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ABSTRACT

Objectives We studied oral glucocorticoids and
osteonecrosis, a rare but serious bone disease, in
individuals with various chronic inflammatory diseases.
We hypothesised that we would find stronger associations
in adults versus children and in people with autoimmune
diseases.

Design Retrospective cohort study.

Setting Population-representative data (1994—-2013) from
general practices in the UK.

Participants Children and adults diagnosed with asthma;
inflammatory bowel disease; juvenile, psoriatic or
rheumatoid arthritis; psoriasis; or systemic lupus.
Exposures Oral glucocorticoid patterns.

Primary and secondary outcome measures Diagnosed
osteonecrosis (primary) and osteonecrosis plus clinical
features (eg, symptoms, pain medication, surgical repair)
(secondary). Discrete time failure models estimated the
adjusted hazard ratio (aHR) of incident osteonecrosis
following oral glucocorticoid exposure. Hypothesis

testing was one sided (with corresponding 90% Cl) since
glucocorticoids were unlikely protective.

Results After adjusting for demographic, disease-related
and health utilisation factors, gluGiESHGOIMISKPOSIIP
(vas associated with osteonecrosis in adults (ages 18-49,
aHR 2.1 (90% CI 1.5 t0 2.9); ages >50, aHR 1.3 (90%

Cl 1.01 to 1.7)). AOEVEHIGHEHGSEIGIICOEoHiICoIdS)
corresponding to average doses <7.5mg prednisolone
daily and maximum doses <30 mg daily, were not
SSoeiate AN GSEoRecrosSNAEauIS. Furthermore, even
at high glucocorticoid doses, there was no evidence of
increased osteonecrosis among glucocorticoid-exposed
children (p=0.04 for interaction by age) (any glucocorticoid
exposure, ages 2-9: aHR 1.1 (90% Cl 0.7 to 1.7); ages 10—
17:aHR 0.6 (90% Cl 0.3 to 1.6)). Arthritis, inflammatory
bowel disease and lupus were independently associated
with osteonecrosis, but there was a similar dose
relationship between glucocorticoids and osteonecrosis
among adults with low-risk and high-risk diseases.
Conclusions Glucocorticoid use was clearly associated
with osteonecrosis (ilEIIBSERFEIAIED fashion in adults,
especially young adults, but this risk was not detectable
in children. The absolute risk of glucocorticoid-associated
osteonecrosis in the general paediatric population and

in adults taking low glucocorticoid d(SESNSIENmMos!

Strengths and limitations of this study

» Unlike most other studies of glucocorticoids and
osteonecrosis performed in specialty centres, a
population-based study allowed for comparison
across a wide range of ages and diseases and limited
bias from selective inclusion of people with the most
severe disease and had better generalisability to the
general population.

» Thisis the largest paediatric study of glucocorticoids
and osteonecrosis performed to date.

» The primary outcome definition has not been
validated, but the secondary outcomes supported
the main findings.

» We could not eliminate the possibility of bias from
residual confounding.

» Statistical power to detect an association in children
was somewhat limited.

INTRODUCTION

Systemic glucocorticoids are commonly used
to treat chronic inflammatory diseases such
as asthma, inflammatory bowel disease (IBD)
and rheumatoid arthritis (RA). Among many
glucocorticoid-associated  toxicities, osteo-
necrosis is a rare, but potentially disabling,
condition of bones and joints." Also called
avascular necrosis, osteonecrosis results from
local trauma or systemic factors that impair
blood flow and cause bone cell death in
susceptible individuals.” The pathophysiology
of glucocorticoid-associated osteonecrosis is
complex and multifactorial.” Large osteone-
crosis lesions can compromise quality of life
and sometimes necessitate joint repair or
replacement.”

Most studies on glucocorticoids and osteo-
necrosis in adults have focused on heavily
glucocorticoid-exposed individuals with high-
risk diseases such as leukaemia and systemic
lupus erythematosus (SLE)." ° Few popu-
lation-based studies have been performed.
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One US study showed a link between brief glucocor-
ticoid courses and osteonecrosis, with rising risk after
multiple courses.” However, this study did not adjust for
any confounders, even age, sex or underlying disease.
Another, more sophisticated UK population-based study
of adults reported that oral glucocorticoids and diseases
they treat (eg, cancer, connective tissue diseases) were
independently associated with osteonecrosis.” This study
did not examine glucocorticoid dose or duration in detail
or whether certain exposure levels may not predispose to
osteonecrosis. Two Chinese population-based studies also
implicated glucocorticoid exposure as a strong risk factor
for femoral head osteonecrosis.” ° However, one study
analysed binary, self-reported glucocorticoid intake”; the
other included only individuals with osteonecrosis in
nine tertiary care hospitals, limiting interpretability of its
findings.’

Even less is known about glucocorticoids and osteo-
necrosis in children besides those with leukaemia, SLE
or transplants. Unlike adults, children may have more
protection from glucocorticoid-associated bone damage
because of increased skeletal (re)modelling."’ Indeed,
one population-based study of hip osteonecrosis in young
children (Perthes disease) suggested that systemic gluco-
corticoid exposure was not a risk factor in children with
asthma.'' However, this study did not examine drug
timing or dosage, leaving unanswered questions about
the risk of high-dose exposure and about other indica-
tions for glucocorticoid use. Furthermore, this study
excluded older adolescents, a group at higher risk for
glucocorticoid-associated osteonecrosis with certain high-
risk diseases (eg, leukaemia and SLE)."” ' Nonetheless,
such high-risk diseases can themselves adversely affect
bone health and have unique treatments (including
high-intensity glucocorticoid regimens), potentially
limiting generalisability to other paediatric populations.
We hypothesised that glucocorticoid exposure was asso-
ciated with osteonecrosis in a dose-dependent fashion in
people with chronic inflammatory diseases, with stronger
effects in adults than in children (as the capacity for
skeletal remodelling decreases) and in people with auto-
immune diseases.

METHODOLOGY

Design

We conducted a retrospective cohort study of data from
1994 to 2013 using The Health Improvement Network
(THIN), a population-representative database with elec-
tronic health records of >11 million patients from general
practices across the UK."* THIN uses Vision software to
collect anonymised practice-level and subject-level data
during routine care, including demographics, diagnoses,
outpatient prescriptions and specialist and hospital refer-
rals. In the UK, subspecialists function as consultants,
and general practitioners prescribe almost all outpa-
tient medications with the exception of most biologic
and parenteral medications. THIN is a widely used data

. . . 15

source for pharmacoepidemiologic research” and has
. . 16

been used to study oral glucocorticoids™” and osteone-

crosis.’

Ethics approval

This study was declared exempt from review by the insti-
tutional review boards of the University of Pennsylvania
(#818082) and Rutgers Biomedical and Health Sciences
(Pro20150002631). This study was approved by THIN’s
scientific review committee (#13-043).

Subject selection

Eligible subjects were at least 2years old, registered in
practices with Vision software and had a diagnosis of
asthma, psoriasis, autoimmune arthritis (juvenile idio-
pathic arthritis (JIA), psoriatic arthritis (PsA) or RA), IBD
or SLE. Diagnosis of an inflammatory disease of interest
was determined by Read codes (analogous to ICD-9/10
codes) for conditions previously validated in THIN or
other similar UK databases (see supplementary file 1 for
complete list)."” ™ We focused on people with chronic
inflammatory diseases to help control for the indication
for glucocorticoid use and reduce bias from confounding
by indication. Inclusion of individuals with a diagnosis
of asthma and psoriasis also required use of a broncho-
dilator and topical vitamin D analogue, respectively, to
select for patients with more certain and severe illness.
Children under the age of 2 were excluded because these
diseases are uncommon and more likely misdiagnosed at
such young ages. People with congenital hip dysplasia,
Gaucher disease, sickle cell disease or prior osteone-
crosis, cancer (other than non-melanoma skin cancer),
decompression sickness or hematopoietic or solid organ
transplant were excluded to limit confounding from these
conditions at particularly high risk for osteonecrosis.

Exposures

The index date was the first day after a 183-day gluco-
corticoid-free baseline period, starting with the latter of
THIN registration or Vision software initiation (supple-
mentary figure S1). The 6-month baseline interval, a
common practice in pharmacoepidemiologic studies, was
based on prior research showing that incidence rates of
most conditions approach expected rates by 6 months
after registration.” Subjects prescribed glucocorticoids
during the baseline period were excluded (new-user
design). Subjects were considered unexposed until their
first glucocorticoid prescription. Exposed subjects were
considered exposed through the end of the study period,
since osteonecrosis may be diagnosed many years after
glucocorticoid exposure.*!

We characterised oral glucocorticoid prescriptions
by glucocorticoid type, prednisone-equivalent dose
and duration. Prescriptions written within 12 weeks of
the scheduled completion date of prior prescriptions
were considered part of the same course, to account
for unwritten tapering and skipped doses.'® To estimate
the relative hazards of oral glucocorticoid exposure
across the age spectrum, we categorised observed expo-
sure levels of dose and duration as low, medium or high
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based on tertiles of age-specific distributions in the study
population (supplementary figure S2). Exposures were
evaluated across several models of duration and dosage:
duration (days), cumulative dose (mg), mean dose (mg/
day), maximum dose (mg/day) and dose intensity within
1 and 4 months of first prescription dose (mg/kg/day).

Outcomes

Incident osteonecrosis was defined by the first osteo-
necrosis diagnosis with Read codes previously used in
THIN and similar UK databases (supplementary table
$2).7% Since these codes have not been formally validated,
secondary analyses identified people with osteonecrosis
codes and associated clinical features, such as joint pain,
pain medication use and subsequent surgical repair.
Subjects were censored for exclusion diagnoses, end of
follow-up in THIN or death. Of note, we included as
outcomes diagnoses of Perthes disease, the most common
form of childhood osteonecrosis. While Perthes disease
is generally thought to occur independently of glucocor-
ticoid exposure,” we did not presume that all cases of
osteonecrosis in younger children were truly idiopathic
and unrelated to glucocorticoid exposure; young chil-
dren can be diagnosed with glucocorticoid-associated hip
osteonecrosis even at young ages typically associated with
Perthes disease.”’

Covariates

Covariates assessed included demographics, medical and
musculoskeletal comorbidities (eg, thrombotic disor-
ders, fractures, osteoarthritis), other medication use,
health utilisation indices (eg, number of medications,
office visits) and lifestyle factors (eg, alcohol, smoking),
chosen based on prior literature and clinical experience.
Number of prior visits and medications was collected
during the 183-day baseline period. All other covariates
were collected using all available preindex data, a strategy
that is comparable with confounding adjustment over
fixed intervals.”” Four age categories (2-9, 10-17, 18-49
and 250 years) were chosen based on age-based changes
in skeletal structure and baseline incidence of osteone-

725

Crosis.

STATISTICAL ANALYSIS

Association between glucocorticoid exposure and
osteonecrosis

The association between glucocorticoid exposure and
osteonecrosis was estimated using discrete time failure
modelling.”® Functionally similar to Cox regression,
discrete time failure modelling is an alternative, more
flexible time-to-event approach. These models compare
the rate of an outcome between exposed and unexposed
individuals followed across successive time periods (risk
sets) until censoring or outcome. ORs are estimated over
each consecutive risk set and then pooled to generate
an HR. This approach was chosen over Cox regression
for its computational efficiency and because it more
easily handles ties and non-proportional hazards (as seen

with time-varying exposures).” *’ The primary analysis
compared time-updating glucocorticoid exposure to no
exposure across l-year intervals, applying variance adjust-
ment for practice due to among-practice heterogeneity
in a variety of clinical factors, including study variables
(supplementary table $3).” Multivariable models were
derived using purposeful backwards selection of all
covariates.”’ While such an approach has its limitations,”
it allowed us to consider a large number of clinically plau-
sible potential confounders and achieve a parsimonious
model for a rare outcome. The final model contained
predetermined confounders (age, sex and inflammatory
disease) and covariates that changed HR by >10% or had
p value <0.05. Covariates were ascertained before the
index date and updated for exposed individuals at the
time of the first oral glucocorticoid prescription of the
study period. Variables missing >10% of values were not
included in multivariable models except in sensitivity
analyses (see below). All multivariable models included
the interaction of age and sex due to well-established
sex-specific differences in the rates of osteonecrosis in
children and adults.” *

Association between glucocorticoid dose/duration and
osteonecrosis

To evaluate dose or duration response, we calculated
HRs of osteonecrosis at medium and high exposure
levels compared with low-level exposure. We secondarily
compared different exposure levels to the unexposed, to
determine which specific dose levels conferred increased
osteonecrosis rates. We evaluated age category and
inflammatory disease diagnosis for effect modification;
p values <0.1 by likelihood ratio testing were considered
supportive of effect modification. All dose models were
prespecified and represented different hypotheses about
the relationship between glucocorticoid exposure and
osteonecrosis rates. We hypothesised that certain dose
models (ie, dose intensity) would yield stronger effect
sizes than others. For these reasons, we did not adjust for
multiple comparisons. Whereas younger children and
older children/adolescents were considered separately
in analyses of any glucocorticoid exposure, we combined
paediatric patients into one cohort to analyse the effects
of glucocorticoid dose. This allowed us to pool our limited
number of events within each dose category across paedi-
atric age groups.

Model-derived subgroup-specific incidence rates of
osteonecrosis

The expected incidence of osteonecrosis was standardised
for subgroups of interest using predictive rnargins.34 In
short, we assigned duplicate datasets of the entire cohort
to be alternatively unexposed or exposed to oral gluco-
corticoids. We then generated expected values (hazards)
for the outcome in the hypothetical populations through
regression using the original data. These expected values
were used to generate model-derived incidence rates
of osteonecrosis for groups of different ages, sexes and
diagnoses, with or without glucocorticoid exposure. We
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used resampling methods to generate Cls, bootstrapping
across 400 iterations, a number based on prior method-
ologic and applied studies.

Sensitivity analyses

Various sensitivity analyses evaluated the impact of model
assumptions and potential sources of bias. We exam-
ined alternative dose models, including age-based/
weight-based dose categories, analyses of the most recent
glucocorticoid course, analyses with shorter windows of
exposure after glucocorticoids (5, 3 and 2 years) and anal-
yses considering hospitalisation within 1 month of an oral
glucocorticoid prescription as a source of unrecorded
high-dose (possibly parenteral) glucocorticoid exposure.
We also evaluated hospitalisation as a potential effect
modifier between glucocorticoids and osteonecrosis.
We performed an analysis of children with osteonecrosis
outcomes other than Perthes disease (ie, starting after age
14 or affecting joints other than the hip). We examined
the impact of missing confounder data by using multiple
imputation with 20 imputed datasets.”” We examined the
potential impact of residual confounding by the rule-out
method.” This approach tests whether a theoretical
confounder could nullify results over a range of preva-
lence and different associations with the exposure and
the outcome.

We used one-sided hypothesis tests for the association
of glucocorticoids and osteonecrosis since a finding of
a protective effect of glucocorticoids lacked scientific
credibility. Hypotheses related to other variables (eg,
inflammatory disease) were two sided. We used a type I
error rate of 0.05. To be consistent with the sidedness of
hypothesis testing, we used a 90% two-sided CI for the
primary outcome and a 95% two-sided CI for all other
estimates. All analyses were performed using Stata 12.1
(Stata Corp, College Station, Texas, USA).

RESULTS
Characteristics of the study population
The study cohort consisted of 920 321 individuals followed
for 6.8 million person-years (supplementary figure S3).
Of these, 263037 (28.6%) were prescribed oral glucocor-
ticoids during the study period (supplementary figure S3,
supplementary table S4). One quarter entered the study
before age 18 (225936, 24.5%) (table 1). Asthma was
the most common inclusion diagnosis (756718, 82.2%),
while 205747 people (22.4%) had another chronic
inflammatory disease of interest. Compared with unex-
posed patients, glucocorticoid-exposed patients were
generally older at baseline with a higher prevalence of
all inclusion diagnoses except psoriasis. Exposed patients
also had more medical and musculoskeletal comorbidi-
ties and more medication and healthcare utilisation.
Osteonecrosis developed in 428 individuals. Overall
rates of osteonecrosis were highest among young chil-
dren (table 2). The proportion of osteonecrosis involving
weight-bearing joints (most commonly the hip) and

with recorded symptoms was similar between cohorts.
However, exposed patients were more likely to receive
pain medications (p <0.001) and subsequently undergo
surgical joint repair (p=0.03). Among patients with osteo-
necrosis, the vast majority (410, 95.8%) met at least one
secondary outcome definition, suggesting that study
outcome definitions were valid and clinically relevant.

Association of oral glucocorticoids and osteonecrosis

Age significantly modified the relationship between oral
glucocorticoids and osteonecrosis (p=0.04 for interac-
tion). After adjusting for age and sex, inflammatory
disease, other rheumatic diseases, fracture, calendar year
and number of prescribed medications, osteonecrosis
developed in glucocorticoid-exposed adults more than
unexposed adults (ages 18—49: aHR 2.1, 90% CI 1.5 to 2.9;
ages 250:aHR 1.3, 90% CI 1.01 to 1.7) (table 3). Non-oral
formulations of glucocorticoids were not confounders
or independently associated with osteonecrosis. Analyses
of secondary outcomes (eg, osteonecrosis plus recorded
symptoms, pain medication use or surgical repair) were
highly consistent (supplementary table S5).

In terms of exposure level, adults ages 18-49 exposed
to high-dose versus low-dose glucocorticoids showed
substantially higher risk of osteonecrosis (aHRs 1.4-4.5)
(figure 1). A dose response was also evident among adults
ages >50 across several models. Compared with no expo-
sure, rates of osteonecrosis were particularly elevated in
adults ages <50 years exposed to sustained, high-dose
glucocorticoids (high 4-month dose intensity: aHR 6.8,
90% CI 4.1 to 11.2) (supplementary table S6). Notably,
among younger adults, both short and long glucocor-
ticoid courses were associated with osteonecrosis. In
contrast, low-dose glucocorticoid exposure (including
mean doses <7.5mg/day and maximum doses <30 mg/
day) was not associated with osteonecrosis in adults (aHRs
0.8-1.4, p >0.05).

In contrast, there was no suggestion of an association
between glucocorticoids and osteonecrosis in children
(ages 2-9: aHR 1.1, 90% CI 0.7 to 1.7; ages 10-17: aHR
0.6, 90% CI 0.3 to 1.6) (table 3). In the paediatric popu-
lation, there was no overall risk or any apparent dose
response; children exposed to high-dose glucocorticoids
did not experience elevated rates of osteonecrosis (aHRs
0.7-1.3, p >0.05).

When evaluating the risk of different inflammatory
diseases, people diagnosed with autoimmune arthritis,
IBD and SLE had higher rates of osteonecrosis than
people with asthma (table 3). However, after accounting
for differences in baseline osteonecrosis rates, underlying
disease did not modify the effect of glucocorticoid dose
(p >0.1 for interaction for all dose models); regardless
of inflammatory disease diagnosis, we observed a similar
dose relationship between glucocorticoids and osteone-
crosis (supplementary figure S4).

With regard to absolute osteonecrosis rates, demo-
graphics and autoimmune disease diagnosis were
important correlates. Within each age group, having a
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Baseline Time of first exposure
Standardised
difference Standardised
Unexposed Exposed versus Exposed difference vs.

(n=657 284) (n=263037) unexposed* (n=263037) unexposed*

Age category, N (%)

Older child/adolescent (10-17 years) 76710 (11.7) 16364 (6.2) -0.20 18000 (6.8) -0.17

Older adult (=50years) 144157 (21.9) 100336 (38.2)  0.34 114411 (43.5)  0.47

Prepubertal (2-9 years) 57822 (56.4) 23598 (60.2) 0.08 17803 (62.2)  0.12

Younger adult (18-49 years) 157187 (47.1) 41173 (37.6)  -0.19 38406 (37.7)  -0.19

Country, N (%) T

Northern Ireland 18183 (2.8) 7507 (2.9) 0.005

Wales 43052 (6.5) 17202 (6.5) 0.000

1 104947 (16.0) 48254 (18.3) 0.06

3 91257 (13.9) 43866 (16.7) 0.08

5 62305 (9.5) 30221 (11.5) 0.07

Year of cohort entry, N (%)

1999-2003 268260 (39.6) 141382 (45.3)  0.13 90697 (29.1)  -0.26

2009-2013 110925 (16.4) 23932 (7.7) -0.30 86220 (27.6) 0.32

Inclusion diagnoses, N (%) T

Asthma 525446 (79.9) 231272 (87.9)  0.22

Arthritis 40818 (6.2) 17646 (6.7) 0.02

Systemic lupus erythematosus 3350 (0.5) 1761 (0.7) 0.02

Medical comorbidities, N (%)

Chronic kidney disease 3825 (0.6) 15083 (0.6) -0.003 7055 (2.7) 0.16
Diabetes mellitus 18466 (2.8) 8907 (3.4) 0.03 15770 (6.0) 0.16
Continued
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Baseline Time of first exposure
Standardised
difference Standardised
Unexposed Exposed versus Exposed difference vs.

(n=657 284) (n=263037) unexposed* (n=263037) unexposed*

Other rheumatic disease, any 9308 (1.4) 5703 (2.2) 0.06 9846 (3.7) 0.15

Gout 6229 (1.0) 3899 (1.5) 0.05 6884 (2.6) 0.13

Stroke 8852 (1.4) 5057 (1.9) 0.05 7731 (2.9) 0.11

Musculoskeletal comorbidities, N (%)

Fracture 110625 (16.8) 41854 (15.9)  -0.03 51384 (19.5)  0.07

Osteoporosis 5210 (0.8) 3452 (1.3) 0.05 6191 (2.4) 0.13

Medications, N (%)

Inhaled 261282 (39.8) 118575 (45.1)  0.11 180098 (68.5)  0.60

Local injections 14671 (2.2) 11172 (4.3) 0.11 20958 (8.0) 0.26

~lybuAdoo

Rectal 20847 (3.2) 11991 (4.6) 0.07 22202 (8.4) 0.23

Prior oral glucocorticoids 64718 (9.9) 52032 (19.8) 0.28 52032 (19.8)  0.28

Bisphosphonate 4981 (0.8) 3310 (1.3) 0.05 7956 (3.0) 0.17

Hormonestt 116214 (17.7) 52860 (20.1) 0.06 68345 (26.0)  0.20

Statin 25811 (3.9) 14187 (5.4) 0.07 32949 (12.5)  0.32

Lifestyle factors, N (%)

None/light 345348 (52.5) 169129 (64.3)  0.24 169129 (64.3)  0.24

Missing 283331 (43.1) 82463 (31.4)  -0.25 78876 (30.0)  -0.28

Never 242904 (37.0) 100142 (38.1)  0.02 100,142 (38.1)  0.02

Missing 214077 (32.6) 69310 (26.4) -0.14 41,909 (15.9) -0.40
Hospitalisation, N (%) 53765 (8.2) 25610 (9.7) 0.06 48626 (18.5) 0.31
Continued

=]
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Table 1 Continued
Baseline Time of first exposure
Standardised
difference Standardised
Unexposed Exposed versus Exposed difference vs.
(n=657 284) (n=263037) unexposed* (n=263037) unexposed*
Number of outpatient encounters in prior 2 (0, 4) 2(1,4) 0.08 52,9 0.39
6 months, median (IQR)
Specialist referralif, N (%) 50793 (7.7) 20378 (7.8) 0.001 51085 (19.4) 0.35

*Standardised differences >0.1 or <-0.1 suggest imbalance.
TNot updated at time of exposure; same as baseline values.

FLocal measures of deprivation, ranging from 1 (lowest local deprivation) to 5 (highest local deprivation).

§Some patients had more than one diagnosis.

fIConnective tissue diseases other than systemic lupus, including Sjogren syndrome, systemic sclerosis, mixed connective tissue disease,

dermato/polymyositis.
**Not including stroke.
TtHormonal contraceptives or hormone replacement therapy.

FfIncluding only specialists who manage chronic inflammatory diseases of interest.

disease such as arthritis, IBD or SLE was associated with
a larger increase in osteonecrosis incidence (relative to
asthma) than exposure to glucocorticoids (relative to
no exposure). Per 100000 person-years, glucocorticoid
exposure among men under age 50 was associated with
4.0 (90% CI 2.4 to 5.8) additional cases of osteonecrosis
for those with asthma or psoriasis (number needed to
harm (NNH)=~25000) and 10.6 (90% CI 6.0 to 15.3)
additional cases for those with arthritis, IBD or SLE
(NNH~9430) (table 4). Compared with the unexposed,
glucocorticoid-exposed women and older men had
small absolute increases in osteonecrosis rates (range
1-5/100000 person-years, NNH 21 000-83 000).

Sensitivity analyses

When considering shorter exposure windows after
glucocorticoids (2-5 years), results were consistent with
analyses using unbounded windows (supplementary
figures S5 and S6). These findings suggest that rates of
newly diagnosed osteonecrosis remain similar for many
years after glucocorticoid exposure. Analysis using
multiple imputation to incorporate socioeconomic status
(30.1% missing data) and alcohol abuse (39.7% missing
data) was no different from the primary analysis (supple-
mentary table S7). Analyses incorporating weight into
dose level or equating hospitalisation with high-level
exposure were also similar (supplementary table S8).
Analyses of the most recent glucocorticoid course showed
weaker effects than cumulative glucocorticoid exposure,
underscoring the impact of repeated courses (supplemen-
tary table S8). Hospitalisation did not modify the effect
of glucocorticoids on osteonecrosis (test for interaction
p >0.1). Analyses of children after excluding those with
presumed Perthes disease were similar (ages 2-9: aHR
1.4,90% CI 0.2 to 9.8; ages 10-17: aHR 0.8, 90% CI 0.3 to
2.1) but limited by small sample size. Only strong unmea-
sured confounders (OR >4 with glucocorticoid exposure
and osteonecrosis, prevalence 215%) could explain HR
2.1 among younger adults.

DISCUSSION

Among nearly I'million people with chronic inflammatory
diseases, we found that adults exposed to oral glucocor-
ticoids developed osteonecrosis in a dose-dependent
fashion. This association was most pronounced in adults
under age 50 and in those taking higher-dose glucocor
ticoids over several months: In contrast, no association
or dose relationship was apparent in children or adoles-
cents prescribed oral glucocorticoids. Furthermore,
even among adults, low-dose glucocorticoid exposures,

corresponding to average (HIINOSSIEISINEIEND

OSSR ccardless of age, autoimmune disease—
specifically, arthritis (JIA, PsA or RA), IBD and SLE—was
an independentrisk factor for osteonecrosis. Nonetheless,
glucocorticoid dose appears to magnify the rate of osteo-
necrosis similarly for people with both low-risk (asthma,
psoriasis) and high-risk diseases (arthritis, IBD, SLE).

To our knowledge, this is the largest paediatric study of
glucocorticoids and osteonecrosis to date. The absence
of any apparent relationship between glucocorticoids
and osteonecrosis in children with chronic inflammatory
diseases is a reassuring finding for the many young people
taking oral glucocorticoids for such conditions.” In part,
this may reflect the unique pathophysiology of paediatric
hip osteonecrosis (Perthes disease).'" * Additionally,
children may be relatively protected from glucocorti-
coid-associated bone damage because of greater skeletal
remodelling and plasticity.'"’ Our findings contrast with
the high incidence of glucocorticoid-associated osteone-
crosis in older children with leukaemia and lupus.'” ** *
Such discrepancies may reflect unique disease-specific
and treatmentsspecific insults to bony physiology and
metabolism or the order-of-magnitude higher levels of
glucocorticoids received by children with these condi-
tions." **

Many prior studies have shown dose-dependent
increases in osteonecrosis at higher levels of exposure in
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Table 2 Osteonecrosis outcomes and clinical features

Unexposed Exposed
(n=657 284) (n=263037) p Value
N Rate/% 95% ClI N Rate/% 95% CI

Osteonecrosis, N; incidence per 100000 person-years (95% Cl)

Ages 2-9 73 14.7 (11.7t0 18.4) 21 18.4 (12.0t0 28.3) 0.36

Ages 10-17 28 3.9 (2.7t05.6) 4 2.9 (1.1to7.7) 0.62

Ages 18-49 81 3.3 (2.6t04.1) 41 7.9 (5.9 to 10.6) <0.001

Ages >50 102 6.4 b5.2to7.7) 78 10.8 (8.6 t0 13.5) 0.007
Secondary osteonecrosis outcomes, N (% of cases in cohort)

Joint imaging* 122 43.0 72 50.0 0.17

Imaging, orthopaedic visit, emergency room 218 76.8 120 83.3 0.12

visit or hospitalisationt

Osteonecrosis symptomst 150 52.8 76  52.8 0.99

Pain medicationst § 198 69.7 121 84.0 <0.001

Orthopaedic visit]] 185 65.1 97 674 0.65

Subsequent surgical joint repair** 90 31.7 61 42.4 0.03

Any secondary outcome 271 95.4 139 96.5 0.59
Joints with osteonecrosis, N (% of cases in cohort)

Shoulder 9 3.2 2 1.4 0.27

Wrist 14 4.9 2 1.4 0.07

Hip 204 71.8 97 674 0.34

Perthes diseasett 79 76.21t 21 80.81t 0.62

Knee 20 7.0 12 8.3 0.63

Other 4 1.4 3 2.1 0.60

Not otherwise specified 50 17.6 37 257 0.05

*Documented as ordered or performed within 6 months before diagnosis.

tDocumented imaging and/or other opportunities for imaging within 6 months before diagnosis.

FWithin +1year of diagnosis.

§Pain medications include prescribed nonsteroidal anti-inflammatories or opiates.

{|Within 6 months before diagnosis until any time afterwards.

**Any time after diagnosis; includes both joint-sparing and joint replacement procedures.
TTHip osteonecrosis diagnosed in children before age 15; percentage reflects osteonecrosis in paediatric cohort only.

adults,’ % but it has been unclear whether a dose-threshold
for osteonecrosis risk existed. In our study, low-dose gluco-
corticoids do not appear to increase rates of osteonecrosis.
Our definition of low average daily dose was <7.5 mg/day;
this corresponds well with low-dose thresholds consid-
ered elsewhere.” Of note, the apparent safety of low-dose
exposure with respect to osteonecrosis contrasts with data
on osteoporosis: glucocorticoids increase fracture rates
even at similarly low doses.** Interestingly, unlike other
exposure models, even short glucocorticoid courses were
associated with increased rates of osteonecrosis among
young adults in our study. Another study, though limited
in its design and analyses, suggested a similar effect of
short-course glucocorticoids.” Perhaps some osteonecro-
sis-prone individuals may develop bone disease even after
relatively short (and possibly higher dose) glucocorticoid
exposures. This hypothesis bears further examination.
The predisposition of younger adults and strong asso-
ciation with high-dose intensity have been reported

previously.”” ** However, the vast majority of prior studies
focused on single disease populations with extensive gluco-
corticoid exposure, such as haematologic malignancies,
transplantation and SLE."” These studies have notable
limitations: selection bias of individuals with particularly
severe disease; ascertainment bias through proactive
monitoring of treatment complications; confounding
by indication, whereby individuals with more severe
diseases receive more glucocorticoids, making it difficult
to distinguish the effects of disease from medication; and
questionable generalisability to other populations. In
contrast, we studied a nationally representative sample of
people diagnosed with various diseases (predominantly
asthma, which is not associated with osteonecrosis’ 11),
yielding greater generalisability, less selection bias and less
confounding by indication. For instance, we found similar
dose relationships between glucocorticoid exposure and
osteonecrosis in people with ‘high-risk’ diseases (eg, SLE
and RA) and in people with asthma, in whom severe
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Table 3 Primary multivariable analysis of oral glucocorticoid exposure and osteonecrosis, stratified by age

HR, exposed versus unexposed

Exposed Outcomes
Variables Unexposed (N) (N) Unadjusted HR (CI*) Adjusted HRt, (CI*) p Valuet
Glucocorticoid exposure
Ages 2-9years 28638 21 1.2 1.1 0.35
102588 73 (0.8t0 1.8) (0.7 to 1.7)
Ages 10-17 years 18000 4 0.7 0.6 0.20
76710 28 (0.3t0 1.7) (0.3 to 1.6)
Ages 18-49years 101988 a1 2.3 2.1 <0.001
333829 81 (1.7t0 3.2) (1.51t02.9)
Ages>50years 114411 78 1.6 i1:3 0.05
144157 102 (1.2t0 2.0) (1.01 to 1.7)
Other model variables
Chronic inflammatory disease
Asthma (reference)§ 212939 92 - - -
501635 192
Psoriasis 15681 7 0.9 1.2 0.24
85051 83 (0.6t0 1.2) (0.9t0 1.7)
Arthritis 16917 22 2.6 2.9 <0.001
40075 43 (2.0to0 3.4) (2.1 10 3.9)
Inflammatory bowel disease 15739 20 1.8 2.1 <0.001
27173 12 (1.2 t0 2.6) (1.5t0 3.1)
Systemic lupus erythematosus 1761 3 3.2 3.7 0.001
3350 4 (1.5t0 6.8) (1.7 to 8.0)
History of fracture 51384 40 1.7 1.8 <0.001
110625 65 (1.4 to 2.1) (1.5t0 2.3)
History of other autoimmune diseasef| 9846 12 3.2 2.0 0.001
9308 13 (2.0t0 4.8) (1.3 t0 3.1)
Calendar year (every 5years) - 0.90 0.89 0.05
(0.81 to 1.01) (0.80 to 1.00)
Number of unique drugs prescribed - 1.13 1.12 <0.001

(1.10to 1.16) (1.09 to 1.16)

*90% Cl is shown for the association between oral glucocorticoid exposure and osteonecrosis. All other variables are shown with a 95% CI.
TModels adjusted for all variables shown and the interaction between sex and age.

FOne-sided p values are shown for the association between oral glucocorticoid exposure and osteonecrosis. All other p values are two sided.
§Individuals with two or more chronic inflammatory diseases of inclusion were categorised as having the latter disease as listed here.
YJAutoimmune diseases include connective tissue diseases other than systemic lupus (eg, Sjogren syndrome, systemic sclerosis), gout and

vasculitis.

disease does not, to our knowledge, predispose to osteo-
necrosis. These findings suggest little impact of residual
confounding by disease severity in our study. Further-
more, osteonecrosis incidence among patients diagnosed
with SLE in our study was markedly lower than previously
reported.’” *¥ In the context of the general population,
this severe bone disease occurred rarely even in people
diagnosed with high-risk autoimmune diseases. Overall,
osteonecrosis rates in our population were comparable to
other population-representative studies.” > Nonetheless,
these previous studies did not dissect the complex rela-
tionships between age, glucocorticoid dose, inflammatory
disease and osteonecrosis as we performed here. Osteo-
necrosis codes have not been validated in THIN, but the
vast majority with osteonecrosis in our study had related

clinical features (eg, symptoms, use of pain medication,
subsequent operative repair), suggesting that we studied
clinically relevant bone disease. While similar clinical
sequelae could affect people with arthritis, the majority
of subjects with osteonecrosis had asthma or psoriasis
without arthritis. Furthermore, analyses of osteonecrosis
with accompanying clinical features were highly consis-
tent with primary results.

This study had potential limitations. In spite of
considerable advantages of population-based research,
generalisability to other geographic and ethnic populations
could be limited. We may have overestimated drug expo-
sure by studying glucocorticoids prescribed rather than
taken and assuming non-overlapping courses; however, this
would bias our results towards the null. Similar bias could
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Figure 1 Age-stratified association between duration or dose of oral glucocorticoids and osteonecrosis. Analyses were limited
to glucocorticoid-exposed patients, comparing medium-dose and high-dose to low-dose exposure (low-dose group shown with
log(HR)=0 for reference). Dose intensity represents the cumulative dose within 1 or 4 months of starting a new glucocorticoid

course. Bars indicate 90% CI.

result by assuming unbounded risk windows. However,
analyses considering shorter exposure windows yielded
similar results. While we allowed up to 12 weeks between
prescriptions in the same course, many analyses (eg, any
exposure, cumulative dose, mean dose or maximum dose)
would not have changed with alternate, shorter windows.
Osteonecrosis diagnosis has not been validated, and some
individuals did not have prior imaging documented, so
certain outcomes may have been misclassified. Nonetheless,

age-specific and sex-specific incidence of osteonecrosis in
our study was consistent with prior literature, and nearly all
individuals diagnosed with osteonecrosis had documented
clinical features compatible with this bone disease. Similarly,
while inflammatory disease diagnosis may have been misclas-
sified in some, certain autoimmune diseases remained
independent risk factors of osteonecrosis, as expected.
Furthermore, dose-response relationships between gluco-
corticoids and osteonecrosis were similar across diseases.
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Table 4 Model-derived, subgroup-specific incidence of osteonecrosis per 100000 person-years with 90% CI

Female Male
Unexposed Exposed Risk difference Unexposed Exposed Risk difference
Ages 2-9
Asthma/psoriasis* 6.4 6.3 -0.1 20.8 20.7 -0.2
(4.5, 8.3) (8.9, 9.0) (-2.1,1.7) (17.7, 24.0) (14.5, 25.5) (-6.2, 5.3)
Arthritis/IBD/SLE ~ 15.6 15.5 -0.1 50.6 50.9 -0.5
(10.8, 21.2) (9.8, 23.1) (4.9, 4.2) (40.8, 63.6) (85.5, 66.3) (-15.5, 12.6)
Ages 10-17
Asthma/psoriasis* 3.0 2.9 -0.0 3.9 3.8 -0.0
(1.9, 3.9) (1.6, 4.2) (-0.8, 0.7) (2.7, 4.9) (2.5,5.2) (-1.1,0.9)
Arthritis/IBD/SLE 7.5 7.4 -0.1 10.2 10.0 -0.1
(4.4,10.6) (4.4,11.4) (-2.2,1.9) (6.7, 13.3) (6.3, 13.8) (-8.0, 2.5)
Ages 18-49
Asthma/psoriasis* 1.7 3.6 1.8 3.9 7.9 4.0
(1.3, 2.1) (2.7, 4.3) (1.1, 2.5) (8.2, 4.4) 6.0, 9.7) (2.4, 5.8)
Arthritis/IBD/SLE 4.6 9.4 4.8 10.3 21.0 10.6
(8.4,5.7) 6.9, 11.7) (2.7, 6.6) (8.3, 12.4) (15.8, 26.8) (6.0, 15.3)
Ages >50
Asthma/psoriasis* 5.3 6.8 1.5 4.3 5.5 1.2
(4.4,6.2) (5.6, 8.0) (0.3, 2.8) (8.5,5.1) (4.5, 6.8) (0.2, 2.4)
Arthritis/IBD/SLE ~ 13.5 17.4 3.7 11.0 13.8 3.0
(11.1,15.9) (14.2, 20.7) (0.7, 7.1) (8.9,12.7) (11.2,17.3) (0.5, 6.0)

IBD, inflammatory bowel disease; SLE, systemic lupus erythematosus.

*Subjects categorised as having asthma or psoriasis did not also have diagnoses of juvenile, psoriatic or rheumatoid arthritis, IBD or SLE.

Additionally, some patients followed by subspecialists may
not have had osteonecrosis diagnoses recorded in the data-
base, possibly underestimating osteonecrosis incidence
among those with uncommon diseases. In addition, few
people exposed to glucocorticoids other than predniso-
lone/prednisone had osteonecrosis, making it difficult to
evaluate the impact of glucocorticoid type. Despite adjust-
ment for confounding, bias from residual confounding (eg,
lifestyle, ancestry, genetics, unrecorded drug exposures)
may persist. However, our analyses were robust to unmea-
sured confounding and various assumptions, including
unrecorded intravenous glucocorticoids with hospitalisa-
tion. Finally, despite our large cohort, we may have captured
too few outcomes among glucocorticoid-exposed youth and
adults on low-dose glucocorticoids to detect small or delayed
effects. Nonetheless, given our huge sample size, that is
meaningful information by itself. With effect estimates close
to the null and the low incidence rates of osteonecrosis, the
absolute risk of glucocorticoid-associated osteonecrosis in
the general paediatric population and in adults taking low
glucocorticoid doses is at most extremely small.

In summary, oral glucocorticoid exposure is associated
with incident, clinically relevant osteonecrosis in adults
with chronic inflammatory diseases in a dose-dependent
manner. This association is strongest among adults under
the age of 50. Low-dose glucocorticoids, corresponding to

doses below 7.5mg daily and maximum doses under 30 mg
daily, are not significantly associated with osteonecrosis. No
association or dose response from glucocorticoids was seen
in a large general paediatric cohort under age 18. Further
work should validate these findings in other large paediatric
populations and investigate whether glucocorticoids besides
predniso(lo)ne confer increased risk of osteonecrosis, as in
paediatric leukaemia. Autoimmune diseases such as IBD,
juvenile arthritis, PsA and RA and lupus are independent
risk factors for osteonecrosis, but there is a similar dose rela-
tionship between glucocorticoids and osteonecrosis among
adults with low-risk and high-risk diseases. Therapies that
counteract the risk of glucocorticoid-associated osteone-
crosis remain unclear and warrant further study.
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