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Bone quality by quantitative ultrasound and fracture rate were
assessed in 135 (64 males) children and adolescents aged 3–21 y
with bone and mineral disorders such as chronic anticonvulsants or
glucocorticoids treatment, juvenile rheumatoid arthritis, celiac dis-
ease, paucity of intrahepatic bile ducts, autoimmune hepatitis, ge-
netic diseases, idiopathic juvenile osteoporosis, disuse osteoporosis,
�-thalassemia major, survivors of acute lymphoblastic leukemia,
liver transplantation, calcium deficiency, and nutritional or X-linked
hypophosphatemic rickets. Amplitude-dependent speed of sound
through the distal end of the first phalangeal diaphysis of the last
four fingers of the hand was measured by an ultrasound device. In
the majority of patients cortical area to total area ratio by metacarpal
radiogrammetry (n � 120) and lumbar bone mineral density (BMD)
by dual-energy x-ray absorptiometry (n � 99) were also assessed. In
patients with X-linked hypophosphatemic rickets radial BMD by
single-photon absorptiometry instead of lumbar BMD was mea-
sured. Mean values of amplitude-dependent speed of sound, cortical
area to total area ratio, lumbar BMDarea, or lumbar BMD corrected
for bone sizes estimated by a mathematical model (BMDvolume),
as well as mean values of radial BMD in patients with X-linked
hypophosphatemic rickets, expressed as z score, were significantly
reduced (p � 0.0001) in comparison with their reference values
(�1.7 � 1.0, �2.0 � 0.9, �3.0 � 1.3, �1.9 � 1.0, �2.7 � 0.7,
respectively). A positive relationship was found between amplitude-
dependent speed of sound and cortical area to total area ratio (r �
0.90, p � 0.0001), lumbar BMDarea (r � 0.62, p � 0.0001), or
lumbar BMDvolume (r � 0.66, p � 0.0001). Fifty-two patients

(38.5%) had suffered fractures in the 6 mo preceding the bone
measurements, the radial distal metaphysis being the most frequent
fracture site (28.8%). Mean values of amplitude-dependent speed of
sound, cortical area to total area ratio, lumbar BMDarea, or lumbar
BMDvolume, expressed as z score, of fractured patients were
significantly lower (p � 0.0001) than those of fracture-free patients
(�2.2 � 1.0 and �1.4 � 0.8, �2.6 � 0.9 and �1.7 � 0.7, �3.5 �
1.2 and �2.5 � 1.0, �2.5 � 1.0 and �1.3 � 0.7, respectively).
Phalangeal quantitative ultrasound may be a useful method to assess
bone quality and fracture risk in children and adolescents with bone
and mineral disorders. (Pediatr Res 54: 125–136, 2003)

Abbreviations
AD-SoS, amplitude-dependent speed of sound
BMI, body mass index
BMC, bone mineral content
BMD, bone mineral density
CA, cortical area
CV, coefficient of variation
DXA, dual-energy x-ray absorptiometry
25-OH-D, 25-hydroxyvitamin D
MA, medullary cavity area
MW, medullary cavity width
QUS, quantitative ultrasound
ROI, region-of-interest
TA, total area
TW, total subperiosteal width

DXA has been widely accepted as a noninvasive method for
BMD measurement in adults as well as in pediatric subjects (1).
An important shortcoming of DXA is that it measures an areal

density, so that in growing children BMD is closely related to
anthropometric findings and bone sizes (2). Correction of the
amount of mineral measured for the apparent bone sizes
(BMDvolume) may be a useful tool to reduce the large biologic
variation in BMD measurements caused mainly by the confound-
ing influence of age-related changes in bone geometry (2–4).

Bone mass studies have recently revitalized the use of
metacarpal radiogrammetry to assess cortical bone mass and
fracture risk (5–7). Indeed, changes in cortical width show a
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higher degree of correlation with changes in mass and strength
of cortical bone (8, 9). A limitation of metacarpal radiogram-
metry may be that it does not measure trabecular bone, and
most metabolic bone diseases affect trabecular bone to a
greater extent than cortical bone (9), but a reduction in bone
mass may occur equally in both trabecular and cortical bone
and not selectively in either (8).

QUS is a new and noninvasive method of estimating bone
quality (10–12). This technique is safe, easy to use, and
radiation-free; the equipment is portable and relatively cheap in
comparison with more expensive densitometric techniques
such as DXA and quantitative computed tomography. Clinical
studies showed that phalangeal QUS was able to discriminate
between osteoporotic and healthy women (12–15), and it may
predict fracture independent of BMD (12, 16). The U.S. Food
and Drug Administration has recently approved the use of
some QUS devices for the routine diagnosis of bone mineral
status and determination of fracture risk (17). There are very
few data on the assessment of phalangeal QUS in children with
bone and mineral disorders (18, 19).

In this study we assessed AD-SoS at proximal phalanges of
the hand in children and adolescents with bone and mineral
disorders to investigate the application of phalangeal QUS in
clinical practice. In the majority of patients we also assessed
cortical bone mass by metacarpal radiogrammetry and lumbar
BMD by DXA to examine their relationship with phalangeal
QUS. In addition, we assessed whether phalangeal QUS was
able to discriminate fractured from fracture-free patients.

METHODS

Patients. A total of 135 patients (64 males and 71 females)
aged 3–21 y with bone and mineral disorders were recruited
from our Endocrine Unit at the Department of Pediatrics of our
university. The examined disorders and clinical findings of
patients are reported in Table 1.

Patients receiving chronic anticonvulsant treatment (pheno-
barbital, phenytoin, primidone, or carbamazepine in various
combinations) were affected by idiopathic epilepsy, with an

otherwise normal neurologic status. The duration of treatment
was more than 15 mo up to 4 y. No patient received vitamin D
supplements during the anticonvulsant treatment, and all of
them had reduced serum 25-OH-D levels (23.2 � 4.2 nM;
normal values, 28–110 nM; p � 0.001).

Patients receiving long-term glucocorticoid treatment (main-
tenance dose, 0.3–0.9 mg prednisone/kg per day) were affected
by hematic disorders such as autoimmune hemolytic anemia (n
� 6) or immune thrombocytopenic purpura (n � 3), severe
asthma (n � 3), or sarcoidosis (n � 1). Duration of glucocor-
ticoid treatment ranged from 1.2 to 1.9 y.

Patients with juvenile rheumatoid arthritis had a pauciarticu-
lar (n � 4) or a polyarticular (n � 5) form of the disease, but
no patient showed involvement of the small joints of the hand
at entry into the study. Disease duration ranged from 2.3 to
7.7 y. Three patients had received systemic glucocorticoid
treatment (1 mg prednisone/kg per day) for 2–7 mo during the
year preceding the study, but at entry no patient was receiving
glucocorticoids.

All patients with celiac disease were newly diagnosed. The
patients were observed for short stature or abdominal
symptoms.

Patients affected by paucity of intrahepatic bile ducts had a
nonsyndromic form of the disease. All patients received cho-
lestyramine (12–14 g/d) combined with ursodeoxycholic acid
(15–20 mg/kg per day, n � 4) to treat pruritus and jaundice. In
addition, a low-fat diet, and supplements of vitamin A, D, E,
and K were given to all patients.

Patients with autoimmune hepatitis were receiving a main-
tenance dose of prednisone (0.2–0.4 mg/kg per day). At entry
into the study all patients had aminotransferase values in the
normal range. No other autoimmune disorder was associated
with autoimmune hepatitis. Three patients had reduced serum
25-OH-D levels (21.1 � 2.1 nM, p � 0.001).

Patients with genetic disease were affected by osteogenesis
imperfecta (n � 4), Marfan syndrome (n � 2), Lujan-Fryns
syndrome (n � 1), and cystic fibrosis (n � 2). Except for
patients with cystic fibrosis who were receiving vitamin D

Table 1. Examined bone and mineral disorders and clinical findings of patients

Disorder n Sex*
Chronologic age

(y)
Height

(z score)
BMI

(z score)

Chronic anticonvulsant treatment 11 6M/5F 9.5 � 4.3 �1.1 � 1.5 0.8 � 1.0
Glucocorticoid treatment 13 6M/7F 11.6 � 3.7 �0.3 � 1.3 1.1 � 1.2
Juvenile rheumatoid arthritis 9 3M/6F 12.0 � 3.2 �2.6 � 1.8 1.0 � 1.9
Celiac disease 13 5M/8F 9.5 � 3.5 �1.7 � 0.8 �0.2 � 0.9
Paucity of intrahepatic bile ducts 5 2M/3F 11.0 � 3.3 �2.4 � 0.6 �1.3 � 0.5
Autoimmune hepatitis 8 3M/5F 12.8 � 4.6 �0.8 � 1.1 1.5 � 1.1
Genetic diseases 9 4M/5F 8.8 � 3.2 �0.8 � 1.9 0.3 � 1.2
Idiopathic juvenile osteoporosis 7 6M/1F 12.4 � 2.7 0.7 � 0.9 1.9 � 1.0
Disuse osteoporosis 11 10M/1F 11.3 � 3.9 �1.3 � 1.1 �0.3 � 1.8
�-Thalassemia major 10 3M/7F 18.4 � 4.3 �2.4 � 1.2 �0.01 � 1.8
Survivors of acute lymphoblastic leukemia 8 3M/5F 13.5 � 4.1 �0.9 � 1.6 1.1 � 1.8
Liver transplantation 3 3F 17.0 � 2.4 �2.0 � 0.2 �0.6 � 0.5
Calcium deficiency 8 4M/4F 9.9 � 4.0 �0.4 � 1.2 0.6 � 1.3
Nutritional rickets 4 3M/1F 3.5 � 0.9 �1.7 � 0.9 0.2 � 1.0
X-linked hypophosphatemic rickets 16 6M/10F 7.6 � 4.2 �2.5 � 1.1 1.6 � 1.2

Data are expressed as mean � SD.
* M, males; F, females.
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supplements (600 IU/d), no patient had received drugs known
to alter bone and mineral metabolism in the 6 mo preceding
entry into the study.

In patients with idiopathic juvenile osteoporosis diagnosis
was made after the exclusion of known causes of osteoporosis
in childhood (20). All patients were examined at diagnosis.
They were appropriately physically active for their age.

Patients with disuse osteoporosis consisted of severely hand-
icapped children with or without cerebral damage (n � 4 and
n � 7, respectively). All patients showed extremely reduced
mobility. No patient was institutionalized. The patients with
cerebral damage received chronic anticonvulsant treatment
(phenobarbital or phenytoin) for seizures, and vitamin D sup-
plements (600–800 IU/d).

Patients with �-thalassemia major underwent regular trans-
fusions with packed red cells every 3 to 4 wk and iron chelators
(desferrioxamine s.c. approximately 40 mg/kg body wt, 6
times/wk). In addition, two patients received calcium carbonate
(elemental calcium 1.0–1.5 g/d) and 1,25-dihydroxyvitamin
D3 (1.5–2.0 �g/d) for hypoparathyroidism.

Survivors of acute lymphoblastic leukemia were examined
2–4 y after the completion of therapy. All subjects had re-
ceived methotrexate and glucocorticoid treatment. Two sub-
jects (one boy and one girl) showed hypergonadotropic hypo-
gonadism as a consequence of the treatment and received
replacement therapy (boy, testosterone enanthate, 100 mg in-
tramuscular monthly; girl, conjugated estrogens, 0.6 mg/d for
24 d/mo).

Transplanted subjects underwent liver transplantation for
primary biliary cirrhosis, caused by severe biliary atresia, from
3 to 11 y. All subjects were receiving immunosuppressive
therapy with cyclosporin A (2.9–3.2 mg/kg per day) to prevent
graft rejection. All subjects had a normal liver and renal
function.

Patients with dietary calcium deficiency avoided dairy prod-
ucts for genetically induced lactose intolerance (n � 2), cow’s
milk protein allergy (n � 3), or eczema or atopic diseases (n �
3). All patients received calcium supplements such as carbon-
ate (elemental calcium 0.5–1.0 g/d), but compliance with the
treatment was poor. In all patients, total calcium intake was
less than 50% compared with the recommended dietary allow-
ance (21) (infants, n � 1, 345 mg/d and 800 mg/d; children, n
� 3, 332 � 36 mg/d and 1000 mg/d; adolescents, n � 4, 378
� 45 mg/d and 1200 mg/d, respectively).

Patients with nutritional rickets were examined at diagnosis.
Vitamin D deficiency was caused by extremely reduced sun-
light exposure without vitamin D supplementation. Three pa-
tients were institutionalized from birth: two of these were
adopted from East Europe and one was rejected by the parents.
One patient lived in a practicing Muslim family and wore
concealing clothing when outdoors. All patients had reduced
serum 25-OH-D (19.2 � 2.4 nM, p � 0.001) and increased
serum intact PTH (142.8 � 16.4 ng/L; normal values, 10–60
ng/L; p � 0.001) levels.

Patients with X-linked hypophosphatemic rickets were ex-
amined at diagnosis (n � 8) or during treatment (1,25-
dihydroxyvitamin D3, 35–40 ng/kg per day plus inorganic oral
phosphate salts, 70–90 mg/kg per day, n � 8).

Study design. In all patients AD-SoS was assessed at the
proximal phalanges of the hand, and the values were compared
with sex- and age-reference values by using our own normative
data (22). In the majority of patients (n � 120, 88.9%) CA/TA
ratio was assessed by metacarpal radiogrammetry; the values
of patients were compared with sex- and age-reference values
by using those reported by Garn et al. (23). In 99 patients
(73.3%), with the exception of patients with X-linked hy-
pophosphatemic rickets, lumbar BMDarea and lumbar
BMDvolume by DXA were also assessed. Lumbar BMDarea
and lumbar BMDvolume values of patients were compared
with sex- and age-reference values by using those reported by
Boot et al. (24), which were obtained by the same DXA
machinery equipped with the same software as we used. In all
patients with X-linked hypophosphatemic rickets radial BMD
by single-photon absorptiometry instead of lumbar BMD was
measured because they usually have reduced appendicular
BMD independent of treatment (25–27) and increased axial
BMD (26, 27) caused by overabundance of partially mineral-
ized osteoid (26), or a high prevalence of spinal osteosclerosis
and enthesopathy (27, 28). The radial BMD values were
compared with sex- and age-reference values by using our own
normative data (29).

In addition, we compared AD-SoS, CA/TA ratio, and lum-
bar BMD values between patients who had a history of frac-
tures (fractured) and those who had never fractured (fracture-
free) in the 6 mo preceding the bone measurements. In all
fractured patients severity of injury causing fractures and sites
of fractures were recorded.

Consent. Informed consent to perform the study was ob-
tained from the parents and from their son or daughter when his
or her chronologic age was younger than 18 y and directly from
each patient whose chronologic age was older than 18 y. The
study was approved by the ethics committee for human inves-
tigation of our department.

Assessment of anthropometric findings. Standing height
was measured with a wall-mounted stadiometer by one of us.
To allow a comparison between different ages and sexes,
height was expressed as z score according to Freeman et al.
(30). BMI was calculated using the formula weight (kilograms)
divided by height (square meters), and the values were ex-
pressed as z score according to Cole et al. (31).

Assessment of ultrasound velocity. The device used (DBM
Sonic 1200; IGEA, Carpi, Italy) is based on the transmission of
ultrasound through the distal end of the first phalangeal diaph-
ysis in the proximity of the condyles (ROI) of the last four
fingers of the hand. The condyles at the distal diaphysis
provide a convenient point for placing the probes, which is an
essential feature for reproducibility of measurements (11). The
distal end of the diaphysis of the proximal phalanges contains
both cortical and trabecular bone, as well as a small medullary
canal; the anatomic ROI is mostly cortical bone (approximately
60%) (32). Two 12-mm-diameter transducers on a high preci-
sion (� 0.02 mm) caliper, which measures the distance be-
tween the two probes, are positioned on the lateral and medial
surface of each finger. The medial and lateral surface of the
phalanx at the ROI is approximately parallel, hence reducing
ultrasound scattering (11). The coupling of the probes with the
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skin is mediated by standard ultrasound gel. The device cal-
culates the speed of sound (meters per second) through the
phalanx by measuring the width of the finger (including soft
tissues) divided by the time of flight, defined as the time from
emitted pulse to received signal considering the signal that
reaches a predetermined minimum amplitude value (2 mV) for
the first time; thus, the assessed ultrasound velocity is ampli-
tude-dependent (33). Further details are reported elsewhere
(22). The final result is the average AD-SoS, expressed as
meters per second, over four fingers. In all subjects, AD-SoS
was measured in the nondominant hand. The results were
calculated as z score by using the formula: measured individual
value minus mean normal value for age and sex divided by SD
of normal mean. Intra- and interoperator CV, in vivo, was
0.55% and 0.91%, respectively.

Assessment of cortical bone mass by metacarpal radio-
grammetry. A radiograph of the nondominant hand with the
hand placed in a position determined by a palm plate was made
to measure the CA/TA ratio according to Garn et al. (23).
Morphometric measurements were performed at the midshaft
of the second metacarpal by an electronic caliper (� 0.02 mm).
The second metacarpal bone diaphysis usually has a central
longitudinal axis of symmetry, and its cortex is equally thick,
often homogeneous, and easily measurable on both the cubital
and the radial sides (34). The basic measurements were TW
and MW; thereafter, TA (0.785 � TW2), MA (0.785 � MW2),
and CA (0.785 � [TW2 � MW2]) were calculated (23).
CA/TA ratio was determined to express the proportion of bone
in the bone envelope. Thus, CA/TA ratio may be considered to
be an indirect method of estimating cortical bone mass (5–9,
23). The results were calculated as z score by using the same
formula as we used to calculate AD-SoS z score. The CV of
TW and MW was obtained from four sets of measurements
made at intervals of some days on the same films of 15
different patients. Measurements were performed by the same
observer, as suggested (8, 9). Intraoperator CV, in vivo, was
1.4% for TW and 5.1% for MW according to Virtama and
Helela (8) and Dequeker (9).

Assessment of BMD by densitometric techniques. Radial
BMD (BMC normalized for bone width, expressed as grams
per square centimeter) was measured by single-photon absorp-
tiometry (model 2783; Norland Corp., Atkinson, WI, U.S.A.)
at the distal third (33% site) of the nondominant forearm. This
ROI of the radius is almost uniformly cylindrical and consists
predominantly of cortical bone (approximately 95%) (35).

Lumbar BMDarea (BMC corrected by the vertebral surface
area scanned, expressed as grams per square centimeter) was
measured by posteroanterior DXA (Lunar DPX-L/PED; Lunar
Radiation Corp., Madison, WI, U.S.A.) in the lumbar spine at
L2–L4 level, a site that provides a measure of integral (cortical
plus trabecular) bone. The ROI of the DXA scan consists
approximately of 50% cortical and 50% trabecular bone (35).
Indeed, at the ROI the posterior elements of the vertebra are
inevitably included in the quantification of BMC; they contain
approximately 50% of the total BMC of the whole vertebra
being primarily compact bone (36). Lumbar BMDvolume (ex-
pressed as grams per cubic centimeter) was calculated as
BMC/bone volume. The estimation of L2–L4 bone volume

was based on the method proposed by Kroger et al. (3); in this
model the lumbar vertebral body was assumed to have a
cylindrical shape. The validity of this model was assessed
using in vivo volumetric data obtained from magnetic reso-
nance imaging of lumbar vertebrae (37). The bone volume of
each vertebral body was calculated as follows: volume � � �
(diameter/2)2 � height, where diameter � width of vertebral
body, and height � height of vertebral body (2). The height
and width of vertebral bodies were provided as ancillary
DXA-derived data assessed by posteroanterior DXA scans (24,
37, 38). Although the volume correction is not anatomic,
lumbar BMDvolume values provide a better approximation of
the true bone density than lumbar BMDarea (2–4). The refer-
ence values for lumbar BMDvolume to compare the results of
our patients were obtained by using the same formula and the
same procedure of calculation as we used (24).

The results of radial BMD, lumbar BMDarea, or lumbar
BMDvolume were calculated as z score by using the same
formula we used to calculate AD-SoS z score. The CV, in vivo,
was less than 1.5% and 1.0% for radial BMD and lumbar
BMD, respectively.

Assessment of fracture findings. In all fractured patients
severity of injury causing fractures was recorded. The severity
of injury was classified as slight, moderate, or severe according
to Landin (39). Slight trauma consisted of an injury caused by
forces exerted by the injured individual (e.g. falling to the
ground from standing on the same level, ball playing, running);
moderate trauma consisted of an injury caused by forces
connected to height above ground level (e.g. falling from
between 0.5 and 3 m) or velocities (e.g. falling downstairs,
from a bicycle or scooter, from swings or slides); severe
trauma included falling from a height exceeding 3 m, all traffic
accidents, or being hit by a moving, heavy object. In all
patients, fractures caused by a severe trauma were not included
in the study. Two fractures of the same bone caused by the
same injury were recorded as one fracture. Multiple fractures
of the small bones of the hand or foot were recorded as one
fracture regardless of the number of fractured bones. The sites
of fractures were confirmed by examining the plain
radiographs.

Statistical analysis. The results are expressed as median, or
mean � SD. Comparisons of AD-SoS, CA/TA ratio, radial
BMD, lumbar BMDarea, and lumbar BMDvolume data be-
tween patients and reference values, as well as between frac-
tured and fracture-free patients, were assessed by the nonpara-
metric Mann-Whitney test. Simple linear regression analysis
by Pearson’s formula was performed to determine the associ-
ations among AD-SoS, CA/TA ratio, radial BMD, lumbar
BMDarea, and lumbar BMDvolume. Simple and multiple step-
wise regression analyses were carried out between AD-SoS
(meters per second), CA/TA ratio, radial BMD (grams per
square centimeter), lumbar BMDarea (grams per square centi-
meter), or lumbar BMDvolume (grams per cubic centimeter)
and chronologic age (years), height (centimeter), weight (kilo-
grams), or BMI (kilograms per square meter) as independent
variables. The relationship between the methods of measuring
of bone mineral status was also examined after dividing the
obtained values into tertiles according to Foldes et al. (40). A
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p � 0.05 was considered significant for all statistical analyses.
All statistical analyses were carried out using the SPSS for
Windows software program, version 9.0 (Statistical Package of
Social Sciences, Chicago, IL, U.S.A.).

RESULTS

AD-SoS. Median and individual values of AD-SoS, ex-
pressed as z score, of patients compared with normative data
are reported in Figure 1. In all disorders, but not in patients
with paucity of intrahepatic bile ducts or liver transplantation,
median AD-SoS values were less than 1 SD of normal mean.
Only patients with idiopathic juvenile osteoporosis had a me-
dian value of AD-SoS less than 2 SD of normal mean. Mean
AD-SoS values were significantly reduced in all disorders,
except for liver transplantation and nutritional rickets.

CA/TA ratio. Median and individual values of CA/TA ratio,
expressed as z score, of patients compared with normative data
are reported in Figure 2. In all disorders median CA/TA ratio
values were less than 1 SD of normal mean. Patients receiving
anticonvulsants or glucocorticoids, and patients affected by
juvenile rheumatoid arthritis, autoimmune hepatitis, idiopathic
juvenile osteoporosis, disuse osteoporosis, or �-thalassemia
major had a median value of CA/TA ratio less than 2 SD of
normal mean. Mean CA/TA ratio values were significantly
reduced in all disorders, except for patients affected by paucity
of intrahepatic bile ducts.

Radial BMD or lumbar BMDarea. Median and individual
values, expressed as z score, of radial BMD in patients with
X-linked hypophosphatemic rickets and lumbar BMDarea in
the other examined disorders compared with normative data
are reported in Figure 3. Lumbar BMDarea was assessed in
only one patient with paucity of intrahepatic bile ducts or
nutritional rickets. In all disorders, but not in patients with
celiac disease, median BMD values were less than 2 SD of
normal mean. Patients treated with glucocorticoids and patients

affected by juvenile rheumatoid arthritis, genetic diseases,
disuse osteoporosis, �-thalassemia major, or survivors of acute
lymphoblastic leukemia had a mean value of lumbar BMDarea
less than 3 SD of normal mean. Mean BMD values were
significantly reduced in all disorders.

Lumbar BMDvolume. Median and individual values of
lumbar BMDvolume, expressed as z score, of patients com-
pared with normative data are reported in Figure 4. Lumbar
BMDvolume was assessed in only one patient with paucity of
intrahepatic bile ducts or nutritional rickets. In all disorders
median lumbar BMDvolume values were less than 1 SD of
normal mean. Patients treated with glucocorticoids, and pa-
tients affected by juvenile rheumatoid arthritis, genetic dis-
eases, idiopathic juvenile osteoporosis, disuse osteoporosis, or
�-thalassemia major had a median value of lumbar
BMDvolume less than 2 SD of normal mean. In all examined
disorders, but not in liver transplantation, mean lumbar
BMDvolume values were significantly reduced.

Mean values of AD-SoS, CA/TA ratio, lumbar BMDarea,
and lumbar BMDvolume in patients as a whole. Mean values
of AD-SoS (n � 135), CA/TA ratio (n � 120), lumbar
BMDarea (n � 99), and lumbar BMDvolume (n � 99) in all
patients as a whole, expressed as z score, were significantly
reduced (p � 0.0001) in comparison with their normal refer-
ence values (�1.7 � 1.0, �2.0 � 0.9, �3.0 � 1.3, and �1.9
� 1.0, respectively), as well as mean values of radial BMD in
patients with X-linked hypophosphatemic rickets (z score,
�2.7 � 0.7; p � 0.0001).

Classification of bone measurements into tertiles is reported
in Figure 5. Tertile analysis in patients who performed all the
bone measurements (n � 95, 70.4%) showed that more than
84%, 59%, and 65% of patients with low tertile AD-SoS fell
within the low tertile of CA/TA ratio, lumbar BMDarea, and
lumbar BMDvolume, respectively. Seventeen patients who had
a value of AD-SoS within the low tertile also had a value of

Figure 1. Median and individual values of AD-SoS, expressed as z score, in patients with bone and mineral disorders (n � 135) compared with normative data.
Mean � SD, expressed as z score, were as follows: Lt, �0.8 � 0.4 and Nr, �1.8 � 1.3, NS; PBD, �1.2 � 0.6 and Ah, �1.1 � 0.7, p � 0.01; Cd, �1.3 �
0.5, p � 0.001; At, �1.5 � 0.7, Gt, �2.1 � 0.8, JRA, �2.3 � 1.6, C, �1.2 � 0.6, G, �1.6 � 0.6, IJO, �2.0 � 0.7, D, �2.1 � 1.1, T, �1.9 � 0.7, ALL,
�1.8 � 1.0, and Hr, �1.9 � 1.0, p � 0.0001 in comparison with the mean of normative data. Abbreviations: At, chronic anticonvulsant treatment; Gt,
glucocorticoids treatment; JRA, juvenile rheumatoid arthritis; C, celiac disease; PBD, paucity of intrahepatic bile ducts; Ah, autoimmune hepatitis; G, genetic
diseases; IJO, idiopathic juvenile osteoporosis; D, disuse osteoporosis; T, �-thalassemia major; ALL, survivors of acute lymphoblastic leukemia; Lt, liver
transplantation; Cd, calcium deficiency; Nr, nutritional rickets; Hr, X-linked hypophosphatemic rickets.
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CA/TA ratio, lumbar BMDarea, and lumbar BMDvolume
within their low tertile at the same time.

Correlation among AD-SoS, CA/TA ratio, radial BMD,
lumbar BMDarea, and lumbar BMDvolume. A positive rela-
tionship was found between AD-SoS and CA/TA ratio, lumbar
BMDarea, or lumbar BMDvolume, expressed as z score, being
the higher correlation coefficient between AD-SoS and CA/TA
ratio (Fig. 6). CA/TA ratio correlated significantly with lumbar
BMDarea (y � 0.492x � 0.601, r � 0.67, p � 0.0001, n � 95),
or lumbar BMDvolume (y � 0.626x � 0.848, r � 0.69, p �
0.0001, n � 95), expressed as z score. Lumbar BMDarea and
lumbar BMDvolume, expressed as z score, were significantly
correlated (y � 1.021x � 0.989, r � 0.82, p � 0.0001, n � 99).
In patients with X-linked hypophosphatemic rickets AD-SoS
and CA/TA ratio, expressed as z score, correlated with radial
BMD (y � 1.057x � 0.879, r � 0.82, p � 0.0001, n � 16, and
y � 0.649x � 0.147, r � 0.63, p � 0.01, n � 16, respectively).

There was no correlation between AD-SoS, CA/TA ratio,
lumbar BMDarea, or lumbar BMDvolume and chronologic

age, height, weight, or BMI in both simple (r � 0.02–0.16,
NS) and multiple regression analyses (r � 0.19–0.25, NS).

Sites of fractures and severity of injury in fractured pa-
tients. Fifty-two patients (38.5%) had suffered fractures in the
6 mo preceding the bone measurements (Table 2). The sites of
fractures in fractured patients are listed in Table 3. The major-
ity of fractured patients suffered fractures of the upper limb,
most commonly occurring in the radial distal metaphysis.
Femoral neck was the most common site of fractures in lower
limbs. No patient sustained fractures in the ROI for measuring
AD-SoS or CA/TA ratio.

All but three patients suffered a fracture as a consequence of
a slight trauma whereas the remaining patients suffered a
fracture caused by a moderate trauma (falling downstairs n �
1, or from a bicycle n � 2).

Mean values of AD-SoS, CA/TA ratio, lumbar BMDarea,
and lumbar BMDvolume in fractured and fracture-free pa-
tients. Mean values of AD-SoS, CA/TA ratio, lumbar
BMDarea, and lumbar BMDvolume, expressed as z score, of

Figure 2. Median and individual values of CA/TA ratio, expressed as z score, in patients with bone and mineral disorders (n � 120) compared with normative
data. Mean � SD, expressed as z score, were as follows: PBD, �1.7 � 0.4, NS; Ah, �1.9 � 0.7, p � 0.04; Lt, �1.0 � 0.2 and Nr, �2.3 � 0.7, p � 0.01;
At, �1.7 � 0.7 and ALL, �2.0 � 0.9, p � 0.001; Gt, �2.4 � 0.9, JRA, �2.6 � 1.2, C, �1.5 � 0.7, G, �2.2 � 0.8, IJO, �2.3 � 0.6, D, �2.4 � 1.1, T, �2.4
� 0.9, Cd, �1.7 � 0.5, and Hr, �1.9 � 0.8, p � 0.0001 in comparison with the mean of normative data. For abbreviations, see Figure 1.

Figure 3. Median and individual values of radial BMD in patients with X-linked hypophosphatemic rickets (Hr, n � 16) or lumbar BMDarea (L-BMDarea) in the
other patients with bone and mineral disorders (n � 99), expressed as z score, compared with normative data. Mean � SD, expressed as z score, were as follows: Lt,
�1.9 � 0.5, p � 0.02; ALL, �2.6 � 1.2, p � 0.01; At, �2.7 � 1.1, Gt, �3.3 � 1.0, JRA, �3.9 � 1.3, C, �2.3 � 1.3, G, �3.7 � 1.0, IJO, �2.2 � 1.2, D, �3.6
� 1.1, T, �3.3 � 0.9, Cd, �2.2 � 0.7, and Hr, �2.7 � 0.7, p � 0.0001 in comparison with the mean of normative data. For abbreviations, see Figure 1.
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fractured patients were significantly less than those of fracture-
free patients (Fig. 7). In fractured patients, mean values of
AD-SoS, CA/TA ratio, lumbar BMDarea, and lumbar
BMDvolume were less than 2 SD of normal mean, whereas in
fracture-free patients only mean values of lumbar BMDarea
were less than 2 SD of normal mean. In fractured patients
individual values were less than 1 SD of normal mean in all but
one patient for AD-SoS, in all patients for CA/TA ratio, and in
all but two patients for both lumbar BMDarea and lumbar
BMDvolume (data not shown). Chronologic age, height,
weight, and BMI did not differ (NS) between fractured and
fracture-free patients (data not shown).

DISCUSSION

Ultrasound velocity depends on the material properties of the
medium through which the ultrasound wave travels, and there is
general agreement that ultrasound velocity is influenced by bone
density, architecture, and elasticity (10–12). In healthy children
and adolescents we showed that phalangeal QUS, in addition to
BMD, reflected the architectural organization of growing bone,

suggesting that it may be a useful method to assess bone quality
in pediatric subjects (22). However, ultrasound velocity measure-
ment does not selectively assess each component of bone tissue
influencing ultrasound transmission through bone. Indeed, ultra-
sound velocity is influenced by structural bone variables, and
these variables are also dependent on bone density (41). A recent
study in trabecular bone specimens obtained from the proximal
phalanx of the forelimb of healthy young pigs showed that
ultrasound velocity was related more strictly to BMD than to
elasticity (42), confirming previous data in human cadaveric
lumbar vertebrae (43).

Our results show that children and adolescents with bone and
mineral disorders have reduced mean AD-SoS values assessed at
the proximal phalanges of the hand, with the exception of patients
with nutritional rickets or those who had undergone liver trans-
plantation. A reduced cortical bone mass assessed by metacarpal
radiogrammetry was found in all the examined bone and mineral
disorders, with the exception of patients with paucity of intrahe-
patic bile ducts. A reduced lumbar BMDarea was shown in all
disorders; whereas a reduced lumbar BMDvolume was found in

Figure 4. Median and individual values of lumbar BMDvolume (L-BMDvolume), expressed as z score, in patients with bone and mineral disorders (n � 99)
compared with normative data. Mean � SD, expressed as z score, were as follows: Lt, �1.1 � 0.5, NS; ALL, �1.6 � 0.7, p � 0.01; At, �1.7 � 0.6, Gt, �2.1
� 0.9, JRA, �2.5 � 1.2, C, �1.1 � 0.4, G, �2.5 � 0.8, IJO, �1.6 � 1.0, D, �2.3 � 1.0, T, �2.8 � 0.8, and Cd, �1.5 � 0.7, p � 0.0001 in comparison
with the mean of normative data. For abbreviations, see Figure 1.

Figure 5. Tertile analysis of CA/TA ratio, lumbar BMDarea, and lumbar BMDvolume, expressed as z score, in patients with bone and mineral disorders (n
� 95) whose AD-SoS, expressed as z score, fell within the low tertile.
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Figure 6. Scatter plots of AD-SoS against CA/TA ratio (A), lumbar BMDarea (B), and lumbar BMDvolume (C), expressed as z score, in patients with bone
and mineral disorders. Each plot includes the linear regression equation, the correlation coefficient (r), and the number of patients (n).
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all disorders with the exception of patients who had undergone
liver transplantation. However, the small number of patients with
nutritional rickets, liver transplantation, or paucity of intrahepatic
bile ducts may have affected our results. A reduced radial BMD
was found in patients with X-linked hypophosphatemic rickets, as
expected (25–27).

In all patients as a whole the mean degree of reduction of
AD-SoS values was similar to that of CA/TA ratio or lumbar
BMDvolume, whereas the mean degree of reduction of radial
BMD in patients with X-linked hypophosphatemic rickets or
lumbar BMDarea in the other bone and mineral disorders was
higher than that of AD-SoS, CA/TA ratio, and lumbar
BMDvolume. The degree of reduction in radial BMD or
lumbar BMDarea may have been overestimated because the
majority of our patients had decreased body height and prob-
ably also reduced bone sizes, both affecting these bone mea-

surements (2–4). Indeed, body height and peripheral bone
width, including radius (44) or vertebral cross-sectional area
(45), are closely related. It has been calculated that approxi-
mately 6% of AD-SoS (22) and 19% of lumbar BMDarea (46)
values can be related to bone sizes, whereas the variations in
bone sizes would be corrected by CA/TA ratio (7, 9). However,
it must be considered that the z score value may not have the
same implication with regard to the methodology used to
assess bone mineral status or the site(s) for diagnosis. In
addition, the reference values of bone mass measurements used
for comparison with patients may influence the results (20).
The degree of reduction of bone mineral status in bone and
mineral disorders we examined could be also influenced by the
pathogenetic mechanisms causing osteopenia or osteoporosis
and the severity of the disease, but it was difficult to examine
the different behavior of the bone measurements according to
the cause considering the small number of patients we enrolled
for each disorder.

After classification of bone measurements into tertiles, we
found that phalangeal QUS identified more than 84% and 65%
of patients having a value within the low tertile for CA/TA
ratio and lumbar BMDvolume, respectively. These data sug-
gest that phalangeal QUS does not identify the same patients
with reduced bone mineral status assessed by other techniques,
probably because different methods do not measure identical
properties of bone tissue. On this matter, it could be that
different regions of the growing skeleton can behave differently
depending on the structural composition of bone tissue and on
the technique being used to assess bone mineral status. Indeed,
we showed a moderate correlation between AD-SoS and lum-
bar BMD, as also reported in osteoporotic women (13, 15), and
a strong correlation between AD-SoS and CA/TA ratio. Mod-
erate correlations between AD-SoS and cortical bone mass
assessed by metacarpal radiogrammetry were showed in
healthy (5) or epileptic women (47), and in adult patients
undergoing hemodialysis (48).

The correlation we found between AD-SoS and CA/TA ratio
or radial BMD was higher than that between AD-SoS or
CA/TA ratio and lumbar BMDarea or lumbar BMDvolume.
This may be accounted for by the high amount of cortical bone
with respect to trabecular bone in the peripheral skeleton in
comparison with the axial skeleton. These results, and the
demonstration in human cadavers that phalangeal QUS was
more likely to correlate well with cortical BMD than with
trabecular BMD of the distal radius (49), may suggest that
cortical bone mass is a main determinant of AD-SoS values.
On this matter, a recent study investigating the ultrasound
transmission through a cross section of a circular shape of long
bone using simulation software (Wave 2000) showed that
AD-SoS reflected the pathway through cortical bone (50). The
influence of cortical thickness on AD-SoS is confirmed by data
in vitro (32, 33) showing that a reduction of cortical thickness
is associated with reduced AD-SoS. Furthermore, in humans it
has been demonstrated that AD-SoS and relative CA, both
measured at the ROI of the middle finger, were significantly
correlated (r � 0.74, p � 0.0001), with the relative CA
estimated as CA/(CA � MA) ratio, where CA and MA were
assessed by magnetic resonance imaging (50). However, it has

Table 2. Fractured and fracture-free patients in examined bone
and mineral disorders

Disorder

Fractured
patients n

(%)

Fracture-free
patients n

(%)

Chronic anticonvulsant treatment 3 (27.3) 8 (72.7)
Glucocorticoid treatment 7 (53.8) 6 (46.2)
Juvenile rheumatoid arthritis 5 (55.6) 4 (44.4)
Celiac disease – 13 (100)
Paucity of intrahepatic bile ducts – 5 (100)
Autoimmune hepatitis – 8 (100)
Genetic diseases 7 (77.8) 2 (22.2)*
Idiopathic juvenile osteoporosis 7 (100) –
Disuse osteoporosis 8 (72.7) 3 (27.3)
�-Thalassemia major 8 (80.0) 2 (20.0)
Survivors of acute lymphoblastic leukemia 5 (52.5) 3 (47.5)
Liver transplantation – 3 (100)
Calcium deficiency 2 (25) 6 (75)
Nutritional rickets – 4 (100)
X-linked hypophosphatemic rickets – 16 (100)

* Marfan syndrome n � 1, cystic fibrosis n � 1.

Table 3. Sites of fractures in fractured patients (n � 52) with bone
and mineral disorders

Sites of fractures n %

Upper limb
Humeral diaphysis 2 3.8
Humeral distal metaphysis 1 1.9
Radial diaphysis 8 15.4
Radial distal metaphysis 15 28.8
Hand bones* 3 5.8
All sites 29 55.8

Lower limb
Femoral neck 5 9.6
Femoral diaphysis 1 1.9
Femoral distal metaphysis 4 7.7
Tibial diaphysis 3 5.8
Tibial distal metaphysis 4 7.7
Peroneal diaphysis 1 1.9
Foot bones 2 3.8
All sites 20 38.5

Other
Vertebral body† 3 5.8

* The sites of fractures did not involve the ROI for assessing AD-SoS or
CA/TA ratio.

† Thoracic spine n � 1, lumbar spine n � 2.
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also been shown that the amount of trabecular bone in the
phalanges of the hand reflects their actual mineral content (8),
and that phalangeal QUS reflects bone density and structural
changes of trabecular bone in bone specimens of human ver-
tebrae (43, 51) and of bovine and rat radius or femur (11, 52,
53). Similar results are reported in human phalangeal bone
(54). Therefore, the reduced AD-SoS values in children and
adolescents with bone and mineral disorders probably reflect a
decreased BMD and structural changes of both cortical and
trabecular bone. Furthermore, it has been shown that phalan-
geal QUS reflects a bone turnover similar to that of the skeleton
as a whole (49), and that early postmenopausal bone loss in
women occurs in the metacarpals as well as in the spine (55).

Almost 40% of patients suffered fractures in the 6 mo
preceding bone measurements. All patients with idiopathic
juvenile osteoporosis and more than 72% of patients with
genetic disease, disuse osteoporosis, and �-thalassemia major
had suffered fractures, but other bone and mineral disorders
were not associated with fractures. However, some factors
could have affected our results, such as the time period we
considered for assessing the prevalence of fractures, the num-
ber of patients, the duration and severity of the disease, or the
treatment regimens. In fractured patients, the radial distal
metaphysis was the most frequent fracture site, as also reported
in healthy children (39, 56). It has been shown that the highest
prevalence of fractures of the distal radius in healthy children
may be related to the fact that the increase in distal radius
strength lags behind the increase in mechanical challenges
caused by an injury, because metaphyseal cortical thickness
does not increase sufficiently (57). This phenomenon may be
increased in children with bone and mineral disorders. All but
three fractured patients suffered low-energy fractures, suggest-
ing that a main determinant of fractures was an abnormal bone
in which the elastic resistance was weakened. In adults, it has
been found that the total strength of an osteoporotic bone can
be as much as 40% less than that of a normal bone (58).
Therefore in children with bone and mineral disorders, in
addition to loading factors (incidence and mechanics of inju-
ries), structural factors affecting bone elasticity, such as
changes in trabecular architecture and in cortical thickness,
may increase fracture risk (59).

In fractured patients mean values of AD-SoS, CA/TA ratio,
lumbar BMDarea, and lumbar BMDvolume were significantly
lower than those of fracture-free patients, with the mean degree
of reduction of AD-SoS values being similar to that of CA/TA
ratio and lumbar BMDvolume. These results suggest that
phalangeal QUS may be a useful tool for evaluating fracture
risk in children and adolescents with bone and mineral disor-
ders to a similar extent as metacarpal radiogrammetry and
lumbar BMDvolume by DXA. It has been found that phalan-
geal QUS had a predictive power of fractures similar to DXA
in human cadaveric forearms (49) and in osteoporotic women
(15). Moreover ultrasound velocity was a stronger independent
predictor of the Young’s modulus, as assessed by microstruc-
tural finite element analysis from microcomputed tomography
reconstructions, than BMD measured by DXA in bovine tra-
becular bone samples (60). A recent study showed that ultra-
sound velocity by an axial transmission mode, cortical thick-
ness, and BMD by DXA assessed at the proximal phalanges of
the hand of human cadavers were significant predictors of wrist
fracture load, but only ultrasound velocity was an independent
predictor in the model for estimating fracture stress (i.e. frac-
ture load normalized to the total bone area at 15% of the
forearm length) (61). Goulding et al. (62) showed that in young
girls a reduction of 1 SD of lumbar BMDvolume, but not of
lumbar BMDarea, assessed by DXA, increased the risk (1.3-
fold) of fracture at any skeletal site during 4 y of follow-up.
Similar results were reported in postmenopausal women,
showing that a 1 SD reduction in BMD from the age-specific
mean population values conferred a 2- to 3-fold increase in
fracture risk (63). The majority of our patients had median
values of lumbar BMDvolume, as well as of AD-SoS and
CA/TA ratio, less than 1 SD of normal mean, indicating that
they may have an increased susceptibility to fractures as a
consequence of decreased bone strength.

CONCLUSIONS

In conclusion, our results showed that AD-SoS measured
through the distal end of the first phalangeal diaphysis of the
last four fingers of the hand was significantly reduced in
children and adolescents with bone and mineral disorders.

Figure 7. Mean values of AD-SoS, CA/TA ratio, lumbar BMDarea (L-BMDarea), or lumbar BMDvolume (L-BMDvolume), expressed as z score, in fractured (open
columns) and fracture-free (filled columns) patients with bone and mineral disorders (AD-SoS: n � 52 and n � 83; CA/TA ratio: n � 52 and n � 68; lumbar BMDarea
or lumbar BMDvolume: n � 51 and n � 48, respectively) compared with normative data. *p � 0.0001 between fractured and fracture-free patients.
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Phalangeal QUS was able to discriminate fractured from frac-
ture-free patients to a similar extent as measurement of cortical
bone mass assessed by metacarpal radiogrammetry and lumbar
BMDvolume assessed by DXA. These data indicate that pha-
langeal QUS may be a useful tool for assessing bone quality
and fracture risk in children and adolescents with bone and
mineral disorders, without exposing the patients to a source of
radiation. However, it should be considered that any single
technique, although predictive of fracture, may underestimate
the overall risk in our patients because each technique will
identify slightly different, but overlapping, groups of patients
as being at risk. Further studies are needed to establish the
application of phalangeal QUS in longitudinal studies.
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