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Background: Although asthma has recently been established as a risk factor for pneumococcal
disease (PD), few studies have specifically evaluated this association in children.
Methods: We conducted a nation-wide population-based cohort study of the effect of asthma
on childhood PD among all singleton live births in Denmark from 1994 to 2007, before the
introduction of the 7-valent pneumococcal conjugate vaccine. All data were abstracted from
Danish medical registries. Because underlying comorbidity substantially increases the PD risk
in children, standard methods were used to assess the evidence of biologic interaction between
comorbidity and asthma on the risk of PD.
Results: There were 2,253 cases of childhood PD among 888,655 children born in Denmark
from 1994 to 2007. The adjusted incidence rate ratio of the effect of asthma on childhood
PD was 2.2 (95% confidence interval [CI]: 2.0, 2.5). Age-stratified incidence rate ratios were
2.1 (95% CI: 1.8, 2.9) in children 6 months to ,24 months, 4.1 (95% CI: 3.3, 5.1) in children
24 months to ,60 months, and 2.3 (95% CI: 1.6, 3.2) in children $60 months. Evaluation of
the biologic interaction between asthma and comorbidity in older children revealed that 55%
(24 months to ,60 months) to 73% ($60 months) of cases among asthma-exposed children
can be accounted for by the interaction between asthma and comorbidity.
Conclusion: These results confirm that asthma is an important risk factor for PD in children and
suggest that children with underlying comorbidities are more sensitive to the effect of asthma
on PD than children without comorbidities.
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Streptococcus pneumoniae is a leading cause of serious illness worldwide.
Pneumococcal infections are especially dangerous for children and adults with immunodeficiencies, such as HIV, or with illnesses such as chronic cardiac disease and
diabetes.1 Pneumococcal vaccination has therefore been recommended for persons at
high risk of severe illness or complications.
Asthma was first identified as an independent risk factor for pneumococcal disease
(PD) in 2005 when Talbot et al2 reported that asthma was associated with a 2.4-fold
increased odds of PD among persons 2–49 years old enrolled in Tennessee’s Medicaid Program between 1994 and 2002. Several studies conducted since then have
provided additional evidence that asthma is associated with an increased risk of PD
in adults,3–5 but no study has provided convincing evidence that asthma is associated
with an increased risk of PD in children.6
Currently, pneumococcal vaccination is recommended for asthmatic adults, but it
is not specifically recommended for asthmatic children. Asthma is the most common
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chronic disease in children,7 and the prevalence of asthma
is increasing worldwide.8–12 As the prevalence of asthma
increases, so does the importance of understanding whether
children with asthma are at increased risk of PD. The aim
of the current study was to evaluate the association between
asthma and the development of PD among Danish children
born between 1994 and 2007.

Methods
Study population
The study population included all singleton live births in
Denmark from January 1, 1994 through December 31, 2007.
Routine childhood pneumococcal vaccination with 7-valent
pneumococcal conjugate vaccine (PCV7) did not begin
in Denmark until October 2007,13 so few children in the
study population were expected to be vaccinated. We used
the unique Civil Personal Registry number assigned to all
Danish citizens at birth and to residents upon immigration,
which has been used in public records since 1968, to identify
all live births from the Danish Civil Registration System.
This continually updated national registration system
includes information about date and place of birth, immigration, sex, marital status, citizenship, emigration, and vital
status.14 All study children were followed from birth until the
diagnosis of PD, removal from the Danish Civil Registration
System due to any cause, or December 31, 2007, whichever
came first. The Danish Data Protection Agency provided
permission to use these data (record number: 1-16-02-108). Because this study was based on data extracted from
registries, it was exempt from human subjects review, and
members of the study population did not have to provide
informed consent.

Data collection
To ascertain PD, we used each subject’s unique Civil Personal
Registry number to link their Danish Civil Registration
System data to the Danish National Registry of Patients.
The Danish National Registry of Patients began in 1977
and includes inpatient diagnoses made at nonpsychiatric
hospitals and, beginning in 1995, diagnoses made at outpatient specialist clinics and emergency room visits.15 We
used the Danish version of International Classification of
Diseases (ICD)-10 codes G00.1, A40.3, and J13.9 to ascertain pneumococcal meningitis, pneumococcal septicemia,
and pneumococcal pneumonia, respectively. Diagnosis of
pneumococcal pneumonia using these ICD codes was validated in a prior study in which 64% of ICD-10-identified
cases had microbiologic, radiologic, and clinical evidence
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consistent with PD, and the remaining 36% were classified
as having probable PD.16
We used ICD-10 codes (J45 and J46) recorded in the
Danish National Registry of Patients to ascertain asthma.
Registry-based asthma diagnoses have been previously validated in Denmark and determined to be of high quality.17,18
We classified study subjects as having asthma if they had at
least one diagnosis code indicating asthma hospitalization,
emergency, or outpatient visits at any time before the diagnosis of PD, or before the end of follow-up for children who
did not develop PD.
Information obtained from the Danish Medical Birth
Registry included place of birth, gestational age, fetal presentation, mode of delivery, birth weight, 5-minute Apgar score,
maternal place of birth, maternal age at the time of delivery,
maternal cohabitation status, and maternal parity.19 Maternal
smoking status during pregnancy was based on self-report
during the first antenatal visit and was classified as yes or
no, and presence or absence of congenital malformations
or selected underlying comorbidities was ascertained using
ICD-10 codes recorded in the Danish National Registry of
Patients (Table S1).

Statistical analyses
Children accumulated unexposed person-time from birth
until an asthma diagnosis, if any, and exposed person-time
thereafter. We calculated the frequency and proportion of
children with and without asthma within categories of demographic variables and birth outcomes, as well as age-specific
incidence rates of PD.
We used Poisson regression to estimate crude and adjusted
incidence rate ratios (IRRs) and 95% confidence intervals
(CIs) associating childhood asthma and PD. We included
covariates that changed the crude association between asthma
and PD by more than 10% in adjusted models; child’s sex
was retained in the adjusted models regardless of its impact
on the unadjusted measures.
Because underlying comorbidity is known to substantially increase the risk of PD in children,20 and because it
was strongly associated with childhood asthma exposure in
our study population, we evaluated the impact of comorbidity on the association between asthma and PD in stratified
analyses. The impact of congenital malformations was also
assessed. For these analyses, we used Poisson regression to
calculate crude and adjusted IRRs and 95% CIs stratified
by the presence or absence of congenital malformations or
selected underlying comorbidities. We further evaluated
any observed effect measure modification for evidence of
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biologic interaction using standard measures (Supplementary
materials).21,22
We conducted all statistical analyses using SAS/STAT®
software, version 9.2 (SAS Institute Inc., Cary, NC, USA).23
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Results
Characteristics of the study population
There were 890,681 singleton live births during the study
period. After excluding 2,026 records, 888,655 births were
included in the analysis. Records were excluded if a child had
0 days of follow-up (number [n] =1,228), birth weight ,500 g
(n=90), gestational age ,25 completed weeks or .45 completed weeks (n=510 and n=5, respectively), implausible
gestational age and birth weight combinations (n=70), or
if they met .1 exclusion criteria (n=123). The mean and
median follow-up periods were both 8.0 years (interquartile
range: 4.4–11.6 years).
Among the 888,655 children in the study population, 6.0%
(n=53,024) received an asthma diagnosis before the end of
follow-up. The mean age of asthma diagnosis was 31 months
(standard deviation: ±31.0 months), and the median was
18.7 months (interquartile range: 10.7–39.6 months). A total
of 6,641 children had a recorded comorbidity; cardiac disease
was the most common comorbidity (32.8%), followed by renal
disease (21.5%) and type 1 diabetes (20.3%).
Compared with children without asthma, children with an
asthma diagnosis were more likely to be male, to have been
born preterm (,37 weeks), to have a low birth weight (,2,500
g), and to be born to a mother who reported smoking at the
first prenatal visit (Table 1). In addition, asthmatic children had
more congenital malformations (6.7% versus 4.4%, respectively) and selected underlying comorbidities (2.4% versus
0.6%, respectively) compared with nonasthmatic children.
A total of 2,253 children were diagnosed with PD during the follow-up period, and most of them were admitted
as inpatients (96.3%). Pneumonia accounted for the majority of cases (72.9%), followed by septicemia (14.6%) and
meningitis (12.5%). Most PD diagnoses occurred between
6 months and 24 months after birth (n=1,180; 52.7%) and the
fewest occurred at more than 60 months after birth (n=255;
11.3%). There was no trend toward increasing or decreasing
incidence throughout the study’s calendar period.

Age-specific PD incidence
Age-specific incidence rates for PD are presented in Table 2.
The rate of PD was highest among children 6 to 24 months
old (91.2 cases per 100,000 child-years) followed by children
0 to 6 months old (78.8 cases per 100,000 child-years)
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and children 24 to 60 months old (21.5 cases per 100,000
child-years). Children in the oldest age group had the lowest
PD rates (8.0 cases per 100,000 child-years). PD incidence
rates in asthmatic children were consistently higher than in
nonasthmatic children, with the exception of children aged
0 to 6 months.

Association between asthma and PD
The unadjusted IRR associating asthma with incident PD
among all children was 2.4 (95% CI: 2.1, 2.6). Age-specific
measures of association were confounded by year of birth,
birth weight, congenital malformations, and underlying
comorbidities. These confounders and child’s sex were
therefore included in adjusted analyses. The adjusted IRR
associating asthma with incident PD among all children
was 2.2 (95% CI: 2.0, 2.5); in order of increasing age strata,
the adjusted IRRs were 0.4 (95% CI: 0.2, 0.8) in children
0 to 6 months old, 2.1 (95% CI: 1.8, 2.5) in children 6 to
24 months old, 4.1 (95% CI: 3.3, 5.1) in children 24 to
60 months old, and 2.3 (95% CI: 1.6, 3.2) in children $60
months old (Table 2).
Restricting the study population to children without
selected comorbidities or malformations did not substantially
change the IRRs associating asthma with incident PD in any
age strata. Restricting the study population to children who
did have selected comorbidities or malformations, however,
revealed that comorbidity was an effect modifier of the association between asthma and PD in children aged 24 to 60
months and $60 months (Table 3).
Evaluation of biologic interaction between asthma and
comorbidity on the incidence of PD in these age groups
showed that the rate of PD was greater among those with
a recorded diagnosis of both asthma and comorbidity
compared with the rate that would be expected based
on the independent effects of asthma or comorbidity
alone. Figure 1 shows that among children aged 24 to
60 months old, the unadjusted incidence rate of PD
in children with both asthma and comorbidity was 7.5
times the rate in children with asthma alone, and that
after adjusting for confounding variables, 55% (95% CI:
31, 79) of PD cases among asthmatic children could be
attributed to the presence of both asthma and comorbidity
at the same time. Among children aged $60 months old,
the unadjusted IRR of PD in children with both asthma
and comorbidity was 14 times the rate in children with
asthma alone, and the adjusted percentage of PD cases
attributable to biologic interaction increased to 73% (95%
CI: 52, 93).
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Overall
Characteristics
Child’s sex
Male
Female
Home birth
 No
Yes
Gestation
Term ($37 weeks)
Preterm (,37 weeks)
Fetal presentation
Cephalic
Breech, other
Mode of delivery
Vaginal
Cesarean
Forceps, vacuum
Birth weight
 Normal ($2,500 g)
 Low (,2,500 g)
5-minute Apgar score
 Normal ($7)
Below normal (,7)
Maternal place of birth
Denmark
Other country
Maternal age at delivery
,20 years
21–35 years
.35 years
Maternal parity
Primiparous
Multiparous
Maternal cohabitation status
 No
Yes
Maternal smoking status at pregnancy
 No
Yes
Congenital malformation
 No
Yes
Underlying comorbidity
 No
Yes

Child asthma

No child asthma

n

%

n

%

n

%

888,655

100

53,024

100

835,631

100

456,001
432,654

51.3
48.7

33,790
19,234

63.7
36.3

422,211
413,420

50.5
49.5

880,712
7,943

99.1
0.9

52,646
378

99.3
0.7

828,066
7,565

99.1
0.9

840,509
48,146

94.6
5.4

48,311
4,713

91.1
8.9

792,198
43,433

94.8
5.2

847,165
34,794

96.1
3.9

50,168
2,498

95.3
4.7

796,997
32,296

96.1
3.9

692,673
128,240
67,742

77.9
14.4
7.6

40,442
8,743
3,839

76.3
16.5
7.2

652,231
119,497
63,903

78.1
14.3
7.6

852,004
36,651

95.9
4.1

49,379
3,645

93.1
6.9

802,625
33,006

96.1
3.9

872,416
6,959

99.2
0.8

51,934
561

98.9
1.1

820,482
6,398

99.2
0.8

770,497
118,158

86.7
13.3

46,677
6,347

88.0
12.0

723,820
111,811

86.6
13.4

27,201
765,090
96,364

3.1
86.1
10.8

2,291
45,957
4,776

4.3
86.7
9.0

24,910
719,133
91,588

3.0
86.1
11.0

398,450
490,205

44.8
55.2

22,279
30,745

42.0
58.0

376,171
459,460

45.0
55.0

144,202
682,901

17.4
82.6

11,017
40,292

21.5
78.5

133,185
642,609

17.2
82.8

667,141
186,071

78.2
21.8

34,674
15,849

68.6
31.4

632,467
170,222

78.8
21.2

848,600
40,055

95.5
4.5

49,479
3,545

93.3
6.7

799,121
36,510

95.6
4.4

882,014
6,641

99.3
0.7

51,770
1,254

97.6
2.4

830,244
5,387

99.4
0.6

Abbreviation: n, number.

Discussion
This study provides evidence that asthma is an important risk
factor for the development of PD in children, and it provides
new insight about a potentially meaningful interaction
between asthma and comorbidity on the risk of PD.
Consistent with data presented by Talbot et al,2 we observed
a twofold increased rate of PD among all children ,18 years
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old following a childhood asthma diagnosis compared
with person-time before an asthma diagnosis or in children
who never had an asthma diagnosis after adjusting for
confounding factors. The highest rate ratio occurred among
children 24 to ,60 months old, which was twice as large as
the rate ratios observed among children 6 to ,24 months old
and $60 months old. We also observed a rate ratio less than
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Table 2 Pneumococcal disease incidence rates per 100,000 child-years and IRRs of the association between childhood asthma and
incident pneumococcal disease, Denmark, 1994–2007
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Cases
Age group
 Asthma
319
 No asthma
1,934
0 to 6 months old
 Asthma
9
 No asthma
341
6 to 24 months old
 Asthma
153
 No asthma
1,027
24 to 60 months old
 Asthma
116
 No asthma
351
$60 months old
 Asthma
41
 No asthma
214

Person-years

Rate per 100,000
child-years

IRR

95% CI

Adjusted
IRRa

95% CI

465,381
6,619,575

69
29

2.4
Ref

2.1–2.6
–

2.2
Ref

2.0–2.5
–

26,565
417,414

34
82

0.4
Ref

0.2–0.8
–

0.4
Ref

0.2–0.8
–

78,717
121,520

194
85

2.3
Ref

1.9–2.7
–

2.1
Ref

1.8–2.5
–

139,975
203,120

83
17

4.8
Ref

3.9–6.0
–

4.1
Ref

3.3–5.1
–

220,124
295,575

19
7

2.6
Ref

1.8–3.6
–

2.3
Ref

1.6–3.2
–

Note: aIRR adjusted for sex, year of birth weight, congenital malformations, and comorbidity.
Abbreviations: IRRs, incidence rate ratios; CI, confidence interval; Ref, reference.

1 among children 0 to 6 months old, but emphasize that
we do not believe that this indicates that asthma is protective
against PD in this age group. Instead, we suspect that this
observation is due to the difficulty of reliably diagnosing
asthma in very young children.24
The evaluation of a biological interaction between
childhood asthma and comorbidity on the incidence of PD
revealed that the combined effect of these two exposures
was synergistic in older children, and that a high proportion (55% in children aged 24 to 60 months, and 73%

in children aged $60 months) of the PD incidence among
asthmatic children with comorbidities was attributable to
this interaction. No synergy between childhood asthma and
comorbidity was observed in children less than 2 years old.
These results suggest that children more than 2 years old
who have underlying comorbidities are more sensitive to the
effect of asthma on PD than children more than 2 years old
without comorbidities.
Juhn et al3 also identified comorbidity as an effect modifier
of the association between asthma and PD among Minnesota

Table 3 IRRs for the association between asthma and incident pneumococcal disease, stratified by comorbidity and congenital
malformation among the two oldest age groups only, Denmark, 1994–2007
24 to 60 months old
Cases

Personyears

$60 months old
IRR
(95% CI)

IRR stratified by comorbidity
Comorbidity + present
19
3,569
3.4 (1.9–6.3)
 Asthma +
24
15,450
Ref
 Asthma No comorbidity - present
97
136,407
4.4 (3.5–5.6)
 Asthma +
327
2,015,754
Ref
 Asthma IRR stratified by congenital malformation
Malformation + present
24
8,832
5.3 (3.2–8.7)
 Asthma +
43
83,515
Ref
 Asthma malformation - present
92
131,143
4.5 (3.6–5.7)
 Asthma +
308
1,947,689
Ref
 Asthma -

Adjusted IRRa
(95% CI)

Cases

Personyears

IRR
(95% CI)

Adjusted IRRa
(95% CI)

3.0 (1.6–5.4)
Ref

12
13

6,059
27,857

4.2 (1.9–9.3)
Ref

4.7 (2.1–10.4)
Ref

4.2 (3.4–5.3)
Ref

29
201

214,065
2,927,900

2.0 (1.3–2.9)
Ref

1.9 (1.3–2.9)
Ref

4.1 (2.4–6.8)
Ref

7
18

12,810
115,835

3.5 (1.5–8.4)
Ref

2.9 (1.2–7.1)
Ref

4.1 (3.2–5.2)
Ref

34
196

207,315
2,839,922

2.4 (1.7–3.4)
Ref

2.2 (1.5–3.1)
Ref

Notes: aIRR adjusted for sex, birth weight, and child year of birth; comorbidity strata also adjusted for congenital malformation, and malformation strata also adjusted for
comorbidity. The (+) and (-) symbols indicate that the children were either asthma positive or asthma negative.
Abbreviations: IRRs, incidence rate ratios; CI, confidence interval; Ref, reference.
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532
800
700
600
500
400

322 cases/100,000 childyears attributable to
biologic interaction between
asthma and comorbidity

300

155

200
100

16

71

0

No asthma,
Asthma Comorbidity Asthma and
No comorbidity
only
only
Comorbidity

≥60 months
800
700
600
500

145 cases/100,000 childyears attributable to biologic
interaction between asthma
and comorbidity

400
300
200
100

7

14

198

47

0

No asthma,
Asthma Comorbidity Asthma and
No comorbidity
only
only
comorbidity

Figure 1 Biologic interaction between asthma and comorbidity on the risk of pneumococcal disease (PD), Denmark, 1994–2007.
Notes: (A) In children 24 to 60 months: the unadjusted incidence rate of PD in children with both asthma and comorbidity was 7.5 times the rate in children with asthma
alone (532 cases versus 71 cases per 100,000 child-years, respectively). After adjusting for sex, birth weight, child year of birth, and congenital malformation, 55% (95%
CI: 31, 79) of PD cases in children with both asthma and comorbidity was attributable to biologic interaction. (B) In children $60 months: the unadjusted incidence rate
of PD in children with both asthma and comorbidity was 14 times the rate in children with asthma alone (198 cases versus 14 cases per 100,000 child-years, respectively).
After adjusting for sex, birth weight, child year of birth, and congenital malformation, 73% (95% CI: 52, 93) of PD cases in children with both asthma and comorbidity was
attributable to biologic interaction.
Abbreviation: CI, confidence interval.

adults. They reported that the odds ratio (OR) of the effect of
asthma on PD among adults with high-risk conditions was
lower (OR: 1.2; P=0.86) than the OR among those without
high-risk conditions (OR: 2.9; P=0.04). Similar results were
observed in our study in children between 2 years and 5 years
old: the association between asthma and incident PD was
lower among children with underlying comorbid conditions
compared with children without underlying illnesses (adjusted
IRR: 2.9 versus 4.2, respectively). The lower rate ratios among
children with comorbid conditions probably results from their
higher risk of PD, which is sometimes called modification
by the baseline risk. Juhn et al3 did not assess for biological
interaction on the additive scale in their study, and instead
reported that there was no statistical interaction between
asthma and illnesses based on the addition of an interaction
term in a log-linear multivariate model. Departure from additivity is a better measure of biologic interaction, and a lack of
statistical interaction – when measured as an interaction term
in a log-linear multiplicative multivariate model – can easily
be mistaken for a lack of biologic interaction.22
Several investigators have identified potential biologic
mechanisms that may explain how asthma increases the risk of
PD. Two studies have identified associations between asthma
and increased carriage of Streptococcus pneumoniae in the
nasopharynx,25,26 suggesting that children with asthma may be
at increased risk of PD because they are more likely to be colonized with pneumococci. Other proposed mechanisms include
asthma-induced pathologic alterations that can impair clearance
of pathogenic bacteria from the airway27,28 and chronic airway
inflammation leading to impaired respiratory immunity.29,30
Several limitations should be considered when interpreting the results from this study. First, the use of registry-based
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ICD-10 codes to identify children with asthma is likely to
result in some misclassification. Underascertainment of
asthma is possible if less severe cases of asthma were missed,
most likely due to diagnosis or treatment only by a general
practitioner. Such underascertainment would bias the IRRs
describing the association between asthma and PD toward the
null because some exposed children would be misclassified
as unexposed. Overascertainment is also possible if some
children with wheezing due to other causes, for example
respiratory syncytial virus, were classified as having asthma.
Although one way to increase sensitivity and specificity of
asthma exposure would have been to incorporate the use of
prescription asthma medications into a classification scheme
for asthma exposure, we did not have access to these data for
this study. We were also unable to include a mechanism by
which to reclassify asthma-exposed children as unexposed
if they “grew out” of an asthma diagnosis.
Although imperfect sensitivity and specificity of exposure
classification is possible, several studies that have recently
evaluated the quality of ICD-10-based asthma diagnoses
in the Danish National Registry of Patients have found the
diagnosis codes to be accurate.17,18 One study that used 3,550
medical records as the gold standard to validate ICD-10
inpatient asthma diagnoses recorded in the Danish National
Registry of Patients reported 90% sensitivity and 99% specificity of asthma diagnoses among children aged 6–14 years
old.17 Another study reported 44% sensitivity and 98% specificity of asthma diagnoses recorded among 18-year-old men
reporting for mandatory medical evaluation at the Danish
Military Draft Board. The authors of this study subsequently
demonstrated that the level of nondifferential asthma misclassification present in the Danish National Registry of Patients
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was not sufficient to nullify the association between asthma
and various skin cancers that they examined.18
We observed a 6% prevalence of asthma in our study
population, which is less than an estimated asthma prevalence of 10%–12% based on questionnaire data collected
from parents of Danish children aged 5–17 years.31,32 To
determine the potential impact of imperfect sensitivity and
specificity of exposure ascertainment on our results, we
performed a bias analysis by calculating the IRR that would
have been observed if asthma ascertainment only has a sensitivity equal to 50% and a specificity equal to 97%. This
sensitivity is consistent with the differences between the
asthma prevalence recorded in this study and that recorded
in published reports, and this specificity was the minimum
specificity that resulted in no negative cell frequency in the
corrected table. We assumed that exposure misclassification
was nondifferential and independent for cases and noncases,
as the data in our study were prospectively collected. The
results from this analysis indicated a minimal impact on
the age-specific IRRs: the unadjusted IRR in children aged
6 to 24 months old would increase from 2.3 to 2.4 and the
IRR among children 24 to 60 months old would increase
from 4.8 to 5.0; the unadjusted IRRs among children 0 to 6
months old and $60 months old would not change.
Second, the exclusive use of ICD-10 codes to identify PD
cases creates the potential for misclassification. Some PD cases
could have been missed if the resulting illness was mild, if
cultures were falsely negative, or due to recordkeeping errors.
However, because PD is a serious disease typically requiring
medical treatment, ICD-10 codes are likely to capture the
most important and costly infections. If underascertainment
of PD did occur, it was likely to be nondifferential due to the
prospective nature of the data which is, in turn, expected to
produce unbiased ratio effect estimates33 in the absence of false
positives. It is, however, possible that some cases could have
been falsely attributed to PD when in fact they were caused by
other bacterial infections. Although we did not independently
verify case status in this study, discharge diagnoses of PD
have been found to have high specificity in validation studies
conducted by other investigators.16,34
Third, although we were able to collect extensive information about pregnancy- and birth-related characteristics,
we were not able to capture complete information about
some social factors associated with PD. Misclassification of
exposure to secondary tobacco smoke35 may have occurred
in this study because information about smoking was only
available from mothers at the beginning of pregnancy, and
no information was available from fathers or other childcare
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providers. In addition, we were not able to identify which
children attended daycare.20

Conclusion
Despite these limitations, the current study is an important
contribution to the current knowledge of the association
between asthma and PD. The evidence presented here indicates that asthmatic children are more likely to develop PD
compared with nonasthmatic children, thereby providing
support for the addition of asthma to the list of pneumococcal
vaccine-eligible conditions for older children. These results
also indicate that children who have asthma and another
underlying comorbidity may be at especially high risk of PD,
and should be carefully assessed in the clinic when presenting
with bacterial illnesses.
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Supplementary materials
Evaluation of observed effect measure
modification for evidence of biologic
interaction
Effect measure modification observed in stratified analyses
was further evaluated for evidence of biologic interaction by
using three standard measures1,2 to determine whether the
independent effects of asthma and comorbidity summed to
the total effect of both factors together.
First, the interaction contrast (IC) between asthma and
comorbidity was calculated by applying the following formula to crude pneumococcal disease (PD) incidence rates
per 100,000 person years:
IC = RE + C + - RE + C - - RE -C + + RE -C -

(1)

Table S1 ICD-10 codes used to identify asthma, pneumococcal
disease, and comorbidities from Danish registries
ICD-10 code
Clinical diagnoses
Pneumococcal disease
Pneumococcal meningitis
Pneumococcal septicemia
Pneumococcal pneumonia
Comorbidity
 HIV
 Sickle cell disease and other
sickle cell hemoglobinopathies,
congenital or acquired asplenia,
or splenic dysfunction
 Nonasthma COPD

 Cardiac disease, including
congenital heart disease
 Cancer or immunosuppression,
including transplant recipients
and immune function disorders

 Chronic renal or hepatic
disease, including cirrhosis

 Diabetes mellitus
 Congenital infection

J45 and J46
G00.1
A40.3
A40.4
B20–B24
D57.0–D57.3; D57.8; Q89.0; D730

J41–J44; J47; J60–J67; J68.4; J70.1;
J70.3; J84.1; J92.0; J96.1; J98.2–J98.3;
P23; P25; P27; P29; E84
I05–I09; I11–I13; I20–128; I31;
I34–I37; I42–I45; I50–I51; Q20–Q28
C00–C26; C30–C34; C37–C39;
C41; C43–C85; C88; C90–C97;
Z85; D80–D84; D86; D89;
T86.0–T86.4; T86.8; Y83.0; Y84.0–
Y84.1; Z94.0–Z94.4; Z94.8; Z96.2;
Z98.2; Z99.0–Z99.2; Z45.3
B15.0; B16.0; B16.2; B18; B19.0;
I12; I13; K70–K76; N03–N05;
N07; N11; N14; N18–N19; P96.0;
Q60–Q61; Q63
E10–E14
P36 and P37

where R represents the rate of disease, E represents exposure to asthma, and C is the modifying covariate which, in
this case, was comorbidity. The IC represents the number
of cases of disease (per 100,000 child-years) that cannot be
accounted for by baseline factors among children without
asthma or comorbidity, asthma only, or comorbidity only,
and is therefore presumed to be attributable to a biological
interaction between asthma and comorbidity.
Next, the interaction contrast ratio (ICR) and 95% confidence interval around the ICR was calculated to quantify the
excess rate when both asthma and comorbidity were present
at the same time relative to the baseline rate of disease that
occurred when neither were present, while adjusting for
important confounders of the association between asthma
and PD:3
ICR =

IC
= IRRE +C + - IRRE +C - - IRRE -C + + 1
RE -C -

(2)

The ICRs in our study were adjusted for sex, birth weight,
child year of birth, and congenital malformation. We then
used the ICR (to account for confounders) to calculate
the attributable proportion due to interaction (AP), which
quantifies the proportion of disease among exposed persons
attributable to the interaction between an exposure and a
modifying covariate. The AP was calculated by dividing
the ICR by the IRR, comparing children with asthma and
comorbidity to children without either of these:3
AP =

ICR
IRRE +C + - IRRE +C - - IRRE -C + + 1
=
(3)
IRRE +C +
IRRE +C +
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