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Background: A study was undertaken to observe the gains in bone mass in children and adolescents with cystic
fibrosis (CF) over 24 months and to examine the relationship between areal bone mineral density (aBMD) and
associated clinical parameters including physical activity, nutrition, and 25-hydroxyvitamin D (25OHD).
Methods: Areal BMD of the total body (TB), lumbar spine (LS), and total femoral neck (FNt) were
repeatedly measured in 85 subjects aged 5–18 years with CF and 100 age and sex matched controls over
2 years. At each visit anthropometric variables, nutritional parameters, pubertal status, disease severity,
physical activity, dietary calcium, caloric intake, and serum 25OHD were assessed and related to aBMD.
Results: After adjusting for age, sex, and height Z-score, gains in LS aBMD in children (5–10 years) and
TB and FNt aBMD in adolescents (11–18 years) with CF were significantly less than in controls. Lean tissue
mass was significantly associated with TB and LS aBMD gains in children and adolescents and explained a
significant proportion of the aBMD deficit observed. Lung function parameters were significantly
associated with aBMD gains in adolescents with CF.
Conclusions: Inadequate bone mass accrual during childhood and adolescence contributes to the low
bone mass observed in adults with CF. Accounting for the height discrepancy which is frequently observed
in those with CF, in addition to age and sex, is important when assessing low bone mass in children and
adolescents with CF. To optimise an individual’s potential to acquire maximal bone mass, it is necessary to
maximise nutritional status and limit the progression of chronic suppurative lung disease.

A
s survival improves for those with cystic fibrosis (CF),
it is becoming increasingly important to understand
the evolution of low bone mineral density (BMD)

which has been extensively reported in adults with CF.1–5 The
association between low BMD and increasing incidence of
fracture has been well documented in the elderly of the
general population.6 7 Higher fracture incidences, in particu-
lar vertebral fractures, have been reported in adolescent
females8 and adults with CF.3 9–11 The detrimental effects of a
fracture in an individual with CF includes pain and the
impedance of effective treatment directed towards the
management of their suppurative lung disease.

Bone mass accrual is a continuous process from birth
through childhood and adolescence. Rapid gains in bone
mass occur during adolescence with approximately 26%
being acquired during the 2 years surrounding peak height
velocity.12–14 Peak bone mass is reached in late adolescence
and the achieved bone mass then acts as the bone bank for
the remainder of life. In children and adolescents with CF,
normal to low BMD has been reported in cross sectional
studies11 15–25 and bone mass accrual has varied from normal
to reduced in longitudinal studies.1 4 11 25 Many of these
studies have involved small patient cohorts and have not
accounted for the variations in growth parameters in children
and adolescents with CF.

Bone mineral density is a function of bone mineral content
(BMC) per unit volume of bone (g/cm3). The use of dual
energy x ray absorptiometry (DXA) is associated with low
radiation exposure, hence its frequent use in children and
young people, especially healthy individuals. However, DXA
measures BMC and bone area and then calculates areal bone
mineral density (aBMD) as BMC/bone area (g/cm2). Areal
BMD is a two dimensional measurement that does not
correct for the depth or size of bone and is thus age and size
dependent in growing individuals.26–28 The finding of reduced

aBMD in a ‘‘short’’ individual may be due either to small
bones or less mineral content. Although the problem is
widely appreciated, there is no consensus as to the most
appropriate way to correct aBMD measurements for size.
Several different approaches have been suggested.28–30 One
approach is the use of multiple regression analysis where
aBMD is simultaneously adjusted for age, height, and other
relevant factors. This method is appropriate for research. A
second option is a staged approach where height is adjusted
for age distinguishing ‘‘short’’ bones, next bone area is
adjusted for height distinguishing ‘‘narrow’’ bones, and BMC
is adjusted for bone area distinguishing ‘‘thin’’ bones. This
approach is easily applied to clinical situations as the
clinician can compare a patient’s aBMD and height measure-
ments with centile curves as outlined by Molgaard.28 The final
option is to calculate volumetric bone density (bone mineral
apparent density, BMAD) where BMC is adjusted for a
calculated bone volume rather than bone area.29 This method
attempts to adjust for a third dimension that DXA does not
capture26 27 31 and is not applicable for total body measures of
aBMD.29 Short stature is frequently observed in adolescents
with CF and hence needs to be accounted for when assessing
aBMD measurements.

Bone consists of cortical and trabecular (or cancellous)
bone. Cortical bone composes ,85% of the total body’s bone
and is controlled predominantly by systemic osteotrophic
hormones including growth hormone, parathyroid hormone,
and 1,25-dihydroxyvitamin D (1,25(OH)2D).29 32 In contrast,
the lumbar spine consists of ,65% trabecular bone and

Abbreviations: aBMD, areal bone mineral density; BMC, bone mineral
content; CF, cystic fibrosis; FEV1, forced expiratory volume in 1 second;
FNt, total femoral neck; FVC, forced vital capacity; LS, lumbar spine;
LTM, lean tissue mass; 25OHD, 25-hydroxyvitamin D; 1, 25(OH)2D,
1,25-dihydroxyvitamin D; TB, total body
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,35% cortical bone. Trabecular bone is more sensitive to
corticosteroids and inflammatory cytokines.29 32 33 It is impor-
tant to measure both total body and lumbar spine bone mass
in children and young people with chronic disease in an
attempt to understand the underlying pathological processes.

The pathophysiology and timing of evolution of low BMD
in adults with CF is not understood. Physical activity and
dietary calcium are well known to influence bone mass
accrual in healthy individuals.12 34 35 Young people with CF
may be less physically active as a consequence of their
pulmonary status. Other unique features which may impede
bone mass accrual in those with CF include chronic
inflammation, suboptimal nutritional status secondary to
pancreatic insufficiency, corticosteroid usage, inadequate
steroid hormone levels during puberty,36 and possibly the
effect of the dysfunctional CF transmembrane conductance
regulator (CFTR) on bone turnover.

The aims of this study were to observe whether bone mass
accrual, as measure by total body and lumbar spine aBMD, in
children and adolescents with CF were comparable to local
age and sex matched healthy controls. The second aim was to
correlate aBMD gains with the clinical factors known to
influence bone mass accrual, with special emphasis on
nutritional status, vitamin D status, and physical activity.

METHODS
All children and adolescents aged 5–18 years with CF who
attended the Royal Children’s Hospital, Brisbane (RCH) CF
clinic were approached to partake in this longitudinal study.
Patients were excluded if they had a primary bone disorder or
were awaiting lung transplantation. The diagnosis of CF had
been confirmed by an elevated sweat chloride test. For
comparison, healthy controls were recruited by approaching
148 local schools to distribute an information leaflet about
the study. Interested individuals then contacted the study
coordinator. Exclusion criteria included chronic illness or a
period of immobility of >2 weeks during the preceding
12 months. Control subjects were screened by history and
laboratory examination to exclude chronic illness. Limited
published data on bone mass accrual in children and
adolescents with CF adjusted for age, sex, and height
prevented power calculations at the outset of the study.
Withdrawal rates were anticipated to be greater among
control subjects, so 15% more controls were recruited.

The results from the initial review have been reported in
conjunction with additional adolescent and adults subjects
who attended The Prince Charles Hospital (TPCH) CF clinic.17

Subjects attending TPCH did not participate in the long-
itudinal analysis. Study recruitment occurred between March
2000 and December 2001. Ethical approval was obtained
from the RCH research and ethics committee. Written
informed consent was obtained from the subjects’ parents
and additionally from subjects aged 10 years or older.

At each visit a series of investigations was performed as
detailed below. Study visits were performed at 6 monthly
intervals for CF subjects on five occasions and at 12 monthly
intervals for controls on three occasions.

Clinical parameters
Weight was measured using a calibrated digital scale (CH-
150kP, A&D Mercury Pty Ltd) to the nearest 10 g and height
with a wall mounted stadiometer (Magnimetre, Raven
Equipment Ltd, UK) to the nearest 1 mm by HB or BD
(laboratory technician). Height and weight were expressed as
Z-scores (age and sex specific standard deviation scores)
based on World Health Organisation normal data.37

Subjects with CF performed spirometric tests in the
respiratory investigation unit in accordance with the
American Thoracic Society standards. The best recorded

forced expiratory volume in 1 second (FEV1) and forced vital
capacity (FVC) during the 12 months prior to and including
the first study visit were recorded and expressed as a
percentage of the predicted value.38 For subsequent visits
the best FEV1 and FVC for the period between and including
the study visit were recorded. If a subject with CF missed a
study visit, clinical parameters from a clinic visit within a
month of the study visit due date were recorded if available.
Each participant self assessed their pubertal status according
to the method of Tanner by comparing illustrations of
pubertal development without parental influence.39 This
method is reported to correlate well with the results of
physical examination by a physician.40 Age at menarche was
recorded for females by historical recall from the individual.

Using a standardised booklet, RCH subjects completed a
7 day food intake diary (as children can vary their diet
substantially from day to day). Mean daily calcium and
caloric intake were determined by a single dietician with the
use of Foodworks Version 2.10.136 (Xyris Software
(Australia) Pty Ltd). The daily caloric intake for control
subjects was expressed as a percentage of the recommended
daily caloric intake for Australian children.41 For CF subjects,
120% of the recommended daily caloric intake was used in
accordance with standard recommendations for CF care. The
validated ‘‘Physical activity questionnaire for older children
(9–15 years)’’ was used.42 This is a self-administered 7 day
recall questionnaire with nine items, each scored on a 5-point
Likert scale and used to derive a total activity score.

Bone densitometry measurements
Areal BMD of the total body (TB), lumbar spine (L2–4) (LS)
and total femoral neck (FNt), total body bone mineral
content (TB BMC) and lean tissue mass (LTM) were
measured by DXA with a Lunar DPX-L bone densitometer
using paediatric software (Version 4.7e, Lunar Corp,
Madison, WI, USA) and expressed as g/cm2. Total body and
LS aBMD were also expressed as Z-scores using the Lunar
normative database which has received contributions from
several Australian sites.27 The departmental short term
precision for adults at each site was 1% for the LS and TB
measurements and 1.5% for FNt. The LTM precision, as
determined in a phantom, was less than 1%.

Laboratory measurements
Random non-fasting blood samples were collected at the
initial study visit only for controls and at each study visit for
CF subjects. 25-hydroxyvitamin D (25OHD; nmol/l) and 1,25-
hydroxyvitamin D (1,25(OH)2D, pmol/l) were measured
using DiaSorin RIA Double Antibody assay (DiaSorin,
Stillwater, Minnesota, USA) by Queensland Health
Pathology Services (QHPS) (Royal Brisbane Hospital,
Herston, Australia).

Historical data
Pancreatic sufficiency status, the presence of CF related liver
disease (defined as the presence of multinodular cirrhosis
and portal hypertension), and the presence of CF related
diabetes mellitus were collected by historical recall and chart
review. The following information was collected for the
12 months prior to the study and for each study period: (1)
inhaled and oral corticosteroid usage expressed as the mean
daily dose in mg/kg/day and mg/kg/day, respectively; (2)
number of chest exacerbations (defined as an increase in
cough or sputum production sufficient to warrant change in
antibiotic therapy); (3) number of admissions; and (4) total
number of days in hospital. Fluticasone has greater potency,
greater glucocorticoid receptor binding affinity, and a longer
half life than beclomethasone and budesonide,43 so the
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fluticasone dose was doubled to be dose equivalent to
beclomethasone. No adjustment was made for budesonide.

Statistical analysis
The sample was divided into two age groups: (a) children (5–
10 years including self-assessed Tanner stage (2 at the study
commencement) and (b) adolescents (11–18 years) to
account for the pubertal growth spurt.13 14 44 Student’s t test,
Fisher’s exact test, and Wilcoxon rank sign test were used to
compare groups where appropriate. Generalised estimating
equations (GEE) assuming normal responses were used to
estimate and test predictor variables over time. This method
allows all available data to be used in the analysis, including
data from those who withdrew from the study. Relationships
between successive observations were modelled using an
exchangeable correlation matrix.45 Robust variance estimate
techniques were used to calculate standard errors and
confidence intervals.45 Models relating aBMD between groups
(control = 0, CF = 1) were generated for each age group. Age
for children and adolescents were categorised into quartiles.
These models were initially adjusted for age quartile, sex, and
age6sex interactions to correct for the differences in age and
sex between study participants. Models for aBMD were then
additionally adjusted for height Z-score. The regression b
estimates for the predictor variables ‘‘group’’, ‘‘time’’, and
‘‘time 6 CF’’ have been reported and give the direction and
size of the difference between CF and control groups over
time. To determine the adequacy of the sample size, the
detectable difference between CF and control groups was
calculated from the available study numbers, the correlation
observed between repeated observations, and the standard
deviation of the outcome variables using the method outlined
by Twisk45 applying a significance level of 5% and power of
80%. Subject withdrawal and non-attendance were also
examined by GEE models using a binomial outcome
(0 = value present, 1 = value missing) and a logit link
function to assess for differences between the CF and control
groups.46 Baseline clinical parameters and aBMD adjusted for
age, sex, and height Z-score were compared between those
who completed and those who withdrew from the study.
Pubertal development for each sex was analysed using GEE
models adjusted for age. Seasonal variation (month of blood
collection: 1 = September to April, 2 = May to August) was

included in the GEE models for 25OHD. To determine the
contribution of clinical variables on bone mass accrual, each
covariate was added to the TB and LS aBMD GEE models
adjusted for age, sex, and height Z-score. Some of the
variables are only applicable to those with CF, so further GEE
models were generated only including CF subjects. Using
these models, all variables significantly associated with
aBMD were combined to determine the clinical variables
that had the greatest influence on aBMD accrual in those
with CF. Data were analysed using Stata Version 8.
Significance was set at a p value of ,0.05.

RESULTS
One hundred and fifty seven children and adolescents with
CF were identified as being eligible, of whom 85 agreed to
participate. The subject characteristics are outlined in tables 1
and 2. The mean height Z-score at study commencement was
significantly lower in adolescents who participated in the
study than in those who, although eligible, elected not to
participate. The mean height Z-score was not significantly
different from the mean values for young people with CF in
Australia (data not shown).47 There were no differences in
the mean weight Z-score and FEV1 in CF participants
compared with non-participants or the mean values for
young people with CF in Australia (data not shown).47

Of the 85 subjects with CF and 100 controls who enrolled
in the study, 65 and 83 individuals respectively completed the
study (fig 1). The occurrence of missing values between CF
and control children were similar (p = 0.50), however
missing values were more likely in adolescents with CF than
controls (p = 0.02). Areal aBMD (adjusted for age, sex, and

Table 1 Subject characteristics and clinical measures at study commencement for CF and
control participants divided into two age groups: children (5–10 years) and adolescents
(11–18 years)

CF Control

p valueN Mean (SD) N Mean (SD)

Children
F/M 40 21/19 32 18/14 0.81
Age (years) 40 8.5 (1.8) 32 8.5 (1.5) 0.89
Weight Z-score 40 0.02 (0.97) 32 0.28 (1.09) 0.28
Height Z-score 40 20.22 (0.95) 32 0.21 (1.06) 0.10
Total body BMD Z-score 40 0.23 (0.74) 32 0.26 (0.70) 0.87
Lumbar spine BMD Z-score 40 20.28 (0.95) 32 20.31 (0.99) 0.88
FEV1 (%) median (range) 39 84 (46–116)
FVC (%) median (range) 39 93 (53–122)

Adolescents
N (F/M) 45 18/27 68 36/32 0.19
Age (years) 45 14.1 (2.2) 68 13.9 (1.9) 0.47
Weight Z-score 45 20.75 (0.91) 68 0.26 (0.82) ,0.001
Height Z-score 45 20.87 (0.84) 68 0.59 (0.97) ,0.001
Total body BMD Z-score 45 21.29 (1.48) 68 0.37 (0.93) ,0.001
Lumbar spine BMD Z-score 45 20.53 (1.22) 68 20.18 (1.24) ,0.001
FEV1 (%) median (range) 45 86 (23–124)
FVC (%) median (range) 45 90 (36–123)

Values are mean (SD) unless otherwise stated.
BMD, bone mineral density; FEV1, forced expiratory volume in 1 second.

Table 2 Cystic fibrosis specific features at the
commencement and completion of the study

Initial review
N (%)

Study completion
N (%)

CF related diabetes mellitus 3 (4) 5 (6)
Insulin dependent diabetes mellitus 1 1
CF related liver disease 15 (18) 17 (20)
Pancreatic sufficient 5 (6) 4 (5)
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height Z-score), height, and FVC at study commencement
were similar between those who completed and those who
withdrew from the study in both children and adolescents
with CF. However, FEV1 was lower in adolescents who
withdrew from the study (median (IQR) 92% (27–124) in

those who completed the study and 78% (23–120) in those
who withdrew, p = 0.03).

Longitudinal change in areal bone mineral density
With the available subject numbers, the study was powered
to detect a difference in aBMD gain between CF and control
groups for children and adolescents of 0.03 g/cm2 for TB
aBMD and 0.05 g/cm2 for LS aBMD. The mean (SD) gain in
aBMD in control children for TB was 0.07 (0.03) g/cm2 and
for LS was 0.09 (0.04) g/cm2, while in control adolescents the
mean gain for TB was 0.10 (0.05) g/cm2 and for LS was 0.13
(0.08) g/cm2. The aBMD longitudinal changes in children
and adolescents are shown in tables 3 and 4 and illustrated in
fig 2.

At study commencement there were no differences in
aBMD (adjusted for age and sex) at any of the three
measured sites between CF and control children. Over time,
aBMD increased significantly in both study groups at all
measured sites as expected with growth. However, the aBMD
gain at the LS was significantly less in children with CF
relative to controls (table 3). These results did not change
when adjusted for height. Adolescents with CF had lower
aBMD (adjusted for age and sex) than controls at all three
measured sites at study commencement. Areal BMD
increased in both study groups over time and there was no
difference in the rate of aBMD accrual between CF and
controls groups (table 4 and fig 2). However, when aBMD
was adjusted for height, TB and FNt aBMD gains were lower
in adolescents with CF than in controls.

Similar results were observed for TB BMC to those
observed for TB aBMD when analysed using the same
approach (data not shown).

Longitudinal change in clinical parameters
The mean gain in weight over 24 months was less in children
with CF than in control subjects, although height and LTM
gains were similar between the two groups (table 5). In
adolescents the gains in weight and LTM were similar in the
CF and control groups while the gain in height was non-
significantly greater in CF subjects than in controls. Lung
function parameters, FEV1, and FVC declined significantly in
adolescents with CF but not in children (table 5). There were
similar rates of pubertal development in CF and control girls
during the study (breast development: time 6CF, p = 0.28).
Despite the fact that boys with CF had delayed pubertal
staging relative to controls at study commencement, there

Withdrew consent – 6
Unable to contact – 2
Too unwell – 1*

0
40 45

85

Withdrew consent – 5
Relocated – 1
Too unwell – 2**

6
37 34

76 (5)

Withdrew consent – 1
Relocated – 1

12
35 29

68 (4)

Withdrew consent – 1

18
32 27

66 (7)

24
36 29

65

Time
(months) Children Adolescents

CF

Withdrew consent – 7
Relocated – 1
Unable to contact – 1

Withdrew consent – 10
Relocated – 2
Unable to contact – 2

32 68

100

30 62

93 (1)

28 55

83

Children Adolescents

Control

 *Adolescent male died 11 months into the study
**Adolescent male identical twins. Died 12.5 and 16.5 months into the study

Figure 1 Study participation path showing the number of individuals in
the study at each visit (number who missed the review through remained
in the study) and the number in each age group who completed each
review.

Table 3 Longitudinal comparison of total body, lumbar spine, and total femoral neck areal bone mineral density in children
(5–10 years)

Site measured Parameter

Adjusted for age and sex* Additionally adjusted for height�

b estimate
(95% CI) p value

b estimate
(95% CI) p value

Total body Group 20.007 (20.033 to 0.019) 0.59 20.005 (20.031 to 0.020) 0.68
Time 0.003 (20.033 to 0.019) ,0.001 0.003 (0.003 to 0.003) ,0.001
Time 6CF 20.001 (20.001 to 20.000) 0.05 20.001 (20.001 to 0.000) 0.07

Lumbar spine Group 0.003 (20.043 to 0.050) 0.89 0.007 (20.038 to 0.053) 0.76
Time 0.004 (0.003 to 0.005) ,0.001 0.004 (0.003 to 0.005) ,0.001
Time 6CF 20.001 (20.002 to 20.000) 0.02 20.001 (20.002 to 20.000) 0.04

Femoral neck (total) Group 20.004 (20.061 to 0.052) 0.88 0.013 (20.038 to 0.064) 0.63
Time 0.004 (0.003 to 0.006) ,0.001 0.004 (0.003 to 0.006) ,0.001
Time 6CF 20.002 (20.004 to 0.000) 0.08 20.002 (20.004 to 0.001) 0.15

*Adjusted for age quartile, sex, and age quartile 6 sex interaction.
�Adjusted for age quartile, sex, age quartile 6 sex interaction, and height Z-score.
Areal bone mineral density adjusted for age and sex and then additionally for height. The b estimate with associated 95% confidence intervals (95% CI) for group
(control = 0, CF = 1), time, and time6CF are reported. ‘‘Group’’ represents the difference (CF 2 control) at study commencement, ‘‘time’’ represents the change in
aBMD over time for the whole group, and ‘‘time 6CF’’ represents the difference in change for aBMD between the CF and control groups over time.
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was no change in the difference over time (genital develop-
ment: time 6 CF, p = 0.28). At study completion, 17 (55%)
girls with CF and 32 (68%) controls aged 10 years and older
had reached menarche (p = 0.34). The median age for
menarche was similar for the two groups (CF: 13.0 years
(range 10–15), controls: 13.0 years (range 11–16.3);
p = 0.90). None of the female participants were taking the
oral contraceptive pill during the study.

There was significant seasonal variation associated with
25OHD for both children (p = 0.001) and adolescent
(p,0.001) CF subjects. Accounting for seasonal variation,
the mean 25OHD in children with CF declined significantly
from 64.0 (15.5) nmol/l to 55.6 (13.1) nmol/l, and in
adolescents with CF from 61.3 (15.2) nmol/l to 54.7
(17.8) nmol/l (table 5).

Completion of the diet diaries at each study visit varied
from 42% to 73%. At study commencement, calcium intake in
both children and adolescents with CF was significantly
greater than in controls and remained as such throughout the
study (table 5). Completion of the activity questionnaire at
each visit varied from 40% to 87%. The mean activity
questionnaire score was significantly higher in children with
CF than in controls at study commencement and did not
change significantly during the study. In adolescents, similar
activity scores were observed between CF and control
subjects at study commencement although they declined
significantly in the adolescent group as a whole. There was no
significant difference in the rate of decline between CF and
control groups.

Corticosteroid exposure
Inhaled corticosteroids were used more frequently in those
with CF. In children with CF, inhaled corticosteroid usage

increased from 78% at study commencement to peak at 97%
during the fourth visit, while in adolescents the reverse trend
was observed with 94% using inhaled corticosteroids at the
second visit and declining to 76% at the last visit. Control
subject usage of corticosteroids ranged from 4% to 16%. There
was a dosage reduction for both children and adolescents
with CF over the duration of the study, with the median
(IQR) dose decreasing from 46.2 (28.2–69.5) mg/kg/day at
study commencement to 22.9 (13.7–57.5) mg/kg/day at
completion in children and from 30.7 (21.8–49.4) mg/kg/day
to 22.5 (18.4–30.5) mg/kg/day in adolescents.

Fewer control participants took oral corticosteroids during
the study with usage ranging from 0 to 6% in children and
adolescents at each visit. One control used oral corticosteroids
for a period of 4 weeks for the management of Bell’s palsy. In
those with CF, the percentage taking oral corticosteroids at
each visit ranged from 22% to 35% in children and from 11%
to 28% in adolescents. Only two individuals with CF took oral
corticosteroids for more than 50% of the study period.

Fracture incidence
During the 2 year period before commencement of the study
10 fractures occurred in 10 subjects with CF and 15 in 10
control individuals (p = 0.81). During the study period the
fracture frequencies were similar in CF and control subjects
with seven and eight fractures occurring in CF and control
subjects, respectively (p = 1.00).

Clinical associations with areal bone mineral density:
longitudinal analysis
Lean tissue mass was a consistent significant covariate in all
of the aBMD models (including CF and control groups
adjusted for age, sex, and height Z-score) for both children
and adolescent groups (children: TB: p = 0.02, LS: p,0.001;
adolescents: TB: p,0.001, LS: p,0.001). With the inclusion
of LTM in the aBMD models, aBMD accrual over time was no
longer significantly different between CF and control groups
(‘‘time 6 CF’’ in children: TB p = 0.10, LS p = 0.08;
adolescents: TB p = 0.05, LS p = 0.14). The only other
significant covariate was the percentage of the recommended
daily caloric intake for TB aBMD in children (p = 0.01). No
significant associations were found between adjusted TB or
LS aBMD and activity questionnaire score or daily calcium
intake in either age group when CF and control subjects were
examined together.

The following associations were only examined in CF
subjects. In children, FVC was significantly associated with
adjusted TB aBMD (p = 0.005) while FEV1 and FVC were
both significantly associated with adjusted aBMD in adoles-
cents (FEV1: TB: p,0.001, LS: p,0.001; FVC: TB: p,0.001,
LS: p,0.001). No associations were found between adjusted
aBMD and inhaled corticosteroids, oral corticosteroids, the
number of exacerbations, the number of admissions, or the
number of days in hospital.

Including all significant covariates identified to the
adjusted aBMD model, final models were generated in CF
subjects only. In children only FVC remained a significant
covariate for adjusted TB aBMD and LTM for adjusted LS
aBMD. Lung function parameters, FEV1 and FVC were highly
correlated so they were explored independently in adoles-
cents with CF. Lean tissue mass and FEV1 remained
significant covariates in the adjusted TB and LS aBMD
models.

DISCUSSION
This large controlled longitudinal study of aBMD accrual in
children and adolescents with CF has found suboptimal gains
in LS aBMD in children with CF and suboptimal gains in TB
and FNt aBMD in adolescents with CF compared with a local
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Figure 2 Longitudinal changes in total body areal bone mineral density
in adolescents. (A) Adjusted mean with associated 95% confidence
intervals for age and sex. (B) Adjusted mean with associated 95%
confidence intervals for age, sex and height Z-score.
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healthy control cohort after accounting for height discrepan-
cies. These findings support the conclusion that the deficit in
aBMD observed in adults with CF is in part due to inadequate
bone mass accrual during childhood and adolescence.

To date, three longitudinal studies have reported aBMD in
children and adolescents with CF. Bhudhikanok et al1

reported a significant reduction in TB aBMD Z-score for both
females and males and LS aBMD Z-score for females over a
mean period of 17 months compared with local controls. The
mean weight and height gains were below normal which may
explain some of the findings. More recently, Gronowitz et al25

and Ujhelyi et al11 reported no significant change in LS or FN
aBMD Z-scores over a 2 year study period despite both LS

and FN aBMD Z-scores being significantly lower at study
commencement. Neither of these studies used local healthy
controls for comparison for the duration of the study.

Previous longitudinal studies1 11 25 have not addressed the
fundamental relationship between aBMD and height. In this
study aBMD accrual adjusted for age and sex (equivalent to
Z-scores) at all three measured sites in adolescents with CF
were similar to controls, despite being significantly lower at
study commencement; this is consistent with findings of
previous studies.11 25 With the addition of height to the aBMD
models, TB and FNt aBMD accrual were significantly less in
adolescents with CF than in controls, and LS aBMD also
tended to be lower. These results highlight the importance of

Table 4 Longitudinal comparison of total body, lumbar spine, and total femoral neck areal bone mineral density in
adolescents (11–18 years)

Site measured Parameter

Adjusted for age and sex* Additionally adjusted for height�

b estimate
(95% CI) p value

b estimate
(95% CI) p value

Total body Group 20.076 (20.107 to 20.046) ,0.001 20.046 (20.079 to 20.013) 0.006
Time 0.004 (0.004 to 0.005) ,0.001 0.004 (0.004 to 0.005) ,0.001
Time 6CF 20.001 (20.002 to 0.000) 0.17 20.001 (20.002 to 20.000) 0.03

Lumbar spine Group 20.103 (20.149 to 20.058) ,0.001 20.041 (20.090 to 0.008) 0.10
Time 0.006 (0.005 to 0.006) ,0.001 0.005 (0.005 to 0.006) ,0.001
Time 6CF 20.000 (20.002 to 0.001) 0.54 20.001 (20.003 to 0.000) 0.07

Femoral neck (total) Group 20.124 (20.176 to 20.072) ,0.001 20.066 (20.125 to 20.008) 0.03
Time 0.004 (0.003 to 0.005) ,0.001 0.004 (0.003 to 0.005) ,0.001
Time 6CF 20.001 (20.003 to 0.001) 0.20 20.002 (0.003 to 0.005) 0.04

*Adjusted for age quartile, sex, and age quartile 6 sex interaction.
�Adjusted for age quartile, sex, age quartile 6 sex interaction, and height Z-score.
Areal bone mineral density adjusted for age and sex and then additionally for height. The b estimate with associated 95% confidence intervals (95% CI) for group
(control = 0, CF = 1), time, and time6CF are reported. ‘‘Group’’ represents the difference (CF 2 control) at study commencement, ‘‘time’’ represents the change in
aBMD over time for the whole group, and ‘‘time 6CF’’ represents the difference in change for aBMD between the CF and control groups over time.

Table 5 Longitudinal comparison of clinical measures in CF and control groups divided into two age groups: children
(5–10 years) and adolescents (11–18 years)

Group Time Time 6CF

b estimate (95% CI) p value b estimate (95% CI) p value b estimate (95% CI) p value

Children
Weight (kg)*� 21.01 (23.82 to 1.81) 0.48 0.35 (0.29 to 0.40) ,0.001 20.09 (20.17 to 20.01) 0.03
Height (cm)* 21.13 (24.06 to 1.79) 0.45 0.51 (0.46 to 0.56) ,0.001 20.05 (20.12 to 0.02) 0.14
Lean tissue mass (kg)* 0.19 (20.92 to 1.30) 0.73 0.20 (0.17 to 0.24) ,0.001 20.04 (20.09 to 0.01) 0.13
Calcium intake (g/day) 591.8 (232.0 to 951.6) 0.001 7.61 (2.8 to 12.5) 0.002 22.3 (224.8 to 19.6) 0.82
Recommended caloric intake (%) 22.06 (20.94 to 45.07) 0.06 0.32 (20.25 to 0.88) 0.27 21.01 (22.37 to 0.36) 0.15
Activity questionnaire 0.45 (0.12 to 0.79) 0.008 0.01 (20.00 to 0.02) 0.11 20.02 (20.03 to 0.00) 0.06
FEV1 (% predicted) 20.20 (20.12 to 0.01) 0.07
FVC (% predicted) 20.16 (20.36 to 0.03) 0.10
25OHD (nmol/l)` 20.36 (20.52 to20.20) ,0.001
1,25(OH)2D (pmol/l) 20.32 (20.93 to 0.29) 0.30

Adolescents
Weight (kg)* 28.33 (211.6 to 25.11) ,0.001 0.35 (0.28 to 0.42) ,0.001 20.06 (20.16 to 0.03) 0.17
Height (cm)* 29.58 (212.10 to 27.06) ,0.001 0.32 (0.25 to 0.39) ,0.001 0.07 (20.04 to 0.17) 0.20
Lean tissue mass (kg)* 26.01 (28.09 to 23.93) ,0.001 0.22 (0.17 to 0.27) ,0.001 0.00 (20.07 to 0.08) 0.91
Calcium intake (g/day) 362.0 (150.0 to 574.1) ,0.001 4.0 (20.5 to 8.5) 0.08 22.2 (211.7 to 7.4) 0.66
Recommended caloric intake (%) 15.68 (0.91 to 30.45) 0.04 20.44 (20.78 to 20.10) 0.01 20.77 (21.47 to 20.07) 0.03
Activity questionnaire1 0.19 (20.09 to 0.47) 0.18 20.01 (20.02 to 20.01) ,0.001 20.01 (20.02 to 0.01) 0.41
FEV1 (% predicted) 20.36 (20.58 to 20.14) 0.002
FVC (% predicted) 20.25 (20.45 to 20.05) 0.01
25OHD (nmol/l)` 20.36 (20.64 to 0.08) 0.06
1,25(OH)2D (pmol/l) 20.13 (20.67 to 0.42) 0.65

FEV1, forced expiratory volume in 1 second; FVC, forced vital capacity; 25OHD, 25-hydroxyvitamin D; 1,25(OH)2D, 1,25 hydroxyvitamin D.
*Variables adjusted for age, sex, and age 6 sex interactions.
�Data required log transformation to obtain a normal distribution (untransformed results reported).
`25 hydroxyvitamin D adjusted for significant seasonal variation
1Activity questionnaire score adjusted for age due to significant interaction.
Group represents the difference (CF 2 control) at study commencement, time represents the change in aBMD over time for the whole group, and ‘‘time 6CF’’ represents the
difference between the CF and control groups in the changes in aBMD over time. There are no group comparisons available for lung function parameters or serum measures of
vitamin D.
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adjusting for height when assessing aBMD measures in
young people with CF, particularly in the presence of short
stature.

The mean aBMD gains in the control cohort were
comparable to those reported in other healthy populations.13

With the available participants, the study was powered to
detect a difference in aBMD gain over the study period
between CF and control groups of 43% for TB and 56% for LS
aBMD in children and 30% for TB and 38% for LS aBMD in
adolescents. These detectable differences between CF and
control groups are relatively large and clinically applicable
differences in bone mass accrual between CF and control
groups. These results should be taken into account for future
study designs.

It is essential that the underlying pathology and pattern of
evolution of low bone mass in individuals with CF should be
determined to enable effective management strategies to be
implemented. This task is difficult as many factors interplay
with bone mass accrual ranging from inherited factors
(including a possible role of dysfunctional CFTR) to the
effects of chronic inflammation, malabsorption, and chronic
disease impeding an active lifestyle. Access to bone histo-
pathological evidence is limited, so much of our under-
standing to date has relied upon observational studies of
BMD. The findings of this study suggest that the underlying
pathological process has a greater impairment on trabecular
bone mass accrual initially as indicated by reduced LS aBMD
gains in children, although it is more generalised during the
growth phase experienced during adolescence as indicated by
reduced gains in TB and FNt aBMD in adolescents with CF.

Lung function, a marker of disease severity, and LTM were
the only consistent covariates associated with aBMD gains in
this study, in agreement with others.1 4 25 Body muscle
delivers the largest load and strain to bone—influencing
bone size, geometry and density—and LTM, a measure of
muscle mass, is an independent predictor of bone mass in
healthy subjects.48 49 Several studies have shown that aBMD
and BMC in subjects with CF are similar to age, sex, height
and LTM matched controls, despite a significant difference
when compared with age and sex matched normative
data.18 19 24 In this study the lack of difference in aBMD gains
between control and CF groups following inclusion of LTM
implies that reduced muscle mass, in addition to short
stature, explains a considerable proportion of the reduced
bone mass accrual in children and adolescents with CF.
Maximising nutritional status and body muscle mass in
conjunction with limiting disease progression are important
for optimising bone mass accrual.

A finding unique to this study is the clear documentation
of normal pubertal progression in those with CF as indicated
by clinical pubertal staging and age of menarche, which is
different from previous studies.1 11 25 Inadequate aBMD gains
in this study cannot be attributed to delayed puberty.

It is well known that oral corticosteroids impede bone
formation. Only a small number of subjects received long
term oral corticosteroids in this study, which may explain
why we did not find an association with aBMD gain as
reported previously.1 4 The negative association previously
reported with inhaled corticosteroids in children/adoles-
cents17 was not observed in the longitudinal analysis,
consistent with reports that inhaled corticosteroid usage in
children and adolescents with asthma have a negligible effect
on bone mass accrual.50 51

In the absence of an easy to use and reliable objective
method of measuring weight bearing activity, physical
activity was assessed using a validated questionnaire.
Questionnaires may not truly reflect actual physical activity
due to altered perception. In adolescents the decline in the
physical activity score during the study is consistent with

earlier studies.52 Weight bearing exercise programmes have
been associated with gains in bone mass in healthy children
and adolescents over the short term, and this is an area for
interventional studies in those with CF.53 54 Dietary calcium
intake in those with CF remained above the recommended
level through out the study despite declining overall.
Whether it is sufficient to compensate for impaired calcium
absorption is unknown.55 Some caution is required when
interpreting the results from the dietary diaries and physical
activity questionnaires due to low participation rates,
particularly in the adolescent groups.

25-hydroxyvitamin D is predominantly obtained by sun-
light exposure with limited dietary absorption in healthy
individuals. Vitamin D supplementation was not part of
routine clinical care in the study population. The reason for
the declining serum levels in children and adolescents with
CF is unexplained and, in the absence of control subject
longitudinal data, it is unclear whether this is unique to CF
subjects. There was significant seasonal variation in those
with CF, although not the controls at study commencement
(data not published), suggesting either a reduction in
sunlight exposure during the winter months and/or altered
vitamin D metabolism in those with CF. The skin cancer
awareness campaign is very active in Queensland and
whether the increasing use of more protective sunscreen is
having an impact is unknown. Nevertheless, there were no
associations between 25OHD and aBMD.

Histopathological evidence of the underlying disorder in
young people with CF is limited. Elkin56 reported low bone
formation at a tissue and cellular level with no evidence of
increased bone resorption in young adults with CF. These
findings were not consistent with previously described
metabolic bone disorders or the reports of increased urinary
bone resorption markers.1 16 56 57 The observations of inade-
quate aBMD accrual in this study are consistent with these
findings. It has not been established whether the expression
of dysfunctional CFTR affects osteoblast function. A moder-
ately significant correlation between aBMD of CF patients
and their mothers (obligate carrier of CFTR mutation) has
been reported,11 indicating either that genetic predisposition
determines ,80% of peak bone mass and/or that dysfunc-
tional CFTR influences bone mass accrual.58 59 Vitamin K
insufficiency may contribute to low bone formation as
vitamin K is required for c-carboxylation of osteocalcin
glutamic acid residues and uncarboxylated osteocalcin has a
strongly reduced affinity for calcium. Higher uncarboxylated
osteocalcin levels have been reported in those with CF.60–62

The primary concern of the low bone mass is the increased
risk of fracture which has been documented in adolescents
and adults with CF.3 8–10 In this study the incidence of limb
fractures did not differ between the control and CF study
groups. This may reflect the short study duration, the young
population, inadequate study size, or selection bias on behalf
of the control subjects.

Controversy exists around the best method of measuring
and reporting bone mass measured by DXA in growing
individuals.19 27 30 We have elected to report aBMD, the
measure from which Z-scores are commonly generated,
rather than bone mineral content (BMC). When TB BMC
was analysed (data not shown), similar results were found in
keeping with others.63 One of the limitations of the study is
that there were more missing data from the adolescents with
CF which increases the likelihood of bias. As the adolescents
who withdrew had greater disease severity, as indicated by
FEV1 at study commencement, the differences in aBMD
observed between CF and control groups reported here are
likely to be underestimated.

In conclusion, suboptimal TB and FNt bone mass accrual in
adolescents with CF, as measured by aBMD adjusted for age,
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sex and height Z-score, compared with local healthy controls
was found in this study. This indicates that inadequate bone
mass accrual during adolescence contributes to the low bone
mass observed in adults with CF. A considerable proportion
of the reduced gain in bone mass is explained by LTM and
deteriorating disease status. At this point of our under-
standing, maximising nutritional status, encouraging and
maintaining an active lifestyle, ensuring adequate 25OHD,
and minimising the progression of chronic suppurative lung
disease are required to optimise an individual’s potential to
acquire maximal peak bone mass and hence reduce the risk
of future fracture.
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An important virus in asthma pathophysiology?
m Pifferi M, Maggi F, Andreoli E, et al. Associations between nasal torquetenovirus load and spirometric indices in children

with asthma. J Infect Dis 2005;192:1141–8

T
here is evidence that viral respiratory infections may have an important role in asthma.
Torquetenovirus (TTV) is widespread in the general population, and increased loads
have been associated with decreased circulating CD3 and CD4 cells as well as increased

circulating B cells and eosinophilic cationic protein (ECP), suggesting possible immuno-
modulatory effects. This group investigated, for the first time, the association between TTV
carriage and spirometric indices in asthma.

The nasal secretions of 59 asthmatic children aged 7–16 years who had been stable for at
least 2 months and 30 non-asthmatic non-atopic controls matched for age and residence
were studied. 93% of asthmatics and 83% of controls had TTV carriage (no significant
difference). Because of the low number of subjects without TTV carriage, the analysis
compared those with high TTV load and those with low or absent TTV load. No differences in
forced expiratory volume in 1 second (FEV1) or forced vital capacity (FVC) were found
between cases and controls, but FEV1/FVC, FEF25–75%, and FEF25–75%/FVC were all
significantly lower in cases than in controls, and in cases with a high TTV load compared
with those with a low TTV load. TTV load was also correlated with sputum ECP level.

The authors conclude that enhanced TTV replication may negatively affect the size and/or
tone of small to medium airways in children with asthma, either directly or via the
inflammatory response it elicits. Although they acknowledge that TTV replication may
merely serve to identify children with abnormal airway or immune function, further work is
warranted to prove that this virus is an important element in the pathophysiology of
asthma.
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