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Background: The International Society for Clinical Densitometry recommends
adjusting the bone mineral density (BMD) Z-score in children with short stature
or growth delay. However, it is not clear whether height-for-age Z-score (HAZ)
adjustment is required in all children. The aim of this study was to determine
whether HAZ adjustment is necessary by examining variability in unadjusted and
adjusted Z-scores for the main regions of interest in a large pediatric cohort.

Methods: We evaluated 103 patients < 20 years of age who underwent lumbar
spine and whole-body dual-energy x-ray absorptiometry (DXA) at our tertiary
care hospital from 2016 to 2018. The formula proposed by Zemel was used to
calculate the HAZ.

Results: A total of 103 participants were included (54 females; 52.4%). The mean
age was 9.8 years. Height percentiles were < 3 or > 97 in seven (6.8%) and five
(4.9%) patients. Diagnostic criteria for low bone mineral density (LBMD; BMD Z-
score < —2) were met in 8 lumbar spine scans and 10 whole-body scans. After
HAZ adjustment, the prevalence of LBMD decreased from 8.2% (n=8) to 6.4%
(n=6) in the lumbar spine scans and from 10.5% (n=10) to 7.2% (n=8) in the
whole-body scans. Agreement between the adjusted and non-adjusted HAZ data
was 0.498 for the lumbar spine and 0.557 for the whole body. The diagnostic
discrepancy rate for LBMD diagnosis was 7%. After HAZ adjustment, 5% patients
no longer met LBMD criteria while conversely 2% met LBMD criteria only
after adjustment.

Conclusions: The high diagnostic discrepancy rate (7%) for LBMN in this
unselected pediatric cohort underscores the value of performing HAZ
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adjustment of Z-scores to improve diagnostic accuracy. This divergence
between adjusted and unadjusted Z-scores suggests that all pediatric patients,
not only those with short stature or growth retardation, may benefit from
densitometric size adjustment. This is especially true in individuals whose
stature is at the upper end of the range, where size may obscure a diagnosis

of LBMD.

pediatric densitometry, height-for-age z-score, bone mineral density, low bone mineral
mass, DXA (dual-energy x-ray absorptiometry)

1 Introduction

Several imaging techniques are currently available to monitor
bone disease in the pediatric population (1). The gold standard for
measuring bone mineral content (BMC) and bone mineral density
(BMD) is dual-energy X-ray absorptiometry (DXA) (2, 3). DXA has
several advantages, including low radiation doses (4-27 uSv), a
short scanning time, widespread availability, high reproducibility,
and an extensive body of pediatric reference data (4). Moreover,
DXA plays a key role in assessing pediatric bone health because the
definition of low bone mineral density (LBMD) is based on
densitometric criteria (3, 5).

Interpreting DXA results in children can be challenging due to
the dynamic nature of the growing skeleton. Unlike adults,
children’s bones grow and change their tridimensional shape over
time, and growth is highly variable depending on the individual and
the developmental stage (5). DXA is a two-dimensional (2D)
imaging technique that relies on differential X-ray absorption to
distinguish between tissues of varying densities. Unfortunately, it
cannot measure the depth of bones, the third dimension. As a result,
BMD is calculated as a 2D projection of a 3D structure, expressed in
g/cm2 (5, 6). Because BMD is not a volumetric measure, it is
influenced by the size of the bone being assessed. Consequently,
smaller bones may appear to have a lower BMD than larger bones,
even if their actual volumetric density is identical (5), which means
that DXA-derived areal BMD tends to underestimate true
volumetric BMD (g/cm?®) in children with short stature while
overestimating BMD in taller children (7, 8). For this reason, in
2019, the International Society for Clinical Densitometry (ISCD)
officially recommended adjusting BMD Z-scores for bone size in
children with growth impairment (3).

Several different approaches have been developed to adjust
BMD Z-scores to more accurately determine BMD in children of
all statures. Some of the more common techniques include
adjustments based on height, weight, bone mineral apparent
density, and the height-for-age Z-score (HAZ). While all of these
methods have been shown to more accurately predict fracture risk
in the pediatric population compared to unadjusted techniques (9),
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the HAZ-adjustment technique developed by Zemel et al. is
considered to be the least biased method (2).

Beyond HAZ-based adjustments, other techniques have been
explored to mitigate the impact of bone size on BMD
measurements. These include adjustments based on bone age,
pubertal stage, lean body mass, and vertebral body height. Some
DXA systems also estimate bone volume using dimensional indices
of the scanned region, enabling the calculation of volumetric BMD
(vBMD) under simplified anatomical assumptions. For example,
Kroger et al. proposed a method that considers the vertebrae as a
cube or cylinder, using the formula: vBMD = aBMD x [4/(m x
width)], where aBMD is areal BMD and width is the measured
vertebral body width (10). In addition, new imaging technologies
such as Radiofrequency Echographic Multi Spectrometry (REMS)
are emerging as potential alternatives to DXA, with the advantage of
assessing bone quality and fracture risk without being influenced by
bone size (11). However, these technologies ae still undergoing
validation and are not yet widely available in routine pediatric
clinical practice.

In this context, the aim of this study was to compare standard
BMD Z-scores to HAZ-adjusted Z-scores in a real-life cohort of
pediatric patients. The study was carried out in the context of
routine clinical practice in an unselected population. We sought to
determine whether there were discrepancies in the diagnosis of
LBMD based on HAZ adjusted and non-adjusted Z-scores for the
main regions of interest.

2 Materials and methods
2.1 Study population

This was a cross-sectional, single-center study based on data
from spine and whole-body DXA scans performed between 2016
and 2018. The study population included patients < age 20 referred
to the pediatric rheumatology outpatient clinic at our hospital for
bone health assessment due to the presence of one or more of
the following risk factors: malabsorption syndrome or food
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allergies; juvenile idiopathic arthritis; nephropathy; hematological
disorders; systemic autoimmune or autoinflammatory disease;
endocrinopathy; treatment with drugs that alter bone metabolism
(e.g., glucocorticosteroids or immunosuppressants); lack of physical
activity; or insufficient calcium intake.

The study was approved by the ethics committee at our hospital
(IIBSP-FRA-2016-11). Informed consent was obtained from all
patients and/or their legal guardians prior to recruitment.

2.2 Data collection and study variables

The following data were collected: date of birth; weight; height;
and calculated height and weight percentiles. The presence of any of
the aforementioned risk factors for developing low bone mass was
recorded. Densitometric measurements included total body and
subtotal body less head BMD; L1-L4 vertebrae BMD; and Z-scores
for both total body and L1-L4 vertebrae. We did not include Z-
scores for the total body less head (TBLH), as our densitometer
lacks population-based normative data required for this
calculation, a common issue in real-world clinical settings at
many hospitals. HAZ adjustment for lumbar spine and total body
Z-score values was applied in all cases using the formulas developed
by Zemel et al. (8). Densitometric measurements were obtained
with the Hologic Discovery densitometer scanner (Hologic, Inc.,
Bedford, MA, USA).

2.3 Statistical analysis

The IBM-SPSS software package (v. 26.0) was used to perform
the statistical analyses. Quantitative variables are presented as
means with standard deviation (SD) and categorical variables are
presented as absolute frequencies with percentages. Distribution
normality for the study variables was assessed using the Shapiro-
Wilk test. Depending on the distribution, the differences in mean
BMD according to Z-scores and HAZ scores were analyzed using
the following tests, as appropriate: T-test, Mann-Whitney U test,
Kruskal-Wallis test, or ANOVA for continuous variables; and Chi-
square test or Fisher’s exact test for categorical variables. Pearson’s
linear correlation coefficient or Spearman’s correlation coefficient
were used to examine correlations between BMD values and HAZ-
adjusted and unadjusted Z-scores. Analyses were conducted as two-
tailed tests with a significance level set at 5% (0=0.05).

3 Results

3.1 Baseline characteristics and
densitometric measurements

A total of 103 patients were included in the study. The mean age
was 9.8 years. Height percentiles were < 3 or > 97 in seven (6.8%)
and five (4.9%) patients. The baseline characteristics of the study
population are shown in Table 1.
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Variable n (%)

Sex, female 54 (52.4)
Age (years; range)
Early childhood (2-3) 9 (8.7)
Childhood (4-9) 33 (32)
Adolescence (10-17) 55 (53.4)
Young adulthood (18-20) 6 (5.8)
Ethnicity
Caucasian 82 (79.6)
Hispanic 10 10.7)
Arab-Berber 7 (6.8)
Other 3(2.9)
Anthropometric characteristics
Height < 3rd percentile 7 (6.8)
Height > 97" percentile 5 (4.9)
Weight < 3™ percentile 8(8.7)
Weight > g97th percentile 9 (8.7)
Comorbid disease 99 (96.1)
Malabsorption/food allergies 47 (46.6)
Juvenile idiopathic arthritis 18 (17.5)
Nephropathy 18 17.5)
Hematological disorder 6 (6.8)
Systemic autoimmune disease 9 (7.8)
Autoinflammatory disease 3(29)

Endocrinopathy

1Q1)

Densitometric data according to the region of interest are

presented in Tables 2, 3. Table 2 shows BMD and BMC values
for the lumbar spine with raw and HAZ Z-scores. Table 3 provides
BMD and BMC values for the whole body and TBLH with raw and
HAZ Z-scores.

Correlations between anthropometric measures and bone
mineral density

TABLE 2 Densitometric data for the lumbar spine.

n Mean SD Median Range
BMC, g ‘ 102 ‘ 29 15.89 ‘ 25.52 ‘ 6.20 — 90.40
BMD, g/sz ‘ 102 ‘ 0.64 0.18 ‘ 0.61 ‘ 0.36 - 1.06
Z-score ‘ 99 ‘ -0.46 1.08 ‘ -0.40 ‘ -3.20 - 1.80
HAZ-adjusted Z-score | 95 -0.43 0.96 ‘ -0.41 -2.77 - 1.65

SD, standard deviation; BMC, bone mineral content; BMD, bone mineral density; HAZ,
height-for-age Z-score.
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TABLE 3 Densitometric data for the whole-body.

n Mean SD Median Range
BMC, g 103 | 11722 520.6  1083.8 190.5 - 2326.4
BMC less head, g 98 861.9 443.8 | 7757 244.4 - 1899.9
BMD, g/cm2 98 0.81 0.16 0.81 0.53 - 1.17
BMD less head,

5 98 0.69 0.17 0.70 0.39 - 1.01

g/cm
Z-score 96 -0.32 1.18 -0.20 -3.20 - 2.10
HAZ-adjusted

92 -0.40 1.02 -0.32 -341-1.77
Z-score

SD, standard deviation; BMC, bone mineral content; BMD, bone mineral density; HAZ,
height-for-age Z-score.

Both weight and height were significantly correlated with BMD
at all three main locations (p<0.001 in all cases). Correlation
coefficients for weight and height, respectively, were as follows:
lumbar spine BMD: 0.855 and 0.824; whole body BMD: 0.889 and
0.899; and TBLH BMD: 0.908 and 0.935.

LBMD criteria (Z-score <2) were met by 8.2% (n=8) of the
sample in the lumbar spine and 10.5% (n=10) in the whole-body.
After HAZ adjustment, these values decreased to 6.4% (n=6) and
7.2% (n=8), respectively.

3.2 Comparison of unadjusted and HAZ-
adjusted Z-scores

No significant differences (p=0.913) were observed in the mean
unadjusted (-0.44 +/- 1.07) or HAZ-adjusted (-0.43 +/- 0.96)
lumbar spine Z-scores. The correlation coefficient between the
two scores was 0.78 (p<0.001), with a mean difference of 0.0075.
However, the unadjusted Z-score was more variable than the HAZ-
adjusted spine Z-score with a difference of 0.67.

The relationship between these variables is graphically
illustrated in Figure 1. Despite the close correlation between the

spine HAZ
Z-score

400

Lumbar spine Z-score

FIGURE 1

Whole body HAZ-adjusted

10.3389/fendo.2025.1587382

HAZ adjusted and unadjusted measures, there was a difference in
the diagnosis of LBMD in 7% of the patients. More specifically, in
5% (n=5) of the patients, the unadjusted lumbar spine Z-score was
< -2 but the adjusted score was > -2. By contrast, in 2% (n=2) of
patients, the HAZ-adjusted Z-score was < -2 with an adjusted score
> -2. At the LBMD threshold (< -2), the concordance index between
the unadjusted and HAZ-adjusted lumbar spine Z-scores was 0.498.

No significant differences (p=0.367) were observed between the
unadjusted (-0.34 £ 1.19), and HAZ-adjusted (-0.40 + 1.02) whole
body Z-scores, with a mean difference of 0.063 (-0.34 unadjusted vs
-0.4 HAZ-adjusted Z-scores). The difference between the two
measures in terms of SD was 0.66, indicating less dispersion in
the HAZ-adjusted Z-score. The correlation between these variables
was 0.82, as shown in Figure 1.

Two patients (2%) with a HAZ-adjusted whole-body Z-score <
-2 (LBMD threshold), had an unadjusted Z-score > -2. Similarly, 5
patients (5%) with an unadjusted Z-score < -2, had a HAZ-adjusted
Z-score > -2. The concordance between the unadjusted and the
HAZ-adjusted whole-body Z-scores at the LBMD threshold
was 0.557.

4 Discussion

The aim of this study was to determine whether size adjustment
should be performed only in children with short stature (height <
3rd percentile), as currently recommended, or if it should always be
adjusted when performing pediatric bone densitometry. This study
was prompted by real-world clinical observations at our center,
which led us to believe that the diagnostic accuracy of LBMD could
be improved in other groups by performing HAZ adjustments,
particularly in children with tall stature.

In this context, we determined the variability in densitometric
Z-scores for the main ROIs, with and without HAZ Z-score
adjustment, in a cohort of children who were not pre-selected
based on height. We adjusted all Z scores, regardless of the
individual’s height or weight percentile. We found no significant

Z-score

400

Whole body Z-score

Relationship between HAZ-adjusted and unadjusted lumbar spine and whole-body Z-score.

Frontiers in Endocrinology

04

frontiersin.org


https://doi.org/10.3389/fendo.2025.1587382
https://www.frontiersin.org/journals/endocrinology
https://www.frontiersin.org

Magallares et al.

differences in the mean adjusted and unadjusted Z-scores for the
main ROIs (i.e., spine and whole body). However, the HAZ-
adjusted Z-scores showed less dispersion (based on SD values),
indicating reduced variability.

At the LBMD threshold (Z-score < -2), the discordance rate
between HAZ-adjusted and unadjusted measurements was 7% in the
two ROIs (lumbar spine and whole body). After HAZ adjustment, 5%
of patients who had met diagnostic criteria for LBMD (based on
unadjusted values) no longer met those criteria and 2% of patients
whose Z-scores were considered normal actually met LBMD criteria.

After HAZ adjustment, 5% of patients who initially met
diagnostic criteria for LBMD no longer did, likely corresponding
to those on the lower end of the height percentile. Conversely, 2% of
patients who now met LBMD criteria post-adjustment were likely
on the higher end of the height percentile. These findings suggest a
strong correlation between HAZ-adjusted and unadjusted Z-scores
given that both scores measure the same parameter. However, the
reduced variability in the HAZ-adjusted Z-scores, particularly at the
diagnostic threshold, is an important advantage of using adjusted
scores because it reduces both underdiagnosis or overdiagnosis.

These findings are consistent with previous studies supporting
size correction in children with growth disturbances, and they also
reinforce the utility of methods such as bone volume estimation
using geometric modeling approximations, as described by Kroger
et al. (10). Nonetheless, these techniques also rely on certain
assumptions and may not be routinely available in all clinical
settings. Moreover, while newer imaging modalities like REMS
may offer size-independent assessment (11), they are still not
routinely available and further validation is required before
widespread implementation in pediatric care.

Given these results, we believe that densitometric size
adjustment should be applied to the whole pediatric population,
regardless of stature or growth status. Size adjustment could be
particularly beneficial in individuals whose height falls in the upper
percentiles as unadjusted scores in this group are more likely to
appear within the normal range, thus masking an LBMD diagnosis
and delaying appropriate follow-up or treatment. Therefore, we
recommend that clinicians consider applying size adjustment for all
pediatric densitometry in all patients.

4.1 Strengths and limitations

The main limitation this study is the single-center design, which
may limit the generalizability of our findings to other clinical
settings or populations. Notwithstanding that limitation, the
study hospital is a tertiary care referral center for rheumatic
diseases, with a broad catchment area (> 450,000 residents), thus
ensuring a diverse patient population. Another limitation is
technical in nature, related to the DXA software used at the time
of the study, which prevented us from performing Z-score
evaluations for the TBLH projections. As a result, we were unable
to obtain standardized assessments for those measurements. To
overcome this limitation, we included both raw BMD values and Z-
scores, which improves transparency and allows for a more
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nuanced interpretation of bone health in this population. It
should be noted that this limitation is common in routine clinical
practice at many hospitals, where lumbar spine DXA scans are often
the only assessment performed. Despite this limitation, we believe it
is important to present our data to encourage other centers to
perform whole-body assessments, as this can provide important
information until new software becomes available for TBLH
projections (12). Clearly, these limitations should be considered
when interpreting our findings. More research is needed with the
latest DXA technology and standardized protocols across various
populations to validate our findings.

This study has several strengths. First, several previous studies
have concluded that size adjustment for DXA measurements should
be performed in specific populations with growth disturbances (6,
13, 14). To our knowledge, however, our study is the first to
investigate the need to perform size adjustments for all pediatric
DXAs and the first to compare diagnostic discrepancies between
adjusted and unadjusted measurements. By evaluating the impact of
HAZ adjustment of Z-scores in a diverse, unselected pediatric
cohort, our study provides evidence to support the benefits of size
adjustment in improving the accuracy of the LBMD diagnosis. The
inclusion of both raw and adjusted Z-scores further enhances the
robustness of our analysis and supports the application of these
findings in clinical practice.

4.2 Conclusion

In this study, we found discrepancies between HAZ-adjusted
and unadjusted Z-scores in terms of the diagnosis of LBMD. More
specifically, we found that the diagnosis differed in 7% of patients
according to whether the adjusted or unadjusted scores were used.
In 5% of cases, the patients no longer met criteria for a diagnosis of
LDMD after HAZ adjustment. In 2% of cases, patients who
originally had normal Z-scores met LBMD criteria after
adjustment. These findings highlight the critical importance of
performing size adjustment in all pediatric DXA measures to
avoid both underdiagnosis and overdiagnosis. These findings
suggest that Z-scores should be size adjusted for in all pediatric
cases, especially in children in the top height percentiles, to improve
the accuracy and reliability of the LBMD diagnosis.
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