
Introduction

The evolution of multiagent chemotherapy, improved
surgical techniques, refined radiation therapy, and the
development of intricate imaging technologies for
earlier staging and monitoring of disease response have
led to an ever growing population of childhood cancer
survivors with an overall estimated survival of 60–77%
[1, 2, 3]. It is estimated that 1 in every 250 young
adults aged 15–45 years will be a childhood cancer

survivor by the year 2010 [4]. Thus, we are now faced
with the task of identifying and ameliorating long-term
adverse effects of cancer and its therapy. Many of
these skeletal toxicities, such as scoliosis, craniofacial
dysplasia, and limb-length discrepancy, are readily
apparent. However, other toxicities such as osteopo-
rosis and osteonecrosis are silent until they reach
advanced stages when they may compromise quality
and duration of survival and be more difficult to
ameliorate.
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Abstract The growing population of
childhood cancer survivors—cur-
rently estimated at 1 in 900 young
adults aged 15–45 years—under-
scores the importance of studying
long-term complications of onco-
therapy. While these patients are
returning to the mainstream of life,
they carry with them toxicities from
prior therapy that may compound or
potentiate changes typically seen
with the normal aging process.
Skeletal toxicities such as scoliosis,
craniofacial dysplasia, and limb-
length discrepancy are readily
apparent. However, others such as
osteoporosis and osteonecrosis are
silent until they reach advanced
stages when attempts at ameliora-
tion may be unsuccessful. This re-
view addresses bone-mineral density
deficits that may predispose child-
hood cancer survivors to earlier
onset and more severe osteopenia
and osteoporosis than the normal
population.
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Inasmuch as children and young adults are at the
most rapidly developing stages of their lives when
childhood cancer is diagnosed, the disease and its ther-
apy can severely compromise normal growth and
development and present deformities and handicaps that
can last a lifetime.

As pediatric radiologists, we need to understand the
mechanisms of skeletal development and monitor skel-
etal health. We are often the first line of assessment of
the pediatric skeleton, which is included on virtually
every image we review. We need to expand our expertise
to indentifying signs of bone-mineral loss and direct
the clinicians to proper assessment of bone density—
quantitative computed tomography (QCT), dual-energy
X-ray absorptiometry (DXA), ultrasound, and radio-
graphs. This review will address bone-mineral density
(BMD) deficits in survivors of childhood cancer.

Bone-mineral density deficits

In the general population, osteoporosis can be included
in the growing list of adult diseases that originate during
childhood and adolescent development [5, 6, 7, 8].
Worldwide, inadequate dietary intake of calcium is
prevalent in today’s adolescents [6, 9, 10]. Further, the
majority of the normal adolescent population gets
minimal to no exercise and does not approach the cur-
rent recommendation of at least 30 min of weight-
bearing exercise 3–5 times per week [11, 12, 13, 14].
Unfortunately, the presence of osteoporosis is not typi-
cally detected until fractures occur and is seldom con-
sidered as a health hazard in pediatric patients. Once
osteoporosis is established in adulthood, improvement
in bone-mineral deficits is very difficult to achieve.

It is well proven that children receiving chronic ste-
roid therapy are at risk for bone-mineral deficits [15, 16].
However, until recently, little attention has been paid to
childhood cancer survivors who are at risk for bone-
mineral deficits related to disease and treatment. There is
convincing evidence that these children and young
adults are at risk for BMD deficits over and above that
seen in the general age-comparable population (see be-
low). When lifestyle factors that compromise bone-
mineral accretion in the general population—smoking,
carbonated beverages, low levels of activity—are com-
pounded by the altered lifestyle that typically occurs
during treatment for childhood cancer—nutritional
deficits, prolonged sedentary lifestyle, secondary physi-
ologic effects created by the disease itself and by the
onco-therapy—bone-mineral accretion is severely com-
promised [5, 16, 17, 18, 19, 20, 21, 22, 23, 24, 25].

Bone-mineral accretion is typically most rapid during
adolescence when growth hormones and sex hormones
are most active and when calcium absorption is greatest
[5, 6, 9, 13, 22, 26, 27]. However, the myriad endocrin-

opathies from which many childhood cancer survivors
suffer compound the effects of any nutritional deficits
they may have incurred during therapy, and their rela-
tively sedentary lifestyle during and even after therapy
[2, 22, 23, 25]. Further, many chemotherapeutic agents
(e.g., glucocorticoids, methotrexate, cyclophosphamide)
interfere with bone-mineral accretion and skeletal
development [16, 17, 22, 28, 29, 30, 31, 32].

Available literature is inconclusive as to the time of
onset and the degree of recovery of BMD relative to
oncotherapy. Further, the significance of marginal BMD
deficits in children and young adult cancer survivors that
may compound the BMD loss seen in adulthood has yet
to be studied. We know that in adults, a deficit of 1 SD
in bone mass is associated with a 1.5- to 3-fold increased
incidence of fracture [33]. However, few longitudinal
data are available regarding bone-mineral accretion and
skeletal development in healthy, normally developing
children, much less in those who have survived child-
hood cancer. So far, no correlation between BMD and
fracture risk in children has been determined.

Seventy-five to 85% of the variance in bone strength
is accounted for by BMD, which can be determined
many years in advance of fracture. Its early identifica-
tion allows intervention to improve bone health at a time
when preventive measures may be effective [33, 34].
However until recently, little attention has been paid to
skeletal development in children and adolescents.

Trabecular bone is more metabolically active than
cortical bone and more chemosensitive [32]. Further-
more, the BMD determination varies with the skeletal
site examined. For example, the distal radius is com-
posed mostly of trabecular bone, whereas the tibia is
primarily cortical bone [35, 36]. Normative values must
be established for any site of interest, taking into ac-
count age, gender, and race variances. The size and
shape of the skeleton change continuously during
development and maturation. These two factors add
additional complexity to BMD determination and the
establishment of ‘‘normal values’’ for children and
adolescents [35]. The final size and configuration of the
individual bones result from complex interaction be-
tween genetics, physical activity and muscular tension,
nutritional status, gender, race, etc. [5, 35].

At-risk patient groups

Prospective evaluations of childhood cancer survivors
are warranted both for guiding clinical care and for
determining the incidence, onset, and risk factors for the
development of BMD deficits. Best studied have been
children treated for acute lymphoblastic leukemia (ALL)
[3, 17, 18, 19, 20, 22, 37, 38, 39, 40, 41, 42, 43, 44, 45].
Children treated for ALL are at particular risk for
BMD deficits if they are male (P=0.038), Caucasian
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(P<0.0001), and have received cranial irradiation
(P=.0087) as part of their therapy. BMD has been
found to inversely correlate with cranial irradiation
dose. BMD Z-scores of patients who received higher
doses of antimetabolites were lower than those of pa-
tients who received lower doses of the same drugs,
though in the series reported, did not reach statistical
significance [17]. Among 141 survivors of ALL treated at
our institution, (median age, 15.9 years; median time
after diagnosis, 11.5 years), the median BMD Z-score
was )0.78 SD (range, )3.23 to 3.61 SDs). Thirty par-
ticipants (21%; 95% confidence interval, 15–29%) had
abnormally low BMD, a proportion significantly
(P<0.0001) greater than the expected 5% in normal
populations [17].

BMD deficits have been reported in children who
have undergone treatment for brain tumors [3, 46, 47,
48, 49]. Of 19 children whose BMD was evaluated using
DXA on average of 7 years from diagnosis, Barr et al.
reported a median decrease in lumbar spine BMD
Z-scores of )1.05 (range, )2.91 to +1.15) and of the
femoral neck, a median BMD deficit of )0.84 (range,
)2.38 to +2.38) was reported [48]. Further, assessments
of global quality of life tended to be inversely associated
with BMD Z-scores, i.e., patients with low BMD Z-
scores (osteopenia), had more pain and more compro-
mise in health-related quality of life than those who were
not osteopenic, though statistical significance was not
reached. Further, pain associated with osteopenia sig-
nificantly limited physical activity of the brain-tumor
survivors [48].

More recently, attention has also been turned to
children and adolescents who have undergone allogeneic
bone-marrow transplantation (alloBMT) [50, 51, 52].
Our group recently reported on 48 pediatric patients
who had undergone allogeneic bone marrow transplant
for a variety of diagnoses. The median age at the time of
transplant for this cohort was 10.3 years (range, 1.6–20.4
years), and the median time between alloBMT and the
time of BMD assessment was 5.1 years (1.0–10.2 years).
BMD Z-score determined by QCT demonstrated a
median deficit of )0.89 (range, )4.06–3.05) and tended
to be associated with the female sex (P=0.0559) but not
with age at BMT, race, primary diagnosis, time from
alloBMT, T-cell depletion of graft, TBI, or acute/
chronic GVHD [50]. Our study corroborates the work of
Bhatia et al. [53] who found that the DXA-determined
BMD of 10 pediatric patients aged 3–8 years, most of
whom underwent allogeneic BMT for acute myeloid
leukemia, was significantly decreased with a median Z-
score of )0.5 and was lower than that of 13 adults in the
same study (median Z-score of 0.0, P=0.03).

Although few large series are available that address
BMD in survivors of childhood solid tumors, pre-
liminary results indicate that these children may be at
risk for BMD deficits as well [19, 47, 54, 55]. Those with

possibly the greatest risk are children treated with
ifosfamide or methotrexate [19, 55]. Holzer et al.
recently reported a series of 48 adults who had been
treated for osteosarcoma between the ages of 6 and 20
years. These patients then underwent BMD determina-
tion using DXA of the lumbar spine and femoral neck as
adults (mean age at BMD determination was 31±4.2
years; mean follow-up from diagnosis of 16±2.2 years).
Of this patient cohort, only 17 had BMD above the
mean; 65% had BMD deficits [55].

Methods of BMD determination

The criterion for diagnosing osteopenia and osteoporo-
sis was established by the World Health Organization
(WHO) for postmenopausal women [56] and reflects the
risk of fracture for a given BMD. For clinical use, most
facilities report Z- and/or T-scores for the anatomic sites
examined (usually hip and spine). The Z-score is a
comparison of the individual’s BMD against age-, gen-
der-, and sometimes race-matched controls. The T-score,
on the other hand, is a comparison of the patient’s BMD
with maximum young adult BMD [5, 27, 35, 57]. Thus,
the T-score is nearly meaningless in children as it com-
pares the child’s BMD to that of a mature adult [57].
Contrary to established fracture risk in adults, the
association of fracture risk in children and adolescents
for any given BMD has not been determined, further
emphasizing the need for prospective pediatric studies
on skeletal development as well as mandating compari-
son of a patient’s BMD to age- and gender-adjusted
norms (i.e., Z-score).

Low bone mass (or bone-mineral density) can be
determined only by direct measurement [58]. Methods
for BMD determination are numerous and have evolved
over decades of use and technological evolution. Com-
mon contemporary methods include DXA, US, QCT,
and radiographs. Most methods are based on absorp-
tiometric techniques where beam attenuation reflects the
tissues interrogated. As such, the accuracy of most of the
modalities in determing BMD is affected by the degree
of fatty marrow and surrounding tissues [59].

Radiographic absorptiometry

In general, radiographic determination of BMD deficits
is insensitive; BMD deficits are typically not radio-
graphically apparent until about 40% of BMD has been
lost [31]. However, radiographic absorptiometry (RA) of
the phalanges provides good BMD assessment and has
an excellent correlation with phalangeal ashed weight
(r=0.983; accuracy 4.8%). This method requires place-
ment of an aluminum alloy reference wedge, provided by
the manufacturer and placed parallel to the middle
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phalanx of the index finger prior to imaging. Two
radiographs of the left hand are then obtained, each
obtained with slightly different exposures. The settings
are adjusted to match a sample case provided by the RA
manufacturer. Using electronic image capture, BMD is
estimated and the average density of the middle pha-
langes of the second, third, and fourth digits are
reported [59].

Dual-energy X-ray absorptiometry

Dual-energy X-ray absorptiometry (DXA) quantifies the
degree of attenuation of an X-ray beam that passes
through bone and soft tissues. BMD estimates and
quantification of soft tissue result from comparison of
attenuation between two distinct photoelectric peaks
that optimize attenuation from soft tissues as compared
with bone [59].

Areal measurements are obtained from DXA as
bone-mineral content/bone area, expressed as grams per
square centimeter; three-dimensional or volumetric
measurements are calculated [5, 29, 34, 58]. DXA is
available worldwide and associated with a very low level
of ionizing radiation [59, 60, 61, 62, 63, 64]. It has the
advantage of being able to assess BMD and composition
of the whole body or individual portions of the skeleton.
Though historically accepted as ‘‘the’’ method for BMD
assessment, DXA is hampered by its inability to differ-
entiate cortical from trabecular bone, its sensitivity to
overlying soft tissues and fat distribution, which impact
BMD determinations, its sensitivity to artifacts and
scoliosis, and the need to calculate as opposed to directly
measure volumetric BMD [5, 29, 33, 35]. Additionally,
cross-calibration is needed for accurate comparison
of values obtained on individual machines not only of
different manufacturers, but also different machines of
the same manufacturer [59, 65].

Quantitative computed tomography

As with the previously described methods, quantitative
computed techonology (QCT) is based on photon
absorptiometry. It is unique in that it provides direct
densitometric assessment of bone in a three-dimensional
(volumetric) manner [59]. Peripheral QCT units are
available, but in the United States, use of commercial
software to adapt standard clinical CT scanners to
assessment of BMD is more widespread [59].

The cost of QCT software is affordable, but an initial
investment of a CT scanner and support staff is required.
Thus, the total cost has contributed to limiting the
availability and acceptance of QCT as a screening tool
for BMD. Radiation dose is very low, though higher
than DXA [60, 61, 62, 63, 64]. Advantages of QCT

include its ability to differentiate cortical from trabecu-
lar bone, its ability to directly obtain volumetric (as
opposed to calculated) BMD values, and the ability to
exclude potential artifacts. Disadvantages include the
inability to currently obtain whole-body BMD and the
exposure dose from ionizing radiation, though it is
considerably lower than natural background radiation
[34, 56, 60, 61, 62, 63, 64]. Particularly limiting in
growing children, is DXA’s inability to account for
marked changes in skeletal and body size and configu-
ration during the rapid growth of adolescence [66].

The interest in peripheral QCT (pQCT) is growing as
an independent method of determining BMD. This
method is less costly to install and by imaging the
extremities (typically the forearm), avoids significant
radiation exposure to the body [56, 67]. Establishment of
normative values and further technologic development
are ongoing.

Quantitative ultrasound

Bone-density determination by broadband ultrasound
[5, 33, 34, 37, 58, 68, 69, 70, 71, 72, 73] and quantitative
magnetic resonance imaging and magnetic resonance
microscopy techniques [36, 58] show promise, but are
not yet fully developed for clinical use, especially for
pediatric imaging. Quantitative ultrasound (QUS) tech-
niques have the advantage of portability and lack of
ionizing radiation, two factors that are particularly
enticing for use in pediatric patients. Similarly, the lack
of ionizing radiation exposure with MR is attractive for
pediatric imaging, but the high cost is restrictive.
Experience to date with US or MR determination of
BMD is limited in children and adolescents.

Ultrasound bone densitometry is based on soft-tissue
attenuation of the interrogated tissue (typically calca-
neus, proximal tibia, or phalanges) using a frequency
range of 0.1–1 MHz [73]. The term broadband ultra-
sound attenuation (BUA) has arisen from the slope of
attenuation being a function of frequency. Evolution
and refinement of technology are ongoing. There are
several commercially available units. Reproducibility of
results, while improved over earlier models, remains a
limiting factor. The currently available systems target
different anatomic sites and information obtained from
one system cannot be translated to other systems. Pro-
spective studies have shown the ability of QUS to dis-
criminate between normal and osteoporotic patient
cohorts in adults [73] as well as predict fracture risk.
Validation of ultrasound parameters and research into
their clinical significance is ongoing [68, 72, 73].

In conclusion, once cured of their primary disease,
childhood cancer survivors then face a lifetime of po-
tential toxicities that may compromise their quality of
life; BMD deficits may be masked until late in their
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evolution. As pediatric radiologists, we need to be
cognizant of late toxicities, encourage appropriate
screening of at-risk cohorts, and guide our clinical

colleagues to the most appropriate modality to identify
and monitor these disease- and treatment-related se-
quelae.
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