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Abstract

Objective: Childhood standing height has been estimated from arm span-related (heightAS)

models. The authors aimed to develop and cross-validate a heightAS model in individuals with

spina bifida (SB) and examine the accuracy of existing heightAS models.

Methods: Participants were individuals with sacral and low-lumbar SB (n = 14) and non-SB

(n = 83), 7�16 years old. Arm span, age, sex, and group (SB vs. non-SB) were candidate height

predictors. Sequential regression and leave-one-out cross-validation approaches were used for

the model development (M1) and cross-validation (M1�M5). Existing models were: an SB-specific

model from Polfuss et al. (M2) and non-SB specific models from Gauld et al. (M3), Mulu et al.

(M4), and Zverev et al. (M5) studies.

Results: Arm span and group explained 95 % of the variance in height (R2 = 0.95; p < 0.001;

SEE = 3.666 cm) and were included in the M1. Mean differences between actual and estimated

height were 0.0 cm (M1), 0.4 cm (M2), and 0.5 cm (M5), all not significant (p > 0.05). However,

Bland-Altman analysis revealed some variability in the predictability of the models across partic-

ipants with limits of agreement ranging from 7.4 to 10.9 cm. Considerable errors were observed

with M3 (mean diff: �5.58 cm, 95 % CI: �1.6, �20.2 cm), and M4 (mean diff: 10.5 cm, 95 %

CI: �13.8, �27.3 cm).

Conclusions: Models (M1, M2 and M5) may accurately estimate standing height in groups of

children with SB. However, due to the wide limits of agreement, caution is recommended when

applying these models for individual height estimations.

© 2024 Published by Elsevier Editora Ltda. on behalf of Sociedade Brasileira de Pediatria. This is an

open access article under the CC BY license (http://creativecommons.org/licenses/by/4.0/).
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Introduction

Spina bifida (SB), a condition characterized by a neural tube
defect, is associated with significant limitations in neuromo-
tor and sensory systems.1 With an estimated population
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prevalence of 34�81 per 100,000 live births,2 it has been
demonstrated that children and adolescents with SB experi-
ence several physical and cognitive conditions such as weak-
ness or paralysis of the lower limbs,1 lower physical fitness,3

reduced physical activity levels,4 sleep disorders,5 and
impaired executive functions and attention6 compared with
their peers without disabilities. It has further been demon-
strated that this population is at higher risk for growth fal-
tering than the general population. For example, previous
studies have observed that participants with SB aged
3�14 years had lower height based on sex- and age-specific
growth references.7�9 Since linear growth is the best overall
indicator of childhood well-being,10 measuring the height in
children and adolescents with SB is a priority for health
research and clinical practice.

Standing height is a well-recognized measure of linear
growth in school-aged children and adolescents.11 This mea-
sure, however, cannot be easily obtained from children and
adolescents with SB who have weakness or paralysis of the
lower limbs. Recumbent length is another measure for moni-
toring linear growth, but it can still be inappropriate due to
common lower limb contractures associated with neuromus-
cular diseases.12 Therefore, alternative anthropometrics for
estimating the standing height, which would allow for easy
application to large cohorts of children and adolescents with
SB, are required.

An approach that can be easily standardized and applied
within population-level linear growth monitoring involves
measuring the arm span. It has been observed that arm span
predicts standing height among children and adolescents
without disabilities.13�17 Past research has developed and
cross-validated models for estimating standing height based
on arm span (heightAS) in children and adolescents with and
without disabilities.15�18 Polfuss et al.18 developed an SB-
specific standing height model that includes arm span, age,
and lesion levels (sacral, lumbar, and thoracic) in a group of
418 children and adolescents with SB from the United States.
In contrast, the models developed by Gauld et al.17 and
Zverev et al.15 were non-SB specific and included arm span
and age, while the model from Mulu et al. was non-SB spe-
cific and included only arm span. Since the models by Gauld
et al.,17 Zverev et al.,15 and Mulu et al.16 were developed
for children without SB, the accuracy in estimating standing
height in children and adolescents with SB remains uninves-
tigated. Considering that children and adolescents with SB
are at a higher risk for lower height compared to their peers
without SB,7�9 it is hypothesized that existing height estima-
tion models may be biased for individuals with SB. The
model by Polfuss et al.18 is anticipated to perform better in
estimating standing height, as it was specifically developed
for children and adolescents with SB, although it has not
yet been validated for estimating linear growth in this
population.

Therefore, there is a need to develop and cross-validate
a heightAS model to support health professionals and
researchers for population-level linear growth surveillance
in this population. Additionally, it is important to compare
the performance of a specific heightAS model with existing
heightAS models. The aim of this study was to develop and
cross-validate a heightAS model for estimating standing
height in children and adolescents with SB. This study fur-
ther aimed to examine the performance of an SB specific

model from Polfuss et al.18 and non-SB specific models
from Gauld et al.,17 Mulu et al.,16 and Zverev et al.,15 for
estimating standing height in children and adolescents
with SB.

Methods

Participants

The authors recruited participants with and without SB at
the Rehabilitation Center at the University of S~ao Paulo,
Ribeir~ao Preto, Brazil, and the surrounding communities.
Inclusion criteria for this study were: 1) participants with
and without SB with ages following the school-aged World
Health Organization definition (i.e., 5�19 years old); 2) par-
ticipants who were ambulatory and did not have any ortho-
pedic conditions that could affect the measurement of
height and horizontally outstretched arms span; and 3) abil-
ity to understand procedures. The protocol of this study was
approved by the ethics committee of the Ribeir~ao Preto
Medical School, University of S~ao Paulo, with the Declaration
of Helsinki followed during all study procedures. The authors
obtained written informed consent from all participants and
their parents/guardians. The authors included a total of 83
participants without SB (46 males and 37 females; ages
12.13 § 2.75 years) and 14 participants with SB (5 males and
9 females; ages 10.51 § 2.23 years). All participants with SB
had spinal cord injury at the sacral (n = 11) and low lumbar
(n = 3) levels.

Anthropometric measures

Standing height and arm span were obtained from all partici-
pants by experienced technicians following standardized
procedures. Standing height was measured with a stadiome-
ter to the nearest 0.1 cm. Arm span was measured as the
distance between the tips of the middle fingers with arms
outstretched horizontally using a metal tape to the nearest
0.1 cm, with participants in a seated position.

Data analyses

Data analyses were performed in SPSS Statistics 22 (IBM,
Armonk, NY). The alpha level was set at 0.05. The normality
of data was examined using the Shapiro�Wilk test, histo-
grams, boxplots, and Q-Q-plots. Comparisons of demo-
graphic and anthropometric variables between participants
with and without SB were examined with an independent-
sample t-test and Mann-Whitney U test. Spearman rho rank-
order correlation (rs) was used to examine the bivariate
association between height and arm span. The height pre-
diction model was developed using sequential multiple
regression. Independent variables were initially entered in
the regression following this step sequence: 1) arm span; 2)
age; 3) sex; and 4) group (SB vs. non-SB). The coefficient of
determination (R2) and standard error of estimate (SEE)
were used to examine the goodness-of-fit of the final model.
The present height estimation model was cross-validated
using the leave-one-out cross-validation approach. Specifi-
cally, this approach involved splitting the whole sample
(n = 97) into training samples (i.e., all participants except
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one; n = 96) and validation samples (i.e., the omitted partic-
ipant; n = 1). This process was made in two steps: in step 1,
the authors ran a model (model 1) using a first training sam-
ple (sample 1a; participant ID 2, 3. . .97); and in step 2, the
authors used the resulting regression coefficients from the
model 1 to estimate the height in the first validation sample
(sample 1b; participant ID 1). The authors repeated steps
1�2 involving the resting modeling process for all possible
subsamples of 97 participants. Agreement between actual
and estimated height was examined with mean absolute
error (MAE), root mean square error (RMSE), and Bland-Alt-
man Analysis. Additionally, the Pearson correlation coeffi-
cient (r) was used to examine the associations between
actual and estimated height. The square of this Pearson cor-
relation coefficient was compared to the R2 of the original
regression model for the evaluation of the generalizability
of the regression model as previously recommended.19 More-
over, the authors compared the actual and estimated mean
height with paired samples t-test.

Additionally, the authors estimated the height of the
present participants with SB using an SB specific model from
Polfuss et al.18 (M2Polfuss et al.) and three non-SB specific
models from Gauld et al.17 (M3Gauld et al.), Mulu et al.16

(M4Mulu et al.), and Zverev et al.15 (M5Zverev et al.):

M2Polfuss et al.
18

Sacral level SB : height ¼ 20:2þ 0:47� ageð Þ þ 0:80� arm spanð Þ

Low� lumbar level SB: height ¼ 20:2þ 0:47� ageð Þ
þ 0:80� arm spanð Þ � 3:60

M3Gauld et al.
17

Boys: height ¼ 16:258þ 0:829� arm spanð Þ þ 0:721� ageð Þ

Girls: height ¼ 36:976þ 0:619� arm spanð Þ þ 1:593� ageð Þ
ð1Þ

M4Mulu et al.
16

Boys: height ¼ 33:11þ 0:792� arm spanð Þ

Girls: height ¼ 62:59þ 0:597� arm spanð Þ
ð2Þ

M5Zverev et al.
15

Boys: height ¼ 17:043þ 0:348� ageð Þ þ 0:815� arm spanð Þ

Girls: height ¼ 18:158þ 0:265� ageð Þ þ 0:817� arm spanð Þ
ð3Þ

For all models, arm span is in cm and age is in years.
The performance of the height estimated by these models

was evaluated with MAE, RMSE, and Bland�Altman analysis.

Results

Table 1 presents the age and anthropometric characteristics
of the participants with and without SB. There were signifi-
cantly lower age, height, and arm span in participants with
SB than in non-SB (p � 0.05; Table 1).

Significant bivariate correlation was observed between
actual height and arm span in overall (rs = 0.96; p < 0.001),
non-SB (rs = 0.97; p < 0.001), and SB (rs = 0.93; p < 0.001)
groups. Sequential regression indicated that arm span was
a significant predictor of height (R2 = 0.93; p < 0.001;
SEE = 4.150 cm). There were no additional contributions of
age (DR2 = 0.002; p = 0.083) and sex (DR2 = 0.000; p = 0.459)
to the model. Group (SB vs. non-SB) had an additional
contribution to the height (DR2 = 0.016; p < 0.001). There-
fore, the final model (M1Present) included arm span and group
(R2 = 0.95; p< 0.001; SEE = 3.666 cm). Unstandardized regres-
sion coefficients are presented in Table 2. The M1Present for the
estimation of standing height in participants with and without
SB was:

M1Present:

Height ¼ 17:091þ 0:878� arm spanð Þ � 5:722� groupð Þ

ð4Þ

For this model, the arm span is in cm, and the group is
0 = non-SB and 1 = SB.

The M1Present was cross-validated based on strong associa-
tion and non-significant differences between actual height
and estimated heightAS, as well as small MAE, RMSE, and dif-
ferences in Bland�Altman analysis (Table 3 and Figure 1).
Specifically, the authors observed a strong significant associ-
ation between actual and heightAS estimates in the SB group
(Table 3 = 0.95; p < 0.001). The high generalizability of the
model was indicated by small differences between the
square of this Pearson correlation coefficient (0.90) with the
coefficient of determination of the model (0.95) (Table 3).
Differences between actual height and estimated heightAS in
the SB group were not significant (actual height:
138.43 § 12.66 cm; and estimated heightAS:
138.44 § 15.05 cm; p = 0.993) (Table 3). MAE was
4.32 § 2.20 cm and RMSE was 1.83 cm (Table 3). In the
Bland�Altman plot, the mean difference between actual
height and estimated heightAS was close to zero (mean error:
�0.01 cm; 95 % CI: 9.76, �9.81 cm; Figure 1, and Table 3).

Table 1 Age and anthropometric characteristics of children and adolescents with and without spina bifida.

Characteristics SB (n = 14) Non-SB (n = 83) p

Mean SD Mean SD

Age (years) 10.51 2.23 12.13 2.75 0.044b,*

Height (cm) 138.43 12.66 153.59 15.21 0.001a,y

Arm span (cm) 144.64 16.84 155.39 16.36 0.045b,*

Note: data are presented as mean and standard deviation (SD), and frequencies (n); SB, spina bifida; non-SB, without spina bifida.
a Independent t-test.
b Mann-Whitney U test.
* p <0.05.
y p < 0.01.
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Predictive performance results for previously published
heightAS models are presented in Table 3 and Figure 1. The
authors observed that the M2Polfuss et al. and M5Zverev et al.

models had better predictive performance for the estima-
tion of standing height compared to M3Gauld et al. and M4Mulu
et al. models. Specifically, the authors observed that differ-
ences between actual and estimated height were significant
using M3Gauld et al. (mean diff: �5.58 cm, p < 0.01) and
M4Mulu et al. (mean diff: �10.47 cm, p < 0.01) models and
non-significant using M2Polfuss et al. (mean diff: �0.40 cm,
p = 0.775) and M5Zverev et al. (mean diff: �0.48 cm, p = 0.679)
models (Table 3). Moreover, M5Zverev et al. model had nar-
rower limits of agreement (M5Zverev et al. 95 % CI: 7.42,
�9.31 cm) compared to other models in Bland-Altman analy-
sis (Table 3 and Figure 1).

Discussion

This study developed and cross-validated a heightAS model
for the estimation of standing height among children and
adolescents with SB. This study further observed that M2Pol-
fuss et al. (SB-specific model) and M5Zverev et al. (non-SB spe-
cific model) had the similar predictive ability to estimate
standing height. Developed and validated specific prediction
models would be useful for researchers in estimating stand-
ing height among children and adolescents with SB.

The present study demonstrated that arm span had a
strong bivariate association with height among participants
with SB (r = 0.93) and without SB (r = 0.97). The present
observations are consistent with previous data that indi-
cated that arm span was moderate and strongly correlated
with height (r = 0.71 to 0.98) among children and adoles-
cents aged 7�18 years without disabilities.13�16 Moreover,
this study observed that arm span alone explained 93 % of
the variance in height in the present sample. A finding that
should be considered, however, is that arm span alone did
not explain 7 % of the variance in standing height in this
study. There is evidence that age and sex are additional sig-
nificant predictors of height among children and adolescents
from the general population. However, the authors found no
contributions of these variables to this study’s model, neces-
sitating an examination of other potential predictors. In the
present study, the authors observed that the group (SB vs.
non-SB) explained an additional 2 % of the variance in stand-
ing height. The effect of the group was expected given that
children and adolescents with SB are at higher risk for short
height.7�9 Taken together, arm span and group were signifi-
cant predictors of height and were therefore included in the
final model for the estimation of standing height. The next
step involved cross-validating this arm span-related model.

The authors provided evidence that the M1Present was
valid for estimating standing height in the present partici-
pants with and without SB. Errors based on MAE and RMSE
were relatively small in the whole cross-validation process.
Moreover, there was a high generalizability of the model as
indicated by minimal differences in the associations
between training and validation samples. Additionally, the
authors observed non-significant differences between actual
and estimated height using this model. These findings agree
with a previous cross-validation study that indicated non-sig-
nificant mean differences and strong associations between
actual height and estimated heightAS among Malawians aged
6�15 years (the M5Zverev et al. model).15 Another important
finding was that the model produced a zero mean difference
and somewhat wide 95 % limits of agreement in Bland-Alt-
man analysis.

Table 2 Regression model for the estimation of height

based on arm span and group (SB vs. non-SB).

Predictor Unstandardized Regression coefficients

b SE p

Intercept 17.091 3.580 <0.001a

Arm span 0.878 0.023 <0.001a

Group �5.722 1.088 <0.001a

Note: b, unstandardized coefficient; SE, standard error.
a p < 0.001.

Table 3 Performance of arm span-related models for the estimation of height among participants with and without SB of the

present study.

Group Model Mean (SD)a MAEa RMSEa Mean diff (95 % CI)a,b r r2

Non-SB Actual 153.59 (15.21) � � � � �

Non-SB M1Present 153.60 (14.37) 2.92 3.28 �0.01 (7.00, �7.00) 0.97d 0.94

SB Actual 138.43 (12.66) � � � � �

SB M1Present 138.44 (15.05) 4.32 1.83 �0.01 (9.76, �9.81) 0.95d 0.90

SB M2Polfuss et al. 138.03 (14.77) 4.41 1.89 0.40 (10.87, �9.29) 0.94d 0.88

SB M3Gauld et al. 144.01 (13.84)c 5.72 2.74 �5.58 (�1.63, �20.25) 0.94d 0.88

SB M4Mulu et al. 148.90 (10.93)c 10.47 4.17 �10.47 (�13.77, �27.28) 0.97d 0.94

SB M5Zverev et al. 138.91 (14.14) 3.58 1.57 �0.48 (7.42, �9.31) 0.96d 0.92

Note: SB, participants with spina bifida; Non-SB, participants without spina bifida; MAE, mean absolute error; RMSE, root mean square

error.
a values are in cm.
b mean difference and 95 % confidence intervals from Bland�Altman analysis.
c significance (p < 0.01) between estimated and actual height in paired t-tests.
d significance (p < 0.001) for Pearson correlations between actual and estimated height; M1Present - the model developed in this study,

M2Polfuss et al. - the model from Polfuss et al.,18 M3Gauld et al. - the model from Gauld et al.,17 M4Mulu et al. - the model from Mulu et al.,16 and

M5Zverev et al. - the model from Zverev et al.15
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Another important finding in this study was that the
M1Present model had a similar predictive ability in comparison
with an SB specific (M2Polfuss et al.) and a non-SB specific
(M5Zverev et al.) model for standing height estimation of chil-
dren and adolescents with SB. A closer inspection of the
M1Present and M2Polfuss et al. Bland-Altman plots, however,
indicate a trend from overestimation at lower average
heights to underestimation at higher average heights. More-
over, the authors observed that M5Zverev et al. model had a
minimal trend and smaller MAE, RMSE, and 95 % limits of
agreement in Bland�Altman analysis compared to M1Present
and M2Polfuss et al. models. A consideration is that the M5Zverev
et al. model was derived from a sample with somewhat small
differences in anthropometrics when compared to this

sample with SB. For example, the authors found that the
present sample had mean arm span and height z-scores vary-
ing from �0.6 to �1.5 based on the data from the Zverev
study. It was further observed considerable mean height dif-
ferences between actual, M3Gauld et al., and M4Mulu et al. mod-
els, with limits of agreement reaching �27 cm. A possible
explanation for large differences between M3Gauld et al., and
M4Mulu et al. models may include variations in age, height,
and arm span between samples. It is additionally important
to note that M3Gauld et al. and M5Zverev et al. models included
age in the sex-specific models. By comparison, the authors
observed that age had no contributions to the present
regression model after accounting for the effect of arm
span. Yet, the development of sex-specific models was not

Figure 1 SB, participants with spina bifida; Non-SB, participants without spina bifida; Bland�Altman plot of the difference

between actual and estimated height (y-axis) against their average (x-axis) using the M1Present - the model developed in this study,

M2Polfuss et al. - the model from Polfuss et al.,18 M3Gauld et al. - the model from Gauld et al.,17 M4Mulu et al. - the model from Mulu

et al.,16 and M5Zverev et al. - the model from Zverev et al.15 among participants with SB (cross marker) and without spina bifida (grey

circle marker); dashed lines show 95 % limits of agreement; solid line represents the mean difference.
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possible in this study because the sample size was not ade-
quate to capture the influence of the group � future
research is needed to address this issue. Another important
consideration is that existing heightAS models evaluated in
this study were developed in children and adolescents from
the United States, Ethiopia, Africa, and Australia. Research
has demonstrated that linear growth, especially height,
varies considerably in children and adolescents from differ-
ent geographical regions.20

Measuring standing height from the heightAS has implica-
tions for research and clinical practice. Taken together,
M1Present, M2Polfuss et al., and M5Zverev et al. models may be
used with confidence in research contexts, as these models
demonstrated minimal errors on a group basis, but caution
regarding sample profiles and measurement protocols is
required. Applying these models would support researchers
in evaluating linear growth in participants with SB with pos-
ture difficulties due to weakness or paralysis of the lower
limbs. The length of body segments has been widely used for
measuring height among individuals with physical disabil-
ities.21 Additionally, the present model may be useful for
supporting large-scale growth surveillance research among
participants with SB. Past research has demonstrated that
children and adolescents with SB may be at high risk for
short height.7�9 It is recognized that height is a fundamental
predictor of overall health in children and adolescents.10

However, due to the wide limits of agreement, caution is
advised when using M1Present, M2Polfuss et al., and M5Zverev et al.

models for the evaluation of linear growth in clinical prac-
tice, as these models may not demonstrate adequate predic-
tive performance on an individual basis. Moreover, future
research with large sample sizes is necessary to test the abil-
ity of the presented heightAS models to identify individuals
with SB presenting with below- and above-average standing
height based on the interpolation using sex- and age-specific
values from growth references such as those from Center
from Centers for Disease Control and Prevention and the
World Health Organization. Additionally, M3Gauld et al., and
M4Mulu et al. models are not recommended for clinical and
research purposes, as the differences observed were beyond
the acceptable limits of agreement.

This study has some limitations and strengths that
should be considered. Limitations include cross-sectional
data from a small sample of participants with SB. Addi-
tionally, there were no participants with spinal cord
injury at mid- and high-lumbar, and thoracic levels. This
study also focused on a narrow age range of individuals
with spina bifida (7�16 years old), limiting the applica-
bility of the findings to those outside this age group.
Finally, although this model was validated based on
leave-one-out cross-validation approach, future research
should consider cross-validating the model in other sam-
ples. Strengths of this study include measuring height in
a standing position. This would allow comparison of
standing height data of children with SB with growth
standards following standardized procedures. Moreover,
the authors cross-validated the present model including
two simple variables and examined the performance of
existing SB and non-SB specific models, enabling the
practical application of the models in epidemiological
research contexts.

This study indicated that arm span was strongly associ-
ated with standing height in children and adolescents with
SB. A model including arm span and group was developed
and cross-validated for estimating standing height in individ-
uals with sacral and low-lumbar SB aged 7�16 years. Existing
models (M2Polfuss et al., and M5Zverev et al.) had similar height
predictability compared to the present model (M1Present).
These models may be useful to researchers for linear growth
surveillance in children and adolescents with SB. However,
due to the wide limits of agreement, the authors recom-
mend caution if applying these models for individual estima-
tion of standing height.
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