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ARTICLE INFO ABSTRACT
Keywords: With increasing life expectancy in people with Cystic fibrosis (CF), the focus of clinical care has shifted to
Bone mineral density management and prevention of non-pulmonary comorbidities. CF related bone disease, defined by low bone

Bone disease

Cystic fibrosis

Dual energy x-ray absorptiometry
Fracture

mineral density (BMD), is prevalent across all age groups and acknowledges the increased fractures rates that
negatively impact lung function and quality of life. Dual energy X-ray absorptiometry (DXA) measurement of
bone mineral content (BMC) and “areal” BMD (aBMD) is recommended for identifying and monitoring bone
health in children and adults due to its low cost, low radiation exposure, and widespread availability. Recent
studies in children and adolescents with chronic illness focus on adjustment of BMC and aBMD measurements for
height due to the effects of short stature and delayed maturation on bone size. Expanded reference databases for
alternate imaging sites such as the ultradistal radius and hip present opportunities for research and long-term
monitoring. As the two-dimensional nature of DXA imposes limitations, we highlight other imaging modalities
including peripheral quantitative computed tomography QCT (pQCT), magnetic resonance imaging, and quan-
titative ultrasound (QUS). These tools, while primarily used in a research setting, can impart information on true
volumetric bone density and bone microarchitecture as well as contribute to fracture assessment and prediction.
Due to the high morbidity and mortality associated with vertebral and hip fracture, we will present on vertebral
fracture assessment (VFA) in both children and adults as well as applied analyses including hip structural analysis
(HSA), trabecular bone score (TBS), and fracture risk assessment (FRAX) for high risk groups. Questions remain
on the future clinical applicability and accessibility of these assessment and prediction tools, longitudinal
monitoring through adolescence and adulthood, and how outcome measures may guide bone modifying
therapies.

Background CF related bone disease (CFBD), defined by low bone mineral density
(BMD) and increased risk of fragility fractures. The significance of CFBD

The assessment and management of bone health in people with is further underscored by its association with higher rates of morbidity
Cystic fibrosis (CF) presents an ongoing challenge despite advances in and mortality and overall worse quality of life. The prevalence of low
care over the past several decades. Improved survival amongst this BMD has been reported in 20-38% of children and adults with CF [1-5]
population translates into a greater need for identifying and managing and increases with severity of lung disease, poor nutritional status, and
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age [6-8]. Risk factors for low bone mass accrual in CF include vitamin
and mineral deficiencies, low body weight [3,9], chronic inflammation
and infection [10], impaired growth, reduced sex steroid hormones, CF
related diabetes [11], and prolonged systemic glucocorticoid use
[9-13]. Possible expression of the CF transmembrane conductance
regulator (CFTR) in osteoblasts and osteoclasts may further contribute to
reduced bone mineralization [8]. Multiple studies of bone histo-
morphometry and bone turnover in CF demonstrate accelerated bone
resorption and low bone formation [2-16] with resulting reduced
trabecular bone volume and increased fracture [17,18]. Vertebral and
non-vertebral fractures are associated with worsening lung function,
increased exacerbations and impaired airway clearance, worsening
pain, and may be a contraindication to transplantation [1,18-20]. While
we continue to explore the multi-factorial basis of impaired bone quality
and strength along with directed therapies to mitigate known risk fac-
tors, an understanding of how we assess bone health in children and
adults through evaluation of density, geometry, and microarchitecture is
critical to predicting and eventually reducing fracture risk. Research
regarding bone health quantification relies largely on expert consensus,
impacting our ability to establish consistent guidelines on bone health
screening. This review will explore the current imaging tools of bone
mineralization and their limitations in detection of low BMD in children
and adults, as well as identify models of fracture assessment and
prediction.

In 2019, the International Society of Clinical Densitometry (ISCD)
published updated guidelines for low BMD and osteoporosis evaluation
and highlighted the evolution of bone densitometry technology, refer-
ence databases, and reporting terminology [21]. “Low” BMD in post-
menopausal females and males over 50 years of age is defined by BMD
less than 1 standard deviation (SD) below the mean of healthy adults
aged 30 years (T-score < -1.0 SD), while a T-score less than or equal to
—2.5 SD or history of fragility fracture (fracture following a fall from
standing height or vertebral fracture) is diagnostic of osteoporosis [21].
In young adults, adolescents, and children, bone density outcomes are
adjusted for age, sex, and population specific normative data and low
BMD is reported as Z-scores less than or equal to 2 standard deviations
below the mean (Z-score < — 2.0 SD) [21]. The diagnosis of osteoporosis
in children and young adults cannot be made on BMD outcomes alone as
reduced bone mineral content (BMC) or BMD Z-scores do not preclude
the possibility of fragility fractures. In addition to Z-scores < -2.0 SD, a
history of clinically significant fractures (2 or more long bone fractures
by 10 years of age or 3 or more long bone fractures by 19 years) must be
present [21]. Low trauma vertebral fracture, with or without low BMD
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Z-scores, can also be diagnostic of osteoporosis. This more conservative
definition reduces overdiagnosis and unnecessary treatment with bone
modifying therapies. However, concerns have arisen that, particularly in
high-risk youth, waiting for future fractures may lead to underdiagnosis
and higher risk of osteoporosis [22].

Dual-energy X-ray absorptiometry

Dual-energy x-ray absorptiometry (DXA) is considered the gold
standard for evaluation of BMC and BMD due to its widespread avail-
ability, low radiation dose exposure, low cost, ability to measure total
body composition, and high degree of reproducibility [23]. DXA mea-
sures areal BMD (aBMD), the projection of BMC over imaged bone area
(g/cm?) [24]. T-scores are generated as the difference in bone density
from NHANES normative data, a reference population of healthy, young,
white females [21] who are considered at peak bone mass and the lowest
fracture risk [18]. Sites imaged in adults include the lumbar spine (LS,
L1-L4) and the hip (including total hip and femoral neck) [Fig. 1]. The
forearm (radius) may be included if the spine or hip cannot be imaged or
if primary hyperparathyroidism is operative. Primary imaging sites in
children and young adults include the LS and total body [Fig. 2]. aBMD
and BMC for the total body is presented as the total body less head
(TBLH) in order to subtract the mineral contribution of the larger cra-
nium in young children. The non-linear nature of bone mineral accrual
in childhood and adolescence necessitates reference data for comparison
across age, sex, pubertal status, and ethnicity [24,25]. The Bone Mineral
Density in Childhood Study (BMDCS) is a multicenter national study
with the purpose of creating sex and puberty specific normative aBMD
and BMC data for children, adolescents, and young adults. While limi-
tations in this dataset exist due to the study’s exclusion of children with
severe short stature, delayed puberty, or chronic illness, expanded
reference sets have been published for bone mineralization at the LS,
TBLH, forearm, hip, femoral neck, and ultradistal (UD) radius [26,27].

The radius has become a site of clinical interest in youth as the
forearm is the most frequent fracture site in children and young adults
[22]. This risk likely arises from rapid linear pubertal growth that out-
paces BMC gains at the radius [28]. In CF, the effects of malnutrition and
lower muscle mass further worsen radial bone strength [18]. DXA of the
forearm includes two clinical sites: the distal 1/3 (33%) radius and the
UD radius. Both locations have the advantage of being easily measured
by DXA particularly in those who may have implanted hardware, sig-
nificant scoliosis, or positioning difficulties that would impact the
integrity of DXA imaging of the whole body or LS. UD radius aBMD Z-

Fig. 1. Representative lumbar spine (left) and hip (right) DXA.
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Fig. 2. Representative total body DXA.

score outcome data correlate well with aBMD at the LS, total hip, and
TBLH [27]. As it is rich in trabecular bone, the UD radius may help
identify bone deficits in youth who are unable to undergo LS imaging
[Fig. 3] However, at this time, the ISCD recommends using only the
distal (1/3) radius for diagnostic purposes.

For patients with decreased ambulation, contractures, and risk of
fragility fractures, the addition of bone health assessment at the hip and
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femur should be considered. DXA of the proximal hip includes the total
hip, mostly comprised of cortical bone, and the trabecular rich femoral
neck. Previously thought to be a less optimal imaging site in children
and adolescents due to the variability in structural development during
growth, the hip was traditionally not recommended for imaging; these
concerns have been repudiated and normative data for BMC and aBMD
are now available at these sites [24]. DXA of the lateral distal femur
(LDF) includes three regions of interest: R1, the anterior distal meta-
physis, R2, the metaphysis, and R3, the diaphysis. Studies have found
BMC and aBMD at R1-R3 to correlate highly with measures of volu-
metric BMD [29] and areliable alternate or additive site for bone density
measurement. As per CF bone health guidelines, transition from moni-
toring DXA of the TBLH to the proximal femur should occur at age 20
[2]. Now that robust reference data are available, earlier monitoring of
the hip in adolescents with CF may help with longitudinal tracking and
guidance for initiation and monitoring of bone modifying therapeutic
agents [30].

Bone mineralization T- and Z-scores are surrogate markers for frac-
ture risk [24,31], with studies reporting a two to three-fold increase in
fracture probability for every 1 standard deviation decrease in aBMD
[20]. In non-CF studies, BMC and aBMD Z-scores of the LS and TBLH
correlate negatively with risk of vertebral and long bone fractures,
respectively [24]. A decline in aBMD Z-score of greater than 0.5 is
considered significant and for people treated with glucocorticoids, a
greater decline in LS aBMD Z-score in the first 6 months of therapy is
associated with increased incidence of vertebral fracture at 12 months
[24]. Prospective studies evaluating DXA of the distal 1/3 and UD radius
in healthy children correlate with increased probability of forearm
fracture but are less predictive of long bone fractures in comparison to
LS and total hip [30]. aBMD of the LDF has been reported as lower in
non-ambulatory children with known history of lower extremity frac-
ture [21,30] but no longitudinal studies have examined subsequent
fracture risk. Studies on hip aBMD and femoral fracture are limited due
to the relatively low prevalence of hip fracture in youth. The relation-
ship between fracture risk and BMD in CF remains conflicting. In a cross-
sectional study of 43 patients with CF, Stahl et al found a negative as-
sociation between aBMD Z-score and greater number of low trauma
fractures [20]. Other cross-sectional studies have not shown BMD out-
comes to be a predictor of bone fragility [23,31]. No large-scale longi-
tudinal studies assessing the magnitude of aBMD loss and fracture risk
prediction have been conducted in CF. Overall, long term studies of
change in bone density and fracture occurrence are needed in children
and adults with CF.

A

Fig. 3. Representative forearm DXA (left). Location of the ultradistal (UD) radius and distal 1/3 radius in relation to the epiphyseal growth plate (A), including cross-
sectional depictions of the high proportion of trabecular bone at the UD radius (B) and cortical bone at the distal 1/3 radius (right).
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Longitudinal monitoring of aBMD and BMC outcomes rely on the
accuracy and precision of DXA machines and software as well as
methods of quality control. The calculated result of precision assessment
measurement, the precision error, represents the degree of reproduc-
ibility of BMC and BMD results. Precision relies on individual DXA in-
struments, the site of the body that is imaged, and the skill of the
densitometry technician. The precision error is used to establish the least
significant change (LSC), the smallest difference in serial DXA outcomes
that can be considered statistically significant, and recognition of this
parameter helps to guide initiation or monitoring of pharmacologic
therapy. Regular quality control must be performed frequently at each
clinical center. While the result is a high degree of reproducibility, the
precision error and LSC are unique to each center and limit the ability to
compare results across machine models. Thus, best practice is for pa-
tients to undergo follow-up imaging on the same DXA device [32].

Another limitation of DXA is the effect of growth and puberty on
measures of bone mineralization. DXA calculates bone density using a 2-
dimensional image of a 3-dimensional space, and is therefore at risk of
incorrect estimations of bone depth and measures of true volumetric
bone density. Unadjusted DXA results can underestimate bone mineral
density for smaller size bones and overestimate for taller bones.
Increased aBMD over time may be confounded by a positive change in
bone size in growing children and a relative decline in Z-scores may be
due to poor linear growth and smaller gains in mineralization. Earlier
studies evaluating bone health in children and young adults with CF
were notable for low bone density scores. In a 2008 study of 82 children
and young adults with mild to moderate CF, TBLH and LS BMC Z-scores
were found to be lower compared to healthy participants, however when
adjusted for height Z-scores, the difference was no longer significant
[33]. Incorporating height Z-score alone does not take into account the
potential impact of delayed sexual maturation. Height for age Z-score
(HAZ) adjustment of aBMD, accounting for variability in growth and
puberty, has been found to be a better approach to minimize the effect of
stature on mineralization [34]. In a recently published study of children
with CF, baseline HAZ adjusted DXA Z-scores correlated strongly with
future bone density [25], indicating that only certain patients may need
more frequent bone health screening. Routine DXA reports will not
include these adjustment results; however, online calculators are
available to adjust aBMD and BMC for HAZ in children and young adults
(https://zscore.research.chop.edu/calcpedbonedens.php) [35].

The ISCD also endorses another measure of height adjustment. Bone
mineral apparent density (BMAD) uses a mathematical transformation
of bone area to estimate the volumetric density and further approximate
the effects of true bone size and depth. Age, sex, and population specific
reference data are now available for LS BMAD for ages 5 years and older
[36]. In comparison with other measures of aBMD, BMAD adjusted for
HAZ best eliminates the effect of stature on bone density measurement
[34] and is a strong predictor of vertebral fracture [37]. Clinicians
should be aware that while bone size has an effect on measures of bone
density and can underestimate bone density, bones of smaller size may
not be as resistant to fracture as larger bones.

Other imaging

Although DXA is the currently recommended screening tool for bone
health assessment, the issues of compromised accuracy due to short
stature, requirement of specialized equipment, avoiding ionizing radi-
ation exposure in patients who are pregnant, and inability to distinguish
between cortical and trabecular bone have led to the need for other
imaging modalities [38]. Additionally, utilizing alternate imaging tools
can help identify early stages of altered microarchitecture and CFBD that
may benefit from therapeutic interventions [39,40]. As per the ISCD,
alternative measures of bone density from other methodologies cannot
be directly compared with each other or with DXA bone density mea-
surements [21]. Thus far, none of the other imaging modalities have
been shown to be superior to DXA in identifying increased fracture risk
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[2,23,41].
Quantitative ultrasound (QUS)

QUS is a low cost, portable method that calculates measures of bone
mineral density, compressive strength, and elastic modulus (non-per-
manent resistance to deformation) without ionizing radiation. Mea-
surements, including speed of sound (SOS, mg/cm3), the ultrasound
bone profile index (UBPI), and amplitude-dependent speed of sound
(Ad-Sos), are performed at peripheral sites, including the phalanges or
calcaneus. In a study of 172 adults with CF, DXA-derived aBMD of the
LS, proximal femur, and TBLH correlated strongly with calcaneal and
phalangeal QUS measurements. However, only the UBPI, including
phalangeal QUS measurements, was able to differentiate participants
with and without vertebral fracture [42]. Mean T-score measures of SOS
at the distal 1/3 radius in CF adults have been reported to be lower than
healthy controls, with 14% of CF participants having SOS Z-scores in the
lower end of normal range [39]. Other studies have not found differ-
ences between phalangeal Ad-SOS of children and young adults with CF
compared to healthy age, sex, and BMI matched controls [40]. With
regard to fracture prediction, QUS measurements at the calcaneus have
been validated in postmenopausal women and men greater than 65
years and can be considered as a screening tool in patient populations
with low likelihood of fracture [21].

Quantitative computed tomography (QCT) and peripheral QCT (pQCT)

QCT provides 3-dimensional volumetric BMD measurements (vBMD)
and can differentiate between cortical and trabecular bone compart-
ments [38]. pQCT and high-resolution pQCT (HR-pQCT) provide volu-
metric density measurements of the tibia and forearm and standard
central QCT measure vBMD at the LS and hip. While HR-pQCT has the
advantage of being less affected by bone size and surrounding adipose
tissue, smaller trabecular and overall bone size with reduced muscle
force and strain on bone may affect bone strength and pQCT outcome
measures [38,43]. QCT measures of vBMD have been studied in ado-
lescents and young adults with CF and have identified abnormal bone
microarchitecture, trabecular microstructure, cortical bone area, and
estimated bone strength [44-47] even when aBMD scores by DXA are
reported as normal [48-50], indicating that pQCT may detect early bone
deficits. The ISCD endorses the use of QCT for osteoporosis diagnosis in
post-menopausal women and older men using femoral neck and total hip
T-scores. In these patient populations, validated measures of vertebral
fracture risk prediction by spine trabecular BMD and of hip fragility
fractures from total femur trabecular and UD radius BMD measurements
have been established. QCT, when combined with bone density scores
from DXA, may have a high degree of sensitivity to estimate fracture
prevalence and risk [20]. If LS or femoral DXA is not available for
treatment decisions regarding therapeutic interventions, QCT derived
density scores at the spine or pQCT density scores at the radius, taking
into account clinical risk factors, may be used [21]. Disadvantages of
QCT include higher cost and radiation exposure, therefore its use in
patients with CF is limited to the research setting [18]. Larger pro-
spective studies are needed to determine whether pQCT can identify
young patients with CF that may be at increased risk of fracture not
identified by DXA.

Magnetic resonance imaging (MRI)

In the clinical setting, MRI has been used to evaluate abnormal or
equivocal reports of vertebral body anomalies and fracture obtained
from both x-ray and DXA. MRI has theoretical advantages over DXA in
its ability to evaluate bone microarchitecture, including distinguishing
between cortical and trabecular bone, while avoiding radiation expo-
sure. However, high cost and prolonged scanning times limit its use as a
standard bone assessment tool [51]. The utility of MRI for screening,
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diagnosis, and monitoring for osteoporosis and fracture risk prediction
has not been established and no studies of its use in patients with CF are
available [18].

Fracture assessment and prediction methods

The ability of DXA, MRI, and HRpQCT to predict fracture in CF re-
mains limited. Bone accrual in childhood is not linear and Z-score
measures that are reported in range from one point in time do not pre-
clude the risk of future fractures. The rate of change of bone density Z-
scores may add to fracture prediction [52]; however, more data are
needed in youth with chronic illness and reduced bone mineralization to
confirm the utility of monitoring bone accrual. Due to the high
morbidity and mortality associated with vertebral and hip fractures,
other methods of fracture assessment and prediction should be consid-
ered when evaluating bone health but need to acknowledge that many of
these methods are not yet validated in younger patients.

The risk of vertebral fracture increases with CF disease severity [53]
and prolonged systemic glucocorticoid use [13]. Routine screening for
children and adults that are considered high risk is necessary as verte-
bral fractures may be asymptomatic [23]. Vertebral Fracture Assessment
(VFA) is a visual evaluation of the lateral projection of T4-L4 vertebrae
via DXA imaging to detect vertebral body fracture. In comparison to
traditional spine radiography, VFA is low cost, has lower radiation
exposure, but is highly dependent on reader expertise as normal varia-
tion in vertebral body shape can be misinterpreted as a fracture [30].
Fracture identification utilizes the Genant semi-quantitative method
[Fig. 4] which grades the type and severity of vertebral fracture by
percent reduction in vertebral body heights [18,24]. Indications to
obtain VFA, if available, include low aBMD scores, history of prior
vertebral fracture, and prolonged glucocorticoid use. In the research
setting, VFA has been used to evaluate re-shaping and healing with and
without bone modifying therapies [54]. VFA has been validated in
children with osteoporosis [55] and leukemia [54], used in the longi-
tudinal evaluation of vertebral fracture in adults with CF [53], and may
aid in the prediction of future fracture [30,54].

Bone disease can affect bone geometry and as a result, alter the
biomechanical properties of bone and fracture risk [56]. Hip Structural
Analysis (HSA) uses cross-sectional DXA data at the proximal femur to
look at mineral mass distribution and hip strength in relation to femoral
neck fracture risk. Cross-sectional area (CSA), cross-sectional moment of
inertia (CSMI), and section modulus (Z), representing measures of bone
surface area, bending stress, and bending strength, respectively, are
calculated at 3 different locations of the femur [18]. CSA, CSMI, and Z
correlate highly with measures of vBMD by pQCT [57]. Other mea-
surements of hip geometry including hip axis length, femoral neck angle,
and femoral neck width may have utility in fracture prediction
[56,58,59]. However, they have not been studied in CF and reference
data are not yet available for youth.

Trabecular bone score (TBS) yields complementary data to LS and
femoral DXA using spatial models to provide information about bone
microarchitecture. Lower TBSs correlate with weaker microarchitecture
and increased risk of hip and vertebral fragility fractures in post-
menopausal women and older men [21] and have been found to be an
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independent predictor of fracture risk with history of glucocorticoid use
[18]. Insufficient data are available for TBS to be used as a fracture
prediction tool or to initiate or monitor therapy in young people or
people with CF. However, pediatric TBS reference data from the BMDCS
are in preparation and may help inform utility of this measure in chronic
health conditions like CF.

Lastly, FRAX (Fracture Risk Assessment Tool), an algorithm that
calculates country-specific 10-year probability scores of hip and other
fragility fractures, incorporates clinical risk factors such as age, weight,
personal and family history of fracture, glucocorticoid use, and femoral
neck aBMD [60]. FRAX can integrate TBS outcomes and can enhance
fracture prediction when added to aBMD scores [21]. FRAX is only
validated for people greater than 40 years of age and cannot be used to
monitor the effects of treatment.

Conclusion

Current CF-specific guidelines recommend DXA as the primary im-
aging tool of bone health assessment with ongoing monitoring directed
by age, pulmonary and nutritional status, glucocorticoid use, fracture
history, and prior DXA outcome measures, if available. Evaluating DXA
at the LS and hip in individuals aged > 18 years and the LS and TBLH in
youth remains the standard of care. Longitudinal studies evaluating
bone health monitoring during the transition to adulthood will be crit-
ical to establish future screening guidelines, and expanding measures to
include the hip in adolescence should be considered based on guidance
from the ISCD now that robust reference data are now available for hip.
The significant risk of morbidity and mortality accompanying vertebral
fracture supports use of additional spine films or VFA, particularly in
those with pain, low BMD scores, decreased height, or increasing
vertebral body density. Further research is needed to validate the use of
other imaging modalities, measures of bone microarchitecture, and
fracture prediction tools in CF, particularly in children and young adults
for whom reference data are lacking. Lastly, measures of bone density
mineralization must be assessed in the setting of the clinical status tra-
jectory of the individual so as to best guide ongoing treatment decisions
and future health outcomes.
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