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Abstract

Objectives: Previous reports indicate bone deficits in patients with Fontan circulation. However,
the consequences of these deficits on bone strength and when these changes occur are unclear.
Aim: To compare the tibial bone strength-strain index between young patients (6-19 years)
with Fontan circulation and age- and sex-matched controls, and to determine strength-strain-
index in subgroups of children (6-12 years) and adolescents (13-19 years) versus controls.
Method: The tibia was examined with peripheral quantitative CT. Based on the assessed data,
bone strength-strain index was calculated in the lateral and anterior-posterior directions.
Results: Twenty patients with Fontan and twenty controls (mean age 13.0 + 4.4 years; 50%
females) were examined. Patients had a lower strength-strain index in the lateral direction
compared to controls (808.4 + 416.8mm?> versus 1162.5 + 552.1lmm?>, p = 0.043). Subgroup
analyses showed no differences regarding strength-strain index in children (6-12 years) with
Fontan circulation compared to controls. However, the adolescents (13-19 years) with Fontan
circulation had lower strength-strain indexes in both the lateral and anterior-posterior
directions compared to controls (1041.4 + 299.8mm? versus 1596.4 + 239.6mm?>, p <0.001, and
771.7 £ 192.4mm? versus 1084.9 + 215.0mm?, p = 0.004). When adjusted for height, there were
differences between patients (619 years) and controls in strength-strain indexes in both the
lateral and anterior-posterior directions. In subgroup analyses, the results remained robust.
Conclusion: Young patients (6-19 years) with Fontan circulation have a lower strength-strain
index in the tibia compared to controls. Subgroup analyses show that this deficit is mainly
driven by the differences in adolescents (13-19 years), which might suggest that bone strength
decreases with age.

Surgical and medical treatments of CHD have substantially improved survival.'? Despite

success in survival, extra-cardiac consequences of the CHD may constitute an increasing and
unexpected concern.® Recent reports have highlighted deficits in bone mineral density in
patients with complex CHD,*® especially in patients with Fontan circulation.>*!! Also, it was
suggested that these deficits increase with age (7).

Most of the previous reports are based on data retrieved from dual-energy X-ray
absorptiometry, which provides a two-dimensional projection of the bone, and areal bone
mineral density is the most common outcome.*®”!° Impaired bone mineral density contributes
to a lower bone strength that in the long-term, if impairment progresses, increases the risk of
fractures.!?

An alternative method to assess bone health is peripheral quantitative CT. Peripheral
quantitative CT provides a three-dimensional projection and enables separate analyses of
trabecular and cortical bone. It also allows for calculation of the bone strength based not only on
density but also on geometrical properties of the bone such as cortical thickness and diameter,
i.e. strength-strain index.!3-15

A previous report using peripheral quantitative CT showed lower trabecular density, cortical
thickness, and strength-strain index in the radius of children (mean age 12 years) with Fontan
circulation in comparison to controls.® Similar findings were reported in a small sample of
adolescents and young adults with Fontan circulation (n =6, age 14-24 years).'! Additionally,
lower bone mineral density and cortical thickness were found in the tibia of patients with Fontan
circulation (age 5-33 years) when compared to reference data.” Furthermore, a reduced
strength-strain index was shown in the tibia and the radius in adults with Fontan circulation,
despite findings of a normal bone mineral density.’ Taken together, recent reports indicate bone
deficits in patients with Fontan circulation. However, the consequences these deficits have on
the strength-strain index are unclear. It is also unclear when in the lifespan these deficits occur.

The primary aim of the present study was to determine differences in the tibia strength-strain
index between young patients (6-19 years) with Fontan circulation and age- and sex-matched
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controls. Other aims were to determine (a) differences in
trabecular and cortical bone measures between patients and
controls, (b) the above-mentioned bone variables in subgroups of
children (6-12 years) and adolescents (13-19 years), and (c) the
associations between clinical data, self-reported physical activity,
and the tibia strength-strain index.

There were twenty-two eligible participants with Fontan circulation
(6-19 years), and of these twenty agreed to participate. They were
recruited from the Pediatric Cardiology Units in Visterbotten,
Visternorrland, and Norrbotten. Most of the study population
(n=18) participated in a previous cross-sectional research project
regarding muscle function,'®!” body composition (assessed with
dual-energy X-ray absorptiometry), and vitamin D intake.'®
Inclusion criteria were Fontan circulation and an age of
6-19 years. In addition, twenty age- and sex-matched controls
were recruited by convenience sampling, i.e. from the population
near the study centre. Exclusion criteria for both patients and
controls were presence of diagnosis known to affect the bone health,
e.g. juvenile rheumatoid arthritis, cognitive and neurological
disabilities, or limited knowledge of the Swedish language. Data
on diagnosis, age at the total cavo-pulmonary connection surgery,
oxygen saturation, systemic ventricle, weight, height, presence of
growth pain in the legs, and blood test results (i.e. pro-BNP,
25-hydroxy-vitamin D, gamma-glutamyltransferase) were retrieved
at the clinical visit and via the medical record. Prior to participation,
a consent form was signed by both parents if the participant was
under 18 years of age. Participants that were > 18 years of age
provided a written informed consent themselves. The study
conformed with the principles outlined by the declaration of
Helsinki'® and was approved by the Regional Ethics Review Board,
Umea (Dnr: 2016-445-31 M, 2018-07-32M).

The bone and soft tissue composition of the tibia were assessed
with peripheral quantitative CT (pQCT, Stratec XCT2000,
Medizintechnik GmbH, Pforzheim, Germany) at Livsmedicin in
Umed. Peripheral quantitative CT enables a non-invasive and
three-dimensional evaluation of the microarchitecture and
strength of the peripheral bones, most commonly of the radius
or the tibia. The equipment was calibrated prior to the examination
and the voxel size was 0.5 x 0.5 x 2.0 mm (with slice thickness of
2mm). The tibia length was measured manually with a tape
measure from the medial malleolus to the medial site of the knee
joint. The examinations were made at 4 and 66% of the total length
of the bone in the proximal direction. An illustrative description of
projection sites was previously published.’ Variables regarding the
trabecular bone and total bone mineral content were extracted
from the distal tibia at the 4% site where the cortex is thin and most
of the bone cross-sectional area consists of trabecular bone.
Variables regarding the cortical bone were extracted from the
proximal tibia at the 66% site since the cortical bone at this site is
thick and nearly circular in shape. Data on muscle and fat tissue
were also extracted from the 66% site. In addition, the strength-
strain index was calculated based on bone geometry and bone
mineral density data extracted from the 66% site. The strength-
strain index represents the resistance to bending in the lateral and
anterior-posterior direction with a higher value indicating that the
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bone is more resistant to bending before fracturing. This variable
has been evaluated in a bending test, showing that the strength-
strain index predicted approximately 80% of the force required to
fracture the bone at the diaphysis.!’

Data on habitual physical activity and self-reported participation
in free-time sports were retrieved at the time of peripheral
quantitative CT analysis. Hours spent physically active during the
week, i.e. physical activity in school, free-time sports, and other
habitual physical activities, were added to the total number
of hours.

Venous blood was sampled in the fasting state to analyse
25-hydroxy-vitamin D (nmol/l), gamma-glutamyltransferase
(p-kat/L) and pro-BNP (ng/L). Prior to blood sampling, local
anaesthetic cream (EMLA, Astra Zeneca) was applied. The samples
were analysed at the Department of Clinical Chemistry, Umea
University Hospital. More detailed information is presented
elsewhere.!8

Statistical analyses were performed using IBM SPSS statistics 27.0
(IBM, Armonk, NY, USA). Data were assessed for normality and
presented as means with standard deviations. Frequencies were
presented as numbers with percentages. For comparison, Chi? test
was used for categorical variables, and student’s t-test or Mann-
Whitney U-test was used for analyses of continuous variables.
Cohen’s D was used to calculate the effect size of the peripheral
quantitative CT variables. A one-way analysis of covariance was
conducted to determine if the difference in bone strength could be
attributed to differences in height between patients and controls.
The dependent variable was strength-strain index, the independent
variable was the two groups of patients and controls, and the
covariate was height. Univariate linear regression analyses were
performed to determine factors associated with strength-strain
index in the lateral direction in patients. The independent variables
were chosen due to their suggested influence on the bone quality
and strength, i.e. age at total cavo-pulmonary connection surgery,
oxygen saturation, systemic ventricle, weight, height, and blood
test results (ie. pro-BNP, 25-hydroxy-vitamin D, gamma-
glutamyltransferase). A multivariable linear regression model
was built by entering variables significant in univariate analyses
(p <0.15). The variables in the multivariable model were checked
for multicollinearity. To ensure that the associations remained
robust, a sensitivity analysis of the model was performed by
stepwise excluding one independent variable at the time. A p-value
< 0.05 was considered significant.

For the study group of twenty patients with Fontan circulation and
twenty sex- and age-matched controls, the mean age was 13.0 + 4.4
years and 50% were females. There were no differences between
patients and controls in height or weight. Both groups participated
in school sports to the same extent. However, the patients had a
lower self-reported participation in free-time sports compared to
the controls. Also, the total hours of self-reported physical activity
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during the week were lower among the patients. There was no
difference between patients and controls regarding the presence of
growth pain in legs (Supplementary Table S1).

The most common cardiac diagnoses were hypoplastic left
heart syndrome and pulmonary atresia. Sixty-five per cent of the
patients had a left systemic ventricle. Most of the patients had
sufficient 25-hydroxy-vitamin D levels. The mean gamma-
glutamyltransferase was slightly increased and pro-BNP was
within the normal range (Supplementary Table S2).

The patients with Fontan circulation had a lower strength-strain
index in the lateral direction and a lower total bone mineral content
of the tibia compared to controls (Table 1). No other differences
were found regarding bone or soft tissue measures (Supplementary
Table S3). However, in subgroup analyses, there were no
differences regarding strength-strain index or total bone mineral
content in the tibia of children (6-12 years, n=9) with Fontan
circulation compared to controls (n=9). Nevertheless, children
with Fontan circulation had a lower trabecular density and a lower
cortical thickness than controls. In addition, adolescents (13-19
years, n=11) with Fontan circulation had a lower total bone
mineral content and a lower strength-strain index in both the
lateral and anterior-posterior direction compared to the controls
(n=11). Also, the adolescents had smaller cortical and trabecular
cross-sectional areas than controls (Table 1).

After adjusting for height, the difference in tibia strength-strain
index in the lateral direction remained between patients and controls
[F(1,37) = 12,3, p = 0.001, n* = 0.25]. This difference also remained
in the subgroup of adolescents (13-19 years) [F(1, 19)=14.7,
p=0.001, n* = 0.44]. In the corresponding analysis in the subgroup
of children (6-12 years), there was no difference in strength-strain
index in the lateral direction when compared to controls (data
not shown).

When using tibia strength-strain index in the anterior-posterior
direction as the dependent variable, a difference was found between
patients and controls whilst adjusting for height [F(1, 37) =4.8,
p =0.036, n*> = 0.114]. This difference remained for the subgroup of
adolescents (13-19 years) [F(1, 19) = 6.5, p = 0.02, n? = 0.25], yet no
difference was found in the subgroup of children (6-12 years) when
compared to controls (data not shown).

In univariate linear regression analysis, height, weight, and age at
total cavo-pulmonary connection was associated with tibia
strength-strain index in the lateral direction. No other variables
were associated with the strength-strain index in the lateral
direction. In the multivariable mode, height was associated with
strength-strain index in the lateral direction whilst adjusting for
age at total cavo-pulmonary connection (Table 2).

To the best of our knowledge, this is the first study reporting a
lower tibia strength-strain index assessed with peripheral
quantitative CT in young patients (6-19 years) with Fontan
circulation when compared to controls. In addition, a lower tibia
bone mineral content was found in the patients.
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At present, there are only a few reports assessing strength-strain
index and total bone mineral content with peripheral quantitative
CT in patients with Fontan circulation. A previous study found no
difference in tibia strength-strain index in young patients with
Fontan circulation compared to controls.® However, in another
study, a lower tibia strength-strain index and a lower total bone
mineral content were shown in adults with Fontan circulation
when compared to controls,” which is in line with our report on
children and adolescents.

In the present report, subgroup analyses show that the children
(6-12 years) with Fontan circulation had a lower cortical thickness
and trabecular bone mineral density compared to the controls.
This conforms with a previous study assessing bone quality in
children with Fontan circulation with peripheral quantitative CT.?
However, these differences in cortical thickness and trabecular
bone mineral density were not present in the subgroup of
adolescents, which is difficult to explain. Instead, lower trabecular
and cortical cross-sectional areas and bone mineral content were
found in this group. Although speculative, a lower cross-sectional
area in combination with a lower total bone mineral content could
lead to a proportionally smaller bone, thereby maintaining the
density within the normal range. In addition, similar findings of a
lower strength-strain index among both adolescents and adults
with Fontan circulation® suggest the development of bone deficits
over time. Similar findings of a decrease in bone health with age
were reported in children and adolescents with cystic fibrosis.2’

Since the peak bone mass is usually reached before the age of 18,%!
the presence of a lower bone strength at a young age may pose a
higher risk of future fractures compared to the general population.
However, according to recent reports, there are no indications of an
increased risk of fractures in young patients (<18 years) with
complex CHD.?*?* Despite lower bone strength, it is important to
keep in mind that this is still a young population with no indication
of osteoporosis per se. However, there is a slightly increased risk for
fractures among older patients with CHD compared to controls.”?
Therefore, it is important to monitor the bone development over
time to detect further deterioration of bone quality, and if possible,
even minimise future fractures.

There are previous reports on a shorter stature in patients with
Fontan circulation,* yet no significant differences regarding height
were found in the present cohort. However, to ensure that the
differences in strength-strain index were not due to differences in
height, post hoc analyses adjusting for height were conducted. When
adjusted for height, an additional difference was found in the
anterior-posterior direction of the strength-strain index between
patients and controls. The rest of the results remained robust.

A number of factors are known to affect bone quality and bone
development, e.g. vitamin D levels,”® presence of hypoxia,?®
physical activity,”! and growth trajectory.”’” Previous reports have
shown that vitamin D deficits are common among young patients
with Fontan circulation. However, these reports failed to show an
association between vitamin D levels and bone mineral density.”'®
Also, in the present report, vitamin D levels were not associated
with strength-strain index or bone mineral content. Furthermore,
hypoxia has been suggested as a factor that could affect bone
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Table 1. Tibia bone measures assessed with peripheral quantitative computed tomography

A. Wikner et al.

Variable Unit Patients (n = 20) Controls (n = 20) p Effect size
Age 6-19

Dimensions

Trabecular CSA? mm? 399.5+101.1 467.1 +106.6 0.06 —0.65
Cortical CSA? mm? 197.8 £79.2 246.11+87.2 0.1 -0.58
Cortical thickness mm 3.2+09 3.6+0.9 0.1 —0.47
Mass and density

Total BMC? g 2.6+0.7 3.17+0.6 0.009 —0.89
Trabecular BMD? mg/cm? 242.9+42.6 277.1+59.9 0.06 —0.66
Cortical BMD? mg/cm? 1069.1+62.7 1064.5 £ 58.6 0.8 0.09
Strength

xSSI* mm?3 808.4 £416.8 1162.5 +552.1 0.043 —0.72
ySSI® mm?3 610.0 +289.1 811.0£365.3 0.1 —0.61
Age 6-12 Patients (n = 9) Controls (n = 9)

Dimensions

Trabecular CSA? mm? 335.9+89.6 385.3+91.3 0.4 —0.55
Cortical CSA! mm? 137.3+62.9 160.0 +36.6 0.3 —0.44
Cortical thickness mm 2.5+0.7 29+0.3 0.024 —0.58
Mass and density

Total BMC? g 22+0.7 2.8+0.6 0.1 —0.89
Trabecular BMD3 mg/cm? 259.3455.0 317.96 +62.3 0.019 -0.99
Cortical BMD? mg/cm? 1021.2 +56.6 1021.35+30.6 0.7 —0.003
Strength

xSSI* mm?3 523.6 +£366.4 632.2£277.6 0.4 -0.33
ySSI® mm?3 413.5+£269.9 476.2 £172.7 0.5 —0.28
Age 13-19 Patients (n = 11) Controls (n = 11)

Dimensions

Trabecular CSA? mm? 451.5+79.9 534.0+63.2 0.02 -1.15
Cortical CSA? mm? 247.3+52.7 316.6+35.3 0.007 -1.55
Cortical thickness mm 3.8+0.6 43+0.6 0.9 —-0.88
Mass and density

Total BMC? g 2.9+0.6 3504 0.034 —-1.17
Trabecular BMD? mg/cm? 229.5+24.1 243.6+31.3 0.2 —0.51
Cortical BMD? mg/cm3 1109.8 £32.1 1099.8 £52.3 1.0 0.23
Strength

xSSI* mm?3 1041.4 £299.8 1596.4 +239.6 <0.001 —2.05
ySSI® mm?3 T71.7+192.4 1084.9 +215.0 0.004 -1.54

Data are presented as the means with standard deviations. Effect size, standardised mean difference Cohen’s D. Bold number denotes p-values < 0.05.

1CSA, cross-sectional area.

2BMC, bone mineral content.

3BMD, bone mineral density.

“4xSSl, strength-strain index in the lateral direction.

5ySSl, strength-strain index in the anterior-posterior direction.

development.?® Most of the patients in our cohort were not hypoxic
(<90%) at the time of the peripheral quantitative CT examination,
and no associations were found between oxygen saturation and
strength-strain index. However, age at total cavo-pulmonary
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connection surgery, which reflects time spent in hypoxia, was
associated with a lower strength-strain index. Hypoxia during a
sensitive period for bone development could possibly explain the
association. Nevertheless, this association did not remain in the
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Table 2. Univariate and multivariable linear regression analyses of factors associated with strength-strain index
Univariate Multivariable
Variable Unit n B 95% Cl p-value B 95% Cl p-value
Height cm 20 22.1 18.5-25.7 <0.001 18.2 12.3-24.0 <0.001
Age at TCPC* months 19 —26.9 —8.9- —55.8 0.006 13 —11.8-14.5 0.83
Weight kg 20 20.9 17.2-24.5 <0.001
Oxygen saturation % 20 28.1 —55.4-111.6 0.5
Serum 25 (OH) D2 nmol/L 20 0.69 -15.1-16.4 0.9
GGT? pkat/L 20 87.0 —321.1-495.2 0.7
pro-BNP* ng/L 20 —0.04 -0.7-0.7 0.9
Growth pain legs yes 19 —T74.4 —409.4-260.7 0.7

In the multivariable mode r=0.9. Number in model n = 19. Bold numbers denote p-values < 0.05.

TCPC, total cavo-pulmonary connection.
225(0OH) D, 25-hydroxy-vitamin D.

3GGT, gamma-glutamyltransferase.
“4pro-BNP, B-type natriuretic protein.

multivariable regression model. However, the analysis reflects a
small sample, which did not allow for extensive multiple regression
models. Therefore, it is suggested that future prospective study
protocols include hypoxia as a variable, preferably in a larger
population. It would also be of interest to investigate if this
association is present in other cyanotic heart diseases.

It is known that physical activity has an important effect on
bone development.?! Therefore, the findings of a lower strength-
strain index and bone mineral content in the tibia are of particular
interest considering that the tibia is a weight-bearing bone, and
hence constantly exposed to stress during daily activities.?! The
lower self-reported physical activity among the patients compared
to the controls could potentially explain the bone deficits. The
lower physical activity level is mostly explained by the lower
participation in free-time sports. However, these data must be
interpreted with caution since they are self-reported activities. The
findings of a lower self-reported participation in free-time sports
are in line with a previous study by Hedlund et al.?® Nevertheless,
when objectively measuring the time spent at moderate physical
activity in the same cohort, these previous authors found no
difference between the patients with Fontan circulation and
controls. The effect of physical activity on bone development in
patients with Fontan circulation needs further investigation.

An interesting observation is that the adolescents with Fontan
circulation had a bone mineral content level comparable to the
children (6-12 years) of the control group (2.9 g versus 2.8 g). It is
known that the growth in infancy is associated with bone mineral
content levels later in life.”” Therefore, a possible explanation for
the lower bone mineral content found in the adolescents with
Fontan circulation could be a decrease in growth trajectory during
the first years of life, especially prior to total cavo-pulmonary
connection surgery.”’ Unfortunately, data on growth trajectory
were not available in the present population.

Contrary to our findings of a lower tibia strength-strain index
and bone mineral content, Sarafoglou et. al. found no differences in
the tibia of children with Fontan circulation.? A possible explanation
for the conflicting findings could be that the lower strength-strain
index and bone mineral content in our study were mostly driven by
the adolescent patients. Even though the mean age between our
study and the study by Sarafoglou et. al. appears similar (13.0 versus
12.1 years), there are indications of a younger population in their
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study since the majority of the patients (7 out of 10) had a Tanner
stage <2. This further stresses the need for future prospective
studies investigating whether these differences in bone quality arise
during adolescence.

Unfortunately, the cross-sectional design of present study does not
allow analyses of causal relationships. Yet potential causes could be the
low cardiac output and increased central venous pressure or mild
residual hypoxia that the Fontan circulation entails.*® In addition,
many other organs are affected by a single ventricle physiology,
resulting in secondary effects on e.g., bone mineral content.’!
However, previous cross-sectional studies have shown presence of
reduced bone in other CHDs as well,’ thus a Fontan circulation is
probably not the only explanation. To address this topic, larger
prospective studies including multiple CHDs are desirable.

Since the cross-sectional study design only provides a momentary
description of the population, it is not possible to analyse the
individual development of bone health over time. Although the
results of the present study might suggest that strength-strain
index and bone mineral content, on a group level, decreases with
age, prospective studies are needed to confirm these findings.
Another limitation is the rather small study population, which does
not allow for extensive analyses using multiple regression models
or linear regression analyses in the subgroups. Nevertheless, the
number of participants was adequate to enable subgroup analyses.
In addition, age- and sex-matched controls were included, which
can be seen as a strength of the present study. This is especially
important since large national reference values for peripheral
quantitative CT are not available for children. A known limitation
with existing reference data for children is that site of
measurements, age ranges, and groups of subjects may differ.?’
An additional limitation is the lack of information regarding
Tanner stage since this could have enabled the comparison of
maturity between patients and controls.

Young patients (6-19 years) with Fontan circulation have a lower
strength-strain index compared to controls. Subgroup analyses
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show that this deficit is mainly driven by the differences in
adolescents (13-18), which might suggest that impaired bone
strength develops with age. Our findings highlight the need to
monitor bone development in patients with Fontan circulation in
order to detect further deterioration of bone quality, and if
possible, to prevent future fractures.

The supplementary material for this article can be
found at https://doi.org/10.1017/51047951124000404.

We would like to thank all the patients who generously
committed time and effort to the current study. We would also like to thank all
the personnel at Livsmedicin, Ume3, for the substantial cooperation regarding
examinations with peripheral quantitative CT.

Annika Rydberg and Camilla Sandberg contributed
equally to last authorship.

This work was supported by the Swedish Heart-Lung
Foundation (20160496) and the Swedish Odd Fellow order.

None.

The authors assert that all procedures contributing to this
work comply with the Helsinki Declaration of 1975, as revised in 2008, and have
been approved by the Regional Ethics Review Board, Umea (Dnr: 2016-445-
31M, 2018-07-32M).

1. Mandalenakis Z, Giang KW, Eriksson P, et al. Survival in children with
congenital heart disease: have we reached a peak at 97%? ] Am Heart Assoc
20205 9: €017704.

2. Moons P, Bovijn L, Budts W, Belmans A, Gewillig M. Temporal trends in
survival to adulthood among patients born with congenital heart disease
from 1970 to 1992 in Belgium. Circulation 2010; 122: 2264-2272.

3. Ritmeester E, Veger VA, van der Ven JPG, et al. Fontan circulation
associated organ Abnormalities beyond the heart, lungs, liver, and gut: a
systematic review. Front Cardiovasc Med 2022; 9: 826096.

4. Sandberg C, Johansson K, Christersson C, Hlebowicz J, Thilén U,
Johansson B. Low bone mineral density in adults with complex congenital
heart disease. Int ] Cardiol 2020; 319: 62-66.

5. Johansson K, Johansson B, Sandberg C. Reduced bone strength in adults
with moderate or complex congenital heart disease. Int ] Cardiol Congenit
Heart Dis 2021; 6.

6. D’Ambrosio P, Tran D, Verrall CE, et al. Prevalence and risk factors for low
bone density in adults with a Fontan circulation. Congenit Heart Dis 2019;
14: 987-995.

7. Diab SG, Godang K, Miiller LO, et al. Progressive loss of bone mass in
children with Fontan circulation. Congenit Heart Dis 2019; 14: 996-1004.

8. Sarafoglou K, Petryk A, Mishra PE, et al. Early characteristics of bone
deficits in children with Fontan palliation. Cardiol Young 2020; 30:
468-475.

9. Avitabile CM, Goldberg DJ, Zemel BS, et al. Deficits in bone density and
structure in children and young adults following Fontan palliation. Bone
2015; 77: 12-16.

10. Vaikunth SS, Leonard MB, Whitehead KK, et al. Deficits in the functional
muscle-bone unit in youths with Fontan physiology. ] Pediatr 2021; 238:
202-207.

11. Witzel C, Sreeram N, Coburger S, Schickendantz S, Brockmeier K,
Schoenau E. Outcome of muscle and bone development in congenital heart
disease. Eur J Pediatr 2006; 165: 168-174.

https://doi.org/10.1017/5S1047951124000404 Published online by Cambridge University Press

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

A. Wikner et al.

Kanis JA, Cooper C, Rizzoli R, Reginster JY. European guidance for the
diagnosis and management of osteoporosis in postmenopausal women.
Osteoporos Int 2019; 30: 3-44.

Fonseca A, Gordon CL, Barr RD. Peripheral quantitative computed
tomography (pQCT) to assess bone health in children, adolescents, and
young adults: a review of normative data. ] Pediatr Hematol Oncol 2013; 35:
581-589.

Jiang H, Robinson DL, McDonald M, et al. Predicting experimentally-
derived failure load at the distal radius using finite element modelling based
on peripheral quantitative computed tomography cross-sections (pQCT-
FE): a validation study. Bone 2019; 129: 115051.

Samelson EJ, Broe KE, Xu H, et al. Cortical and trabecular bone
microarchitecture as an independent predictor of incident fracture risk in
older women and men in the bone microarchitecture international
consortium (BoMIC): a prospective study. Lancet Diabetes Endocrinol
2019; 7: 34-43.

Sandberg C, Frisk E, Hansson L, et al. Impaired knee extension muscle
strength in adolescents but not in children with Fontan circulation. Cardiol
Young 2020; 30: 1138-1143.

Bergdahl MS, Crenshaw AG, Hedlund ER, Sjéberg G, Rydberg A, Sandberg C.
Calf muscle oxygenation is impaired and may decline with age in young
patients with total cavopulmonary connection. Pediatr Cardiol 2022; 43:
449-456.

Hansson L, Sandberg C, Ohlund I, et al. Vitamin D, liver-related
biomarkers, and distribution of fat and lean mass in young patients with
Fontan circulation. Cardiol Young 2021; 32: 1-8.

Kontulainen SA, Johnston JD, Liu D, Leung C, Oxland TR, McKay HA.
Strength indices from pQCT imaging predict up to 85% of variance in bone
failure properties at tibial epiphysis and diaphysis. ] Musculoskelet
Neuronal Interact 2008; 8: 401-409.

Stagi S, Cavalli L, Cavalli T, de Martino M, Brandi ML. Peripheral
quantitative computed tomography (pQCT) for the assessment of bone
strength in most of bone affecting conditions in developmental age: a
review. Ital ] Pediatr 2016; 42: 88.

Soyka LA, Fairfield WP, Klibanski A. Clinical review 117: hormonal
determinants and disorders of peak bone mass in children. J Clin
Endocrinol Metab 2000; 85: 3951-3963.

Kroonstrom LA, Dellborg M, Giang KW, Eriksson P, Mandalenakis Z.
Fractures in patients with and without congenital heart disease - a
nationwide register-based cohort study. Int J Cardiol Congenit Heart Dis
2022; 10: 100413.

Kroonstrom LA, Dellborg M, Cider A., Eriksson P, Rosengren A,
Mandalenakis Z. Fractures in children and young adults with and without
congenital heart disease. Int ] Cardiol Congenit Heart Dis 2021; 2: 100072.
Avitabile CM, Leonard MB, Zemel BS, et al. Lean mass deficits, vitamin D
status and exercise capacity in children and young adults after Fontan
palliation. Heart 2014; 100: 1702-1707.

Khazai N, Judd SE, Tangpricha V. Calcium and vitamin D: skeletal and
extraskeletal health. Curr Rheumatol Rep 2008; 10: 110-117.

Arnett TR, Gibbons DC, Utting JC, et al. Hypoxia is a major stimulator of
osteoclast formation and bone resorption. J Cell Physiol 2003; 196: 2-8.
Cooper C, Fall C, Egger P, Hobbs R, Eastell R, Barker D. Growth in infancy
and bone mass in later life. Ann Rheum Dis 1997; 56: 17-21.

Hedlund ER, Lundell B, Villard L, Sjéberg G. Reduced physical exercise and
health-related quality of life after Fontan palliation. Acta Paediatr 2016;
105: 1322-1328.

Daymont C, Neal A, Prosnitz A, Cohen MS. Growth in children with
congenital heart disease. Pediatrics 2013; 131: e236-e242.

Gewillig M, Brown SC. The fontan circulation after 45 years: update in
physiology. Heart 2016; 102: 1081-1086.

Rychik J. The relentless effects of the Fontan paradox. Semin Thorac
Cardiovasc Surg Pediatr Card Surg Annu 2016; 19: 37-43.


https://doi.org/10.1017/S1047951124000404
https://doi.org/10.1017/S1047951124000404

	Lower bone strength in young patients with Fontan circulation compared to controls
	Materials and method
	Study population
	Peripheral quantitative computed tomography
	Physical activity
	Biochemical analyses
	Statistical analysis

	Results
	Study population
	Bone variables assessed with peripheral quantitative CT
	Height as a covariate
	Factors associated with bone strength

	Discussion
	Bone strength and bone mineral content
	Height as a covariate
	Factors associated with bone quality
	Limitations

	Conclusion
	References



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /PageByPage
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.3
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages false
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /sRGB
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 524288
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo false
  /PreserveFlatness false
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Preserve
  /UCRandBGInfo /Remove
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages false
  /ColorImageMinResolution 150
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages false
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 600
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.00000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages false
  /GrayImageMinResolution 150
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages false
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 600
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.00000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages true
  /CropMonoImages false
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages false
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth 4
  /MonoImageDownsampleThreshold 1.00000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects true
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (U.S. Web Coated \050SWOP\051 v2)
  /PDFXOutputConditionIdentifier (CGATS TR 001)
  /PDFXOutputCondition ()
  /PDFXRegistryName (http://www.color.org)
  /PDFXTrapped /False

  /Description <<
    /ENU ()
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AllowImageBreaks true
      /AllowTableBreaks true
      /ExpandPage false
      /HonorBaseURL true
      /HonorRolloverEffect false
      /IgnoreHTMLPageBreaks false
      /IncludeHeaderFooter false
      /MarginOffset [
        0
        0
        0
        0
      ]
      /MetadataAuthor ()
      /MetadataKeywords ()
      /MetadataSubject ()
      /MetadataTitle ()
      /MetricPageSize [
        0
        0
      ]
      /MetricUnit /inch
      /MobileCompatible 0
      /Namespace [
        (Adobe)
        (GoLive)
        (8.0)
      ]
      /OpenZoomToHTMLFontSize false
      /PageOrientation /Portrait
      /RemoveBackground false
      /ShrinkContent true
      /TreatColorsAs /MainMonitorColors
      /UseEmbeddedProfiles false
      /UseHTMLTitleAsMetadata true
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /BleedOffset [
        0
        0
        0
        0
      ]
      /ConvertColors /ConvertToRGB
      /DestinationProfileName (U.S. Web Coated \(SWOP\) v2)
      /DestinationProfileSelector /UseName
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements true
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles true
      /MarksOffset 6
      /MarksWeight 0.250000
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /UseName
      /PageMarksFile /RomanDefault
      /PreserveEditing true
      /UntaggedCMYKHandling /UseDocumentProfile
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [600 600]
  /PageSize [612.000 792.000]
>> setpagedevice


