each instrument.

To test proportional bias, we regress the difference between the two methods on their means, difference
= a0 + al-mean + €. We can test the null hypothesis that al = 0. For heteroscedasticity, we regress the
absolute value of the residuals from the regression against the mean, and all four contrasts are fitted.
Performance across the measurement range is described in terms of quartiles of expert-board-measured
stature.

4. What are the consequences of residual measurement disagreement for nutritional classification?

Height-for-age, weight-for-height, and weight-for-age Z-scores in board-derived stature and laser-derived
stature were computed from the WHO 2006 Child Growth Standards using the actual days since birth and
the indicator for measurement position (supine or standing). Stunting (moderate and severe) and wasting
(moderate and severe) were computed as the Z-score crossing the -2 and -3 cut-off, respectively.
Comparative binary classifications between the 2 devices were tested with McNemar's test with
continuity correction. Agreement was summarized in terms of the number and direction of clashing
classifications, Cohen's kappa coefficient, and difference in estimated prevalence. Confidence intervals
for the prevalence difference were obtained using a cluster bootstrap with 2000 resamples at the level of
the child in order to respect the non-independence due to the fact that each child has two measurement
occasions.

Page 9 of 15 V1.0; 05/26/25



Subgroup and follow-up analysis. Discordance is assessed as the distance of the board-derived HAZ from
the cut-off of -2, as four prespecified classes of < 0.25 SD, 0.25t0 < 0.5SD, 0.5to<1.0SD and >=1.0SD.
All classification analyzes are repeated within strata by age group.

For fewer than five clashing pairs, McNemar's test is reported as not estimable, because the test statistic
is not stable. Kappa is also estimated, but its results may be influenced by aggregation and are presented
with caution. Severe wasting is expected to fall into this category.

Controls, checks and assumption testing

Since weight-for-age is height independent, the weight-for-age value calculated from board height must
be the same as that from laser height. If this is not the case, it indicates a problem in the z-score pipeline,
and analysis is halted.

The final-measurement variables derived from the raw measurements must be reproduced completely
and correctly, for otherwise the derivation rule has been misunderstood, and one must re-establish the
derivation rule before proceeding to the analysis.

As we expect the device-by-measurer interaction to be zero, any device effect found to depend on
whether an expert or a volunteer, say, is using it, is reported separately for each cadre; we do not report
an overall device effect.

We will check normality of differences using quantile-quantile plots and the Shapiro-Wilk test. In the event
of a material deviation from normality, the median and the 10% trimmed mean with a bootstrap
confidence interval will be reported as the primary measure of the treatment effect. The mean will be
reported as a secondary measure of the treatment effect. In all cases, strong estimates will be given in
addition to the parametric estimates. The assumption of homoscedasticity will be assessed as in research
question 3 by the absolute-residual regression, and in the presence of heteroscedasticity, the limits of
agreement will be given as range-dependent. Independence is handled by analyzing at the child level and
performing bootstrap resampling at the child level.

For mixed models, restricted maximum likelihood is used, alongside the bobyqa optimiser with 200,000
function evaluations as a maximum. For singular fits, where the estimated variance component is
estimated to equal (or be very close to) 0, the random effect is removed from the model. If the mixed
model does not converge, the algebraically equivalent paired contrast estimate is used. Since the paired
contrast is the primary one, no conclusions change based on whether the mixed model does or does not
converge.

Only C1 is a primary contrast; all other contrasts, subgroup analyzes, and classification results are
prespecified secondary analyzes for estimation only. Multiplicity is not corrected for, and this is explicitly
acknowledged in the results wherever secondary analyzes are reported.

Sensitivity analyses

Four prespecified sensitivity analyses are reported alongside the primary estimates: replicate selection
(the two closest of three readings versus the first two protocol readings); the 1 mm headpiece correction
applied versus not applied; the exclusion criteria (both applied, biological implausibility only, or none);
and the protocol-adherent analysis set versus the full analysis set retaining children whose discrepant
replicate pairs were never resolved.
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Software

Analyses are conducted in R version 4.5.2. WHO 2006 z-scores are computed with the anthro package;

mixed models with Ime4. The analysis script is version-controlled and will be archived with the study
materials so that the analysis can be reproduced exactly.
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