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Abstract

Background/Objectives:

Accurate height measurement is essential in paediatric assessment but may be unreliable or impossible in
non-ambulatory children or those with skeletal deformities. This study aimed to develop height-prediction
equations based on ulna and tibia lengths measured with a non-stretchable tape and to validate their
performance in two clinical paediatric populations.

Subjects/Methods:

Prediction equations were derived from healthy UK children: 700 with ulna measurements (4—14 years) and
133 with tibia measurements (10—17 years). Standing height, weight, and segmental lengths were measured
in duplicate using standardised techniques. Multiple linear regression models were created and refined by
testing age, sex, and weight as additional predictors. Validation was conducted in two clinical cohorts at Great
Ormond Street Hospital: the BodyBasics (BB) cohort of children with complex conditions (n=17) and a cystic
fibrosis (CF) cohort (n=58). Agreement between measured and predicted height was assessed using Bland—
Altman analysis. A “wisdom of crowds” approach combining predictions from multiple equations was also
explored.

Results:

In healthy children, ulna- and tibia-based equations showed strong predictive accuracy (adjusted R?=0.87)
when age and weight were included; sex was not a significant predictor. In the BB cohort, both equations
consistently overestimated height (mean bias +4 to +6 cm) with wide limits of agreement but no proportional
bias. In the CF cohort, the tibia-based model showed minimal but proportional bias (+0.8 cm). Aggregated
predictions reduced mean bias in some cases but did not improve limits of agreement.

Conclusion:

Tape-based ulna and tibia measurements provide practical and accurate height-prediction tools for healthy
children and perform reasonably well in ambulatory clinical populations. Systematic overestimation in
children with complex conditions highlights the need for further validation in larger and more heterogeneous
cohorts.
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Estimating height using ulna and tibia measurements in paediatric patients

Introduction

Height (HT) is a fundamental anthropometric parameter in pediatric clinical practice, central to growth
monitoring and nutritional assessment (1-3). Accurate HT measurement is required for calculating body mass
index (BMI), fat mass index (FMI), and lean mass index (LMI), as well as body surface area (BSA), which is
widely used for drug dosing, including chemotherapy (4,5). Clinical guidelines recommend obtaining a
measured HT, or recumbent length in children under two years, at hospital admission to ensure accurate
evaluation (6,7). However, discrepancies between measured and self- or parent-reported HT are well

documented, underscoring the need for objective assessment (8,9).

Accurate measurement is not always feasible. Children with neuromuscular disorders, spinal deformities, or
critical illness may be unable to stand for standard stadiometric assessment, and factors such as equipment

availability, calibration, and staffing can further limit the reliability of routine measurements (10).

To address these limitations, segmental bone lengths, particularly ulna or tibia, have been proposed as
alternative anthropometric measures. These methods have been used to generate reference growth data
(11,12) or to derive predictive equations for HT estimation (13,14). Although practical, prediction accuracy
varies depending on the segment used (e.g., knee, HT, arm span) (15) and often reflects population-specific
differences in growth patterns, body proportions, ethnicity, sex, clinical conditions, and environmental factors

(16,17).

Ulna and tibia length measurements are especially advantageous: they are quick to obtain with a simple
measuring tape, require minimal patient cooperation, and do not rely on specialized equipment or posture,

making them suitable for non-ambulatory patients and routine clinical practice.

This study aimed to evaluate the validity and practicality of using ulna and tibia length as predictors of HT in
a diverse paediatric population admitted to a UK tertiary care hospital. The primary objective was to develop
UK-specific prediction equations for HT based on tibia and ulna length measurements obtained from healthy

children. The secondary objective was to assess the performance of these equations in estimating HT among
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paediatric patients with various clinical conditions. Specifically, the study sought to (i) evaluate the agreement
between measured and predicted HT, (ii) compare the newly derived estimates with those obtained from
previously published paediatric equations, and (iii) explore whether prediction accuracy could be improved

by combining multiple equations through a “wisdom of crowds” approach.

Materials and methods

The study consisted of two phases: the derivation of HT prediction equations based on ulna and tibia length
measurements in a sample of healthy children, and the subsequent application and validation of these

equations in two paediatric clinical populations (18,19).

Derivation phase

The prediction equations based on ulna and tibia measurements were developed using anonymized data from
healthy children aged approximately 4 to 17 years who had previously participated in departmental research
studies (19). Participants had no chronic conditions or growth disorders, and trained staff collected HT, weight,
body mass index, and ulna and tibia lengths. HT was measured twice to the nearest 0.1 cm using a wall-
mounted stadiometer, while ulna and tibia lengths were measured in duplicate on the left side using a non-
stretchable tape measure. Ulna length was measured from the tip of the olecranon to the midpoint of the
wrist styloid, with the arm folded across the chest and the fingers pointing toward the opposite shoulder (20-
23). Tibia length was measured from the medial knee joint line to the distal edge of the medial malleolus,
keeping alignment with the long axis of the leg (24-25). Tibia measurements included only children aged 10
to 17 years, as this parameter was introduced in later study phases when peripheral quantitative computed
tomography (pQCT) replaced the earlier single-photon absorptiometry system (SPA). The use of a tape

measure was chosen to provide a simple, quick, and low-cost method suitable for routine clinical practice.

Validation phase

The second phase involved data collected from two clinical cohorts of children under the care of Great
Ormond Street Hospital (GOSH), London, UK. These children were participants in previous, ethically approved

research studies. Written informed consent was provided by the parent/guardian or by the patient if over 16
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years of age. The first cohort, referred to as the BodyBasics (BB) group, included hospitalised children aged
five years and older (mean age 13 + 3 years), consistent with the lower age limit of the newly developed body
composition reference dataset. Eligible participants that were expected to remain in hospital for at least 3
days were measured within 48 hrs of their admission. Baseline assessments were conducted prior to any
major medical interventions, such as surgery or the administration of large volumes of intravenous fluids.
Inclusion criteria were intentionally broad to encompass a diverse range of clinical conditions, and
recruitment occurred across all inpatient wards, including children with complex and/or chronic diseases
admitted for diagnostic, medical, or surgical management. Only participants with valid standing HT and at
least one segmental bone measurement (ulna or tibia) were included in the current analyses (18,19). Ulna
and tibia lengths were measured using a flexible non-stretch tape measure, and as the tibia-based equation
was developed in healthy children aged 10—-17 years and the ulna-based equation in those aged 5-17 years,
only BB participants within the respective age ranges were included in the analyses. A second clinical
subgroup consisted of children with cystic fibrosis (CF), included to test the performance of the predictive
equations in a nutritionally vulnerable but largely ambulatory population (26). This group comprised children
aged 7-19 years (mean age 13 * 2 years) under the care of GOSH, with a confirmed diagnosis of CF and
clinically stable for at least 14 days prior to recruitment. In this cohort, only tibia length was measured;

therefore, only the tibia-based predictive equation applicable to the 10-17-year age range was applied.

Data analysis and statistics

Linear regression analysis was used to derive prediction equations for measured HT from ulna and tibia length
in healthy children. Both absolute HTs and HT standard deviation scores (SDS), calculated using the British
1990 reference data (27) were analysed. Separate models were generated for each bone segment, and
additional predictors (age, sex, and weight) were evaluated for their contribution to model performance. The
goodness of fit was assessed using the adjusted R? and the statistical significance of model coefficients.
Agreement between measured and predicted HT for the patient groups was evaluated using the Bland—
Altman method, which estimates the mean bias (MB) and the 95% limits of agreement (LLOA = MB - 1.96 x

SD; ULOA = MB + 1.96 x SD). Correlation coefficients (r) were calculated to assess the strength of the linear
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relationship between measured and predicted values, and the potential presence of proportional bias was
tested by examining the relationship between measurement differences and the magnitude of the
measurements. In addition, a “wisdom of crowds” approach (28.) was applied by averaging HT estimates
derived from different prediction equations, both those developed in this study and those previously
published by Gauld et al. (14), to explore whether aggregated predictions improved agreement with

measured HT. All statistical analyses were performed using a two-tailed significance threshold of p < 0.05.

Results

HT prediction equations from ulna and tibia lengths in healthy UK children

Data from 700 healthy children (362 boys and 338 girls) aged 4-14 years were analysed to develop HT
prediction equations based on ulna length. The main anthropometric characteristics of the cohort are shown
in Table 1S. Weight, HT and BMI standard deviation scores (SDS) were calculated using UK reference data
(26,27), and mean SDS values for both sexes fell within the normal range (£2 SDS), although girls had slightly
lower means than boys. A few children had low SDS values (-3 to -4), but their inclusion did not materially

affect model performance.

Ulna length showed a strong linear association with standing HT, with a coefficient of determination of R? =
0.789, indicating that about 79% of HT variance was explained by ulna length alone. In multiple regression
models (Table 1), ulna length was a highly significant independent predictor in all models (p < 0.001). Adding
age and weight progressively improved model fit, raising the adjusted R from 0.79 (ulna only) to 0.871 in the
final model. Sex was initially significant when combined with ulna length but became non-significant (p =
0.411) once age and weight were included, indicating that these variables captured most sex-related growth
differences. Creating sex-specific equations, as done in previous work including Gauld et al. (2004), did not

further improve model performance (adjusted R? = 0.87).

The final ulna-based equation, developed from 700 children aged 4.3-14.2 years, was: HT (cm) = 53.722 +

2.438 x U + 1.837 x A + 0.367 x WT, where U is ulna length (cm), A is age (years), and WT is weight (kg).
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Tibia-based prediction equations were developed using data from a smaller cohort of 133 healthy children
aged 10-17 years, whose main characteristics are shown in Table 2S. Mean SDS values for weight, HT and BMI
were within the normal range (2 SDS) for both sexes, though slightly higher in females, confirming that the

sample was representative of a healthy paediatric population.

Tibia length showed a strong positive correlation with HT, with R? = 0.788, meaning that nearly 79% of HT
variance was explained by tibia length alone. Including age and weight increased model accuracy (adjusted

R? = 0.866), while sex remained non-significant (p = 0.176) (Table 2).

The final tibia-based equation, derived from children aged 10-17 years, was: HT (cm) = 58.602 + 2.075 x T +

1.219 x A + 0.226 x WT, where T is tibia length (cm).

Both ulna- and tibia-based models reached similar accuracy (adjusted R? = 0.87), indicating that age and

weight effectively account for sex-related differences in body proportions.

Performance of the HT Prediction Equations in Clinical Populations

The new ulna- and tibia-based HT prediction equations were tested in two paediatric cohorts at GOSH: the
BB cohort (n = 17), comprising hospitalised children with complex medical needs, and the CF cohort (n = 58),

including clinically stable but nutritionally vulnerable patients.

In the BB cohort (Table 3S), both equations consistently overestimated measured HT. Bland—Altman analysis
(Figure 1 and Table 4S) showed a mean bias of +4.0 cm (95% LoA, -9.6 to +17.6) for the ulna model and +6.1
cm (95% LoA, —-3.5 to +15.7) for the tibia model. In SDS units, the corresponding biases were +0.59 and +0.84
SDS (both p < 0.05). Correlation coefficients (r = 0.71-0.73, p > 0.2) did not indicate proportional bias,

suggesting that the degree of overestimation was broadly consistent across the HT range.

In the CF cohort (Table 5S), the tibia-based model showed minimal overall systematic error. Bland—Altman
analysis (Figure 1 and Table 4S) showed a mean bias of +0.8 cm (95% LoA, -7.8 to +9.3) and —0.21 SDS (95%
LoA, -1.50 to +1.07). However, a significant correlation (r = 0.92, p = 0.00010) indicated proportional bias,
showing that prediction error varied across the HT range. Specifically, the tibia-based equation tended to

overestimate HT in shorter children and underestimate it in taller children: in the shortest quartile (128.0—
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144.7 cm), mean overestimation was approximately 3.5 cm, whereas in the tallest quartile (162.4-182.7 cm),

mean underestimation was approximately 3.0 cm.

To assess whether predictive accuracy could be improved, estimates from the newly developed equations

were combined with those from Gauld et al. (2004) using a “wisdom of crowds” approach (Table 6S).

In the BB cohort, HT estimates from the Salatto, Gauld, and aggregated models (Table 3) all showed systematic
overestimation. Bland—Altman analysis (Figure 2) showed mean biases of +4 cm (Salatto) and +8.5 cm (Gauld)
for the ulna-based equations (Figure 2A), while the aggregated estimate produced an intermediate bias of
+6.8 cm with slightly narrower limits of agreement. Tibia-based results were similar (Figure 2C), with mean
biases of +6 cm (Salatto), +3.8 cm (Gauld), and +6.2 cm (aggregated). HT SDS values confirmed the same
pattern (Figure 2B,D), with positive biases across all models (+0.59 to +1.45 SDS for ulna; +0.84 to +0.99 SDS

for tibia).

In the CF cohort, tibia-based predictions from the three models (Table 3) showed different patterns: the
Salatto equation slightly overestimated HT, whereas the Gauld and aggregated equations underestimated it
(Figure 2E). Bland—Altman analysis (Figure 2) gave mean biases of +0.7 cm, -3.1 ¢cm, and -1.5 cm, respectively,
with limits of agreement of approximately -9.9 to +9.3 cm. When converted to SDS, all models showed
negative mean biases (-0.21 to -0.88 SDS) (Figure 2F), indicating an overall tendency towards
underestimation. Significant correlation coefficients for most models suggested that prediction error varied
according to HT. This pattern was most evident in taller children: for the Salatto model, mean error shifted
from an overestimation of approximately 3.5 cm in the shortest quartile to an underestimation of
approximately 3.0 cm in the tallest quartile; for the Gauld model, underestimation increased from
approximately 1.6 cm to 6.5 cm; and for the aggregated model, mean error shifted from a slight

overestimation of approximately 1.0 cm to an underestimation of approximately 4.8 cm.

Discussion

Despite the recognised importance of HT assessment in paediatrics, several clinical conditions can hinder

accurate stadiometric measurement, resulting in underreporting in medical records (28,29). Surrogate
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methods for non-ambulatory children exist, but evidence remains limited and often restricted to specific
subgroups, reducing generalisability. Additionally, inconsistencies in measurement protocols, anatomical

landmarks, and equipment further complicate clinical use.

In this study, ulna and tibia length were selected as surrogate measures because they are frequently reported
in the literature and easily obtained without requiring the patient to stand. Although some authors (14)
recommend rigid anthropometers for greater precision, our aim was to identify methods feasible in routine

practice; we therefore adopted a standard non-stretchable tape measure, widely available in hospital settings.

Among published predictive models based on skeletal segments, Gauld et al. remains the primary reference,
having used a rigid anthropometer in a large Australian cohort aged 5-20 years. Abrahamyan et al., by
contrast, estimated bone lengths from DXA scans, a method not applicable in routine care. The present work
is thus one of the first to develop equations specifically tailored to tape-based measurements in a large

healthy paediatric population.

The resulting ulna- and tibia-based equations showed strong predictive performance (R*> = 0.87).
Incorporating age and weight improved the model, whereas sex did not contribute once weight was included,
allowing the development of a single equation per bone segment. A limitation is that tibia data were available

only for children aged 10-17 years, restricting applicability in younger ages.

Clinical validation in two paediatric cohorts admitted to GOSH revealed distinct patterns. In the BB cohort,
both equations systematically overestimated measured HT, as shown by positive Bland—Altman biases and
wide limits of agreement. Nonetheless, correlations remained moderate—high, suggesting systematic rather
than random error. Overestimation likely reflects difficulties in obtaining reliable standing HT in children with

postural abnormalities, where measured HT may underestimate true skeletal length.

In the CF cohort, bias was small overall, but its direction depended on the metric and model used: the Salatto
equation slightly overestimated HT height in centimetres (mean bias +0.7 cm, 95% CI -0.3 to +1.9), whereas
SDS values and the alternative models, Gauld and aggregated models underestimated it (mean bias —3.1 cm,

95% Cl -4.4 to -1.8, and -1.1 cm, 95% Cl -2.3 to -0.01, respectively). Although agreement was better than
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in the BB cohort, proportional bias was present; HT was overestimated in shorter children and
underestimated in taller ones. SDS values remained within approximately +1 SDS, supporting their usefulness

for group-level assessments, though caution remains warranted in individual interpretation.

Model aggregation did not significantly improve accuracy; although mean biases were intermediate, limits of
agreement remained wide, suggesting that combining similar models does not eliminate systematic error.
This strategy may become more effective as future validated equations incorporate more diverse predictive

approaches.

Overall, bias direction differed between cohorts: BB children showed systematic overestimation, likely due to
measurement challenges, while CF patients exhibited a smaller underestimation, consistent with more stable

skeletal proportions and more reliable HT measurements.

Strengths and Limitations

This study presents both strengths and some limitations that should be considered when interpreting the
results. It provides updated and clinically applicable prediction equations for estimating HT from ulna and
tibia length in children, derived from a large, healthy reference sample and validated in two independent
clinical cohorts. The use of simple, low-cost, tape-based anthropometric measurements enhances the
practicality of the method in both hospital and field settings. In addition, the new equations were
systematically compared with previously published models and evaluated using Bland—Altman analysis,

providing a rigorous and transparent assessment of accuracy and agreement.

Nonetheless, several limitations should be acknowledged. The clinical validation cohorts were relatively small,
particularly the BB group, which may limit the generalisability of the findings. In both cohorts, the mean bias
and limits of agreement were relatively wide, indicating potential imprecision when applying the equations
at the individual level. Moreover, a proportional bias was observed for the tibia-based model in the CF cohort,
suggesting that prediction accuracy may vary across the HT spectrum, particularly in taller or shorter children.
A further limitation is that validation could only be performed in children whose HT remained measurable,

since direct comparison between predicted and observed HT was required. Yet these equations are primarily
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intended for children in whom standing HT cannot be obtained reliably. In such patients, altered body
proportions or disease-related growth disturbances may affect the relationship between ulna or tibia length
and true HT, meaning that performance in the intended target population remains uncertain. Although the
equations performed well at the group level and were tested in clinical populations, their use for individual
assessment should therefore be interpreted with caution. Further validation in larger and more
heterogeneous paediatric populations, especially in children without reliable direct HT measurements, is

warranted.

Conclusions

The new equations developed in this study, based on ulna and tibia lengths measured with a non-stretchable
tape, showed good predictive performance in a large healthy paediatric population and acceptable
performance in selected clinical cohorts. Compared with previously published models, they generally
provided estimates closer to measured HT, particularly in the CF cohort, where preserved skeletal proportions
and the absence of major postural abnormalities may have favoured better agreement between predicted

and observed values.

The aggregated approach, which combined multiple predictive models, did not consistently improve
performance over the new equations alone. Although averaging slightly reduced mean bias in some instances,
limits of agreement remained relatively wide, indicating that this strategy does not by itself resolve individual-
level imprecision. Nevertheless, model aggregation remains conceptually promising and may prove more

useful as a broader range of validated equations becomes available.

These findings support the potential clinical utility of tape-based ulna and tibia measurements as practical
surrogate methods when direct HT measurement is difficult. However, the equations should be applied
cautiously at the individual level, particularly in children with altered body proportions or conditions affecting
skeletal growth. Further studies in larger and more heterogeneous paediatric populations, especially in
children for whom standing HT cannot be measured reliably, are needed to confirm validity and refine

predictive accuracy across different clinical settings.
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Data Availability Statement

The datasets generated and/or analysed during the current study are not publicly available due to privacy
restrictions involving paediatric clinical data, but are available from the corresponding author on reasonable
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Supplementary material

Table 1S. Subject characteristics of ulna measurement cohort of healthy children.

Table 2S. Subject characteristics of tibia measurement cohort of healthy children.

Table 3S. Height, ulna and tibia length descriptives in BB group (a) SDS <-2 or >2, Freq=number of patients;
(b) measured standing height

Table 4S. Mean bias, limits of agreement and correlation coefficients between measured and estimated
heights using ulna and tibia lengths in the BB group and CF group (a) Mean bias (cm or SDS); (b) One-sample
t-test of mean bias (H0: MB=0), (*) significant (p<0.05); (c) Pearson’s correlation coefficient; (d) significance of
r (Ho: r=0) testing the effect of magnitude of the measurement on the difference observed between
measurements of height, all non-significant.

Table 5S. Height, ulna and tibia length descriptives in CF group (a) SDS <-2 or >2, Freqg=number of patients;
(b) measured standing height

Table 6S. The new (Salatto et al.) and published prediction equations for height estimation using ulna and
tibia lengths in healthy children

Tables

Table 1. Height prediction models using ulna length measurements (n=700; (a) Coefficients for the predictors
in the model; (b) 95% Cl of the coefficients; (c) p-value for significance of the coefficients (p<0.05). (*) Chosen
as best model)

Table 2. Height prediction equations using tibia length measurements (n=133; (a) Coefficients for the
predictors in the model; (b) 95% Cl of the coefficients; (c) p-value for significance of the coefficients (p<0.05).
(*) Chosen best as model)

Table 3. Calculated heights, height SDS of individual and aggregate prediction equations using ulna and tibia
length. “Salatto et al.” refers to predictive equations generated in this study, “aggregate” is the average of
all estimates of height by the different equations

Figures

Figure 1. Line-based Bland—Altman summary plots showing mean bias (MB) and 95% limits of agreement
(LOA) between measured height and height estimated from ulna or tibia length in the BB group and CF
group. Panel A reports MB and LOA for height (cm); Panel B reports MB and LOA for height SDS.

Figure 2. Line-based Bland—Altman summary plots showing mean bias (MB) and 95% limits of agreement
(LOA) between measured height and height predicted from segmental bone length using our equation
(Salatto et al.), a published equation (Gauld et al., 2004), and their average (“Aggregate”). Panels A-B refer
to ulna-estimated height in the BB group (n=17): A reports MB and LOA for height (cm) and B for height SDS.
Panels C-D refer to tibia-estimated height in the BB group (n=17): C reports MB and LOA for height (cm) and
D for height SDS. Panels E—F refer to tibia-estimated height in the CF group (n=58): E reports MB and LOA for
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height (cm) and F for height SDS. “Aggregate” indicates the mean of the height estimates obtained with the
different equations.
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Figure 1

Line-based Bland-Altman summary plots showing mean bias (MB) and 95% limits of agreement (LOA)
between measured height and height estimated from ulna or tibia length in the BB group and CF group.
Panel A reports MB and LOA for height (cm); Panel B reports MB and LOA for height SDS.
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Figure 2

Line-based Bland—-Altman summary plots showing mean bias (MB) and 95% limits of agreement (LOA)
between measured height and height predicted from segmental bone length using our equation (Salatto
et al.), a published equation (Gauld et al., 2004), and their average (“Aggregate”). Panels A-B refer to
ulna-estimated height in the BB group (n=17): A reports MB and LOA for height (cm) and B for height
SDS. Panels C-D refer to tibia-estimated height in the BB group (h=77): C reports MB and LOA for height
(cm) and D for height SDS. Panels E-F refer to tibia-estimated height in the CF group (n=58): E reports
MB and LOA for height (cm) and F for height SDS. “Aggregate” indicates the mean of the height
estimates obtained with the different equations.
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