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ARTICLE INFO SUMMARY

Article history: Objective: To investigate the relationship between individual postvaccination immune responses and
Received 5 October 2022 subsequent risk of total hip arthroplasty (THA) due to idiopathic osteoarthritis (OA) or rheumatoid arthritis
Accepted 16 May 2023 (RA).

Method: Results of tuberculin skin tests (TSTs) following the Bacille Calmette-Guerin (BCG) vaccination
Keywords: were used as a marker of individual immune responses. TST results from the mandatory mass tuberculosis

Osteoarthritis screening program 1948-1975 (n = 236 770) were linked with information on subsequent THA during
giizlé?ifmunology 1987-2020 from the Norwegian Arthroplasty Register. The multivariable Cox proportional hazard regres-
Rheumatology sion was performed.
Total hip arthroplasty Results: A total of 10 698 individuals received a THA during follow-up. In men, there was no association
Population-based cohort study between TST and risk of THA due to OA (Hazard ratio [HR] 1.01, 95% confidence interval [CI] 0.92-1.12 for
positive versus negative TST and HR 1.06, 95% CI 0.95-1.18 for strong positive vs negative TST), while the risk
estimates increased with increasingly restrictive sensitivity analyses. In women, there was no association
with THA due to OA for positive versus negative TST (HR 0.98, 95% CI 0.92-1.05), while a strong positive TST
was associated with reduced risk of THA (HR 0.90, 95% CI 0.84-0.97). No significant associations were
observed in the sensitivity analysis for women or for THA due to RA.
Conclusion: Our results suggest that an increased postvaccination immune response is associated with a
nonsignificant trend of increased risk of THA among men and a decreased risk among women, although risk
estimates were small.
© 2023 The Author(s). Published by Elsevier Ltd on behalf of Osteoarthritis Research Society International.
This is an open access article under the CC BY license (http://creativecommons.org/licenses/by/4.0/).
Introduction High body mass index (BMI) at a young age, higher age, and female

gender are all risk factors for developing primary OA.”° In Norway,

Osteoarthritis (OA) constitutes a significant global health pro- approximately 20 500 (381 per 100 000) patients undergo joint
blem, with around 300 million affected individuals worldwide.' replacement surgery due to OA yearly, of which 9 800 with a hip
arthroplasty.”

The vast majority of OA is idiopathic (from here on referred to as
OA), with a pathophysiology that is more complex than the pre-
viously suspected “wear and tear.” One of the involved pathways is
thought to include adverse immune responses. Studies show an in-
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inflammatory cytokines and growth factors outweigh the effect of
anti-inflammatory cells, resulting in cartilage metaplasia, degrada-
tion, and an imbalance between bone formation and resorption.”®

Immune-mediated bone loss is likely driven by the stimulation of
osteoclast differentiation, with activated Th17 cells being the only T
cell with a net osteoclastogenic cytokine profile.”'° The Th17-pro-
duced cytokine, IL-17, promotes cartilage degradation and suppres-
sion of its synthesis,'"'? as well as playing an important role in the
pathogenesis of autoimmune diseases, such as RA.">'* Studies
comparing CD4+ T cell profiles in the synovium of RA and OA pa-
tients have shown an increased amount of IL-17 compared to healthy
controls but to a lesser degree in OA patients.'>'°

Both the tuberculin skin test (TST) post-Bacille Calmette-Guérin
(BCG) vaccination and immune-mediated bone loss are driven by
some of the same immunological pathways. The TST reaction is
dependent on CD4 Th1 lymphocytes, macrophages, and mono-
cytes,'” but, following the characterization of Th17 cells,'® it has
been shown that Th17 activity is important to establish the post-BCG
vaccination response,'??° as well as that a lack of the Th17-specific
cytokine IL-17 inhibits the delayed-type hypersensitivity response
measured by TST.”!

Between 1948 and 1975, Norway implemented a mandatory
mass tuberculosis screening program, which was preceded by the
introduction of a school vaccination program with the BCG vaccine
for children aged 12-14 years old.”>?* During the screening pro-
gram, approximately 80% of the eligible adult Norwegian population
were screened in repetitive rounds with chest X-ray, TST, and doc-
umentation of BCG vaccination. Nonvaccinated individuals who had
a negative TST were offered a BCG vaccination.”* We have previously
shown an association between TST and the risk of hip fracture later
in life.?® This standardized manner of vaccination and measurement
of postvaccination responses in a population-based cohort presents
a unique opportunity to investigate immune system variation and its
relation to bone-related outcomes since there are shared im-
munological pathways between the postvaccination responses, im-
mune-mediated bone loss, and cartilage degradation.

Given the shared underlying immunological pathway, particu-
larly Th17-mediated pathways, TST measurements following BCG
vaccination could be studied as a surrogate marker of the immune
responses that are believed to induce cartilage degradation and bone
loss. The main aim of the current study was to explore a potential
relationship between these immune responses and the subsequent
risk of hip OA and total hip arthroplasty (THA). THAs recorded by the
Norwegian Arthroplasty Register (NAR) were used as endpoints. We
hypothesized that a positive TST after BCG vaccination is associated
with an increased risk of requiring a THA due to OA or RA later in life.

Methods
Study population

The Norwegian national mass mandatory tuberculosis screening
program was conducted between 1943 and 1975 and aimed to re-
duce the risk of tuberculosis infection in the general population. It
covered 18 of 19 counties and included X-ray examination, height,
and weight measurement, TST measurement, and BCG vaccination
by indication. TST-negative individuals younger than 50 years old
received BCG vaccination.’” Computerized records from the
screening program are available from 1963 and onward and in-
clude 1 911 599 individuals. BCG vaccination was gradually im-
plemented in the Norwegian School vaccination program starting in
1947 and achieved high coverage during the 1950s. All children
between 12 and 14 years were offered the vaccine.”

The study population was selected to have the recorded TST re-
flect prior BCG vaccination rather than exposure to tuberculosis

infection. We, therefore, included individuals born between 1940
and 1960 (517 664 individuals) that had received BCG vaccination
between 12 and 20 years of age at least 1 year prior to TST ex-
amination (258 580 individuals). The majority of the included in-
dividuals had received their BCG vaccination during the school
vaccination program (80%). Since the extended time between BCG
and TST examination (around 15 years) may decrease the TST re-
activity,”® we further restricted our sample to those aged 14-30 at
TST examination with a maximum time interval between BCG and
TST of 15 years (242 918 individuals). We also excluded individuals
who, for any reason, were referred for further evaluation due to
findings on the chest X-ray (1119 individuals). The final study po-
pulation included 236 770 individuals who were alive and living in
Norway at the start of the follow-up on September 15, 1987 (Fig. 1).

Tuberculin skin test

The national mass mandatory tuberculosis screening used adre-
naline Pirquet as TST. Adrenalin was added to the Norwegian-pro-
duced synthetic tuberculin medium, and two drops of tuberculin
solution were placed below the elbow on the volar side. A 5 mm
subcutaneous scratch was performed through each of the drops, and
the largest induration site was read 48-72 h later”’. TST was defined
and grouped according to strict national guidelines: negative
(<4mm) and positive (24 mm). Strong positive reactions were
usually defined as reactions of >8 mm.”®

Outcome—THA

The NAR was established in 1987, and by 1991, all hospitals in
Norway performing THAs included patients. In 1994, it expanded to
include all kinds of arthroplasties. The register collects information
on patient identification, the reason for and type of operation, date
of surgery, sex, and physical status according to the American
Society of Anesthesiologists (ASA) classification system, which is
reported by the surgeon through a performed questionnaire.”’ The
data have been validated against data in the Norwegian Patient
Register for the period 2017-2018 and showed 97.5% completeness
of reporting of primary THAs and nearly 100% coverage of Norwe-
gian hospitals.”*

The current study included data on primary THA due to OA or RA
from September 15, 1987, to September 2020. Only the first THA
during follow-up for each individual was considered.

Statistics Norway provided information on dates of death and
emigration. All three databases were linked on a person-level
linkage. Individuals were followed from September 15, 1987, to ei-
ther receiving their first THA for OA or RA (outcomes) or censoring
due to THA for other causes, emigration, death, or end of the follow-
up on September 30, 2020, whichever occurred first.

Statistical methods

For data analysis, we used STATA version SE 16.1 (StataCorp,
College Station, TX). Characteristics of participants who did and did
not receive THA were compared using two-sample T-tests and chi-
square tests for continuous and categorical variables, respectively.
Hazard ratios (HRs) with 95% confidence intervals (CIs) for THA ac-
cording to TST results were obtained using a multivariable Cox
proportional hazard model with time since the start of follow-up
(days) as timescale. The Cox model included the following covari-
ates: age at BCG vaccination (years), the time between BCG vacci-
nation and TST (years), the time between TST and the start of follow-
up (years), BMI at the time of TST examination (categorical, < 18.5,
<25,<30, and 230), and county (categorical). TST reactivity was
both included as a categorical variable (<4 mm, >4 mm, and >8 mm)
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and a continuous variable (4 mm increments) in the model. Tests of
proportional hazards did not reveal any violations of the assump-
tions. Missing data were handled with a listwise deletion in the Cox
model.

An earlier publication using similar data demonstrated an inter-
action effect between sex and TST (p < 0.05). This was, therefore,
prespecified in our analyses, and the results are presented as sex-
specific. All analyses were performed with either THA due to OA or
THA due to RA as the outcome and presented separately. The exact
proportion of individuals who satisfy the American College of
Rheumatology classification criteria for OA was not provided but is
expected to be high as strict clinical and radiologic findings (joint
space narrowing <2 mm, osteophytes, pain in the hip, and/or de-
creased range of motion) must be present to receive a THA.*®

To further standardize the exposure and reduce the variation in
TST size that is solely due to waning reactivity (rather than in-
dividual variation in immune reactivity), reduce information bias
related to sampling techniques or indication, and limit age-related
risk factors for gaining a THA, which may override the im-
munological effects, we performed three sensitivity analyses where

we limited the study population to a) those who had received BCG
vaccination between age 12 and 14 (likely school vaccination); b1)
individuals receiving BCG at age 12-14, with a maximum time of 10
years between BCG vaccination and TST; and b2) sensitivity analysis
b1 restricted to THA due to OA and censored at 70 years of age.

A p-value <0.05 was considered statistically significant. The
study was performed according to the RECORD (REporting of studies
Conducted using Observational Routinely-collected health Data)
statement.

Ethics

The study was approved by the regional ethics committee (REK
Southeast, reference number 15538), the Norwegian Institute of
Public Health, the Norwegian Directorate of Health, and the
Norwegian Arthroplasty Registry and Statistics Norway. The research
project has obtained exemption from confidentiality from the
Regional Committee for Medical and Health Research Ethics based
on the Norwegian Act on Medical and Health Research (the Health
Research Act). The study complies with the General Data Protection
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Men Women Both sexes
(n=116 524) (n=120 246) (n=236 770)
Follow-up time, median years (IQR) 33.0(33.0, 33.0) 33.0(33.0, 33.0) 33.0(33.0,33.0)
Age at BCG, mean years (SD) 13.5(1.9) 13.4(1.7) 13.5(1.8)
Age at TST, mean years (SD) 20.0 (4.1) 20.2 (4.1) 201 (4.1)
Time between BCG and TST, mean years (SD) 6.4 (3.9) 6.7 (3.9) 6.6 (3.9)
TST negative, N (%) 15 748 (13.5) 24 063 (20.0) 39 811 (16.8)
TST positive, N (%) 59 478 (51.0) 60 188 (50.1) 119 666 (50.5)
TST strong positive, N (%) 41298 (35.4) 35 995 (29.9) 77 293 (32.7)
TST infiltrate size, mean mm (SD) 6.4 (2.7) 5.9 (2.8) 6.1 (2.8)
BMI, mean kg/m? (SD)* 22.1(2.8) 219 (3.0) 22.0 (2.9)
Age at start of follow-up, mean years (SD) 38.4(4.5) 38.6 (44) 38.5 (4.4)
Age at THA due to OA, mean years (SD) 65.0 (6.5) 65.6 (6.4) 65.4 (6.5)
Age at THA due to RA, mean years (SD) 59.4 (10.2) 60.8 (9.3) 60.5 (9.5)

*Only BMI had missing data, including 84 men and 222 women.

T
Table 1 Osteoarthritisand Cartilage

Characteristics of study population (n =236 770).

Regulation, and a Data Protection Impact Assessment has been car-
ried out in consultation with the Data Protection Officer at the
Norwegian Institute of Public Health. The registration of data in the
NAR was performed confidentially on patient consent and according
to Norwegian and EU data protection rules.

Results

In the study population of 236 770 individuals, there were 116
524 (49%) men and 120 246 (51%) women. The mean age at BCG
vaccination was 13.5 years (SD 1.8 years), and the mean time be-
tween BCG and TST measurement was 6.6 years (SD 3.9 years). The
mean age at the start of follow-up was 38.5 years (SD 4.4 years)
(Table 1).

There were 10 698 individuals who received a THA during follow-
up, of which 10 394 (63% women) were due to OA and 304 (77%
women) due to RA, with a median follow-up time of 26.2 years
(Interquartile Range (IQR) 21.4; 29.6). The mean age at THA was 65.4
years (SD 6.4 years). Individuals who received a THA were slightly
older at vaccination (13.7 years [SD 1.9 years] vs 13.5 years [SD 1.8
years], p < 0.001) and had extended time between BCG vaccination
and TST measurement (7.7 years [SD 4.0 years] vs 6.5 years [SD 3.9
years], p < 0.001) and larger TSTs (6.2 mm [SD 2.8 mm] vs 6.1 mm
[SD 2.8 mm], p=0.11). Characteristics between patients with THA
due to OA versus no THA and THA due to RA versus no THA are
presented in Supplementary Tables 1 and 2.

There was no increased risk of THA due to OA among men with
either a positive (HR =1.01, 95% CI 0.92-1.12, and p =0.78) or strong
positive TST (HR = 1.06, 95% CI 0.95-1.18, and p = 0.30) compared to
those with a negative TST. Among women, there was no increased
risk with a positive TST (HR =0.98, 95% CI 0.92-1.05, p = 0.56), but for
women with a strong positive TST result, there was a 10% decreased
risk (HR=0.90, 95% CI 0.84-0.97, and p < 0.01) of THA due to OA
compared to those with a negative TST (Table 2).

Men with a positive (HR = 1.76, 95% CI 0.74-4.16, and p =0.20) or
strong positive TST (HR =143, 95% CI 0.57-3.58, and p=0.44) had a
nonsignificant trend of increased risk of THA due to RA compared to
those with a negative TST. There was no association between posi-
tive (HR=1.03, 95% CI 0.72-1.46, and p=0.88) and strong positive
TST (HR=1.00, 95% CI 0.68-1.47, and p = 1.00) compared to negative
TST and the risk of THA for RA in women (Table 3).

When entered as a continuous variable, TST was associated with
similar results as in the other Cox models.

Sensitivity analysis

Restricting the main Cox model to those individuals that had
most likely received BCG vaccination as part of the school vaccina-
tion program (12-14 years) yielded similar results as the overall
analysis (Supplementary Tables 3 and 4).

To limit the chance of mycobacterial exposure, ensuring stan-
dardized BCG vaccination across the study population, and reducing
potential changes in TST results due to increased time between BCG
and TST, the model was further restricted to those who received BCG
vaccination at age 12-14 and had a maximum time between BCG
and TST of 10 years. This yielded a 14% nonsignificantly increased
risk of hip arthroplasty due to OA among men with a strong positive
TST (HR =1.14, 95% CI 0.99-1.31, and p =0.07) compared to negative
TST. In women, the earlier observed reduced risk for THA in the
strong positive TST group due to OA was now no longer statistically
significant. There was no change in risk estimates for THA due to RA
in men or women (Supplementary Tables 5 and 6).

When individuals in the OA group in the most restricted sensi-
tivity analysis were censored at 70 years of age, slightly larger risk
estimates were observed in men, with a p-value trending to become
statistically significant (HR = 1.14, 95% CI 0.99-1.31, and p = 0.07) for
positive TST and (HR = 1.16, 95% CI 1.00-1.36, and p = 0.05) for strong
positive TST compared to negative TST. There was no change in risk
estimates in women, but when TST was entered as a continuous
variable, the effect estimate became statistically significant
(HR=0.94, 95% C1 0.91-0.98, and p < 0.01) (Supplementary Table 7).

Discussion

Results of our main analysis showed a decreased risk of THA due
to OA among women with a strong positive TST compared with a
negative TST and no risk change among men. When we further
standardized the exposure, by restricting age at vaccination and time
until measurement of TST, there was a statistically nonsignificant
increased risk of THA among men with a strong positive TST and no
difference in risk between TST groups among women. None of the
analyses regarding THA due to RA among men or women revealed
any significant difference in risk between the TST groups although
there was a nonsignificant trend of increased risk among men. We
hypothesized that restricting the study population to those receiving
a THA at a younger age would more clearly reflect a potential im-
munological impact since other much more impactful risk factors for
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receiving a THA, such as comorbidity, medication, biological turn-
over, and hormonal changes, become highly prevalent with in-
creasing age. A further sensitivity analysis that restricted follow-up
to 70 years of age was, therefore, performed, which yielded some-
what stronger risk estimates for men.

In our analysis, TST reactivity following BCG vaccination was used
as a measure of individual variation in immune activity, but there are
several external factors that could confound this. First, TST reactivity
is dependent on the age at vaccination and the time between BCG
and TST. For those vaccinated during infancy, it has consistently been
shown to wane rapidly within 1 year, while this can take more than
10-15 years for those vaccinated during young adulthood.?®*!-34
Second, while the prevalence of TB infections decreased drastically
during the first half of the 20th century, nontuberculous myco-
bacteria may also influence TST reactivity although infections with
these are primarily tied to immunocompromised individuals.’>*° By
limiting the age range of the study population at both the time of
vaccination and the time of TST measurement, it is more likely that
the included individuals were vaccinated and tested in a similar
manner as part of the school vaccination program and the tu-
berculosis screening program, and the TST reactivity reflects the
vaccination rather than any individual underlying illness. This could
potentially explain why the largest effect estimates for OA men only
were present in the further restricted sensitivity analysis, where the
TST reactivity is even more likely to represent individual variation in
immune responses.

We hypothesized that an increased TST reactivity would be as-
sociated with an increased risk of THA later in life, but this was only
suggested in men having OA. Among women with OA, there was, on
the contrary, a slightly reduced risk among those with an increased
reactivity. One explanation for this difference could be the sex-de-
pendent immune responses toward tuberculin, which have pre-
viously been described and shown that men generally have a
stronger reaction to tuberculin compared to women,*”*¢ and the Th1
responses that are crucial to the TST are stimulated by androgens
rather than estrogen.’® The female reproductive system and sex
hormones will also have an impact on the immune system, which, to
a much larger degree, varies throughout life, with, for example,
pregnancy and menopause.” It is, therefore, likely that these mea-
sured TST responses at a young age represent somewhat different
underlying pathways and individual variations among men than
what they do for women.

RA is an autoimmune disease that is Th1- and Th17-dependen
with higher amounts of Th17 being found in the synovium of pa-
tients with RA compared to patients with OA.**? Since both cells are
involved in the TST reactivity, we expected a stronger association
between TST results and THA caused by RA than by OA. This was
partly the case, with RA having higher effect estimates than OA, but
we cannot conclude from our analysis given the low number of
events and wide 95% Cls.

To our knowledge, this is the first population-based study to in-
vestigate the association between individual postvaccination im-
mune response and the risk of THA. Our findings in the OA group are
in accordance with the previous finding of a 20%-25% increased risk
of hip fracture in men with a positive or strong positive TST, re-
spectively, with a slight protective association among women in a
sensitivity analysis.”> As Th17 cells are known to be osteoclastogenic,
and inhibiting osteoclasts both reduces cartilage and bone de-
gradation,”® we expected TST reactivity to be associated with an
increased risk of THA due to OA. However, it is important to em-
phasize that the TST reactivity following BCG vaccination does not
precisely reflect either isolated Th1 or Th17 activity, and the exact
involvement of these immune pathways in the development of OA
remains to be fully elucidated.

t40

Strengths of this study include its population-wide design with
33 years of follow-up regarding THA, using nationwide data from
health studies and registries that cover the population of Norway.
Norway has universal public healthcare and administrative registries
that enable individual-level linkage based on the personal identifi-
cation number of each inhabitant. The mass tuberculosis screening
was mandatory and covered approximately 80% of the eligible adult
population, and the coverage and completeness of the NAR are 97.5%
for primary THAs.” Individuals in our study population received a
THA at a younger age, with a mean age of 65.4 years, compared to
the background population as a whole, with a mean age of 67-69
years. This was a consequence of the studies’ birth year restrictions,
limiting the risk of including individuals exposed to TB bacteria, si-
multaneously avoiding a larger proportion of THAs at a more ad-
vanced age that would likely introduce a number of more prevalent
risk factors for THA that could influence and mask the im-
munological effect that we are studying.

There are some limitations to this study. First, as already dis-
cussed, measuring TST alone can only account for some of the im-
mune pathways involved in OA and RA development, and other
cascades are not considered here. TST was measured at a single time
point, and other health and lifestyle-related factors can have made a
large impact on the risk of receiving a THA in the intervening dec-
ades. Second, since the collection of THA data did not start until
1987, it is likely that some THAs in the study population were not
captured. However, given that the maximum age of our study po-
pulation was 47 years old in 1987, THAs prior to 1987 would have
had to occur at a very young age and are, therefore, likely to com-
prise a small number of individuals with RA. New treatment options
for RA, particularly immunosuppressant drugs, have also reduced
the use of THA among these individuals during the study period,
resulting in a change in risk during follow-up.** Third, we did not
adjust for the confounding role of socioeconomic status (SES), oc-
cupation, physical activity, and comorbidities. SES can have a con-
founding role, although exposure was generally measured during
adolescence. It has been shown that low SES was associated with an
increased risk of exposure to tuberculosis,*>“® which again will have
influenced the exposure, and low SES is also associated with an in-
creased risk of THA.*” We have included the county as a confounder
in our analysis, which accounts for some of the potential variations
in SES, but data on SES were not available to us. Regarding the re-
maining covariates listed, we find it more likely that these factors
rather act as mediators in our analysis since they did not precede the
exposure (postvaccination tuberculin response) and would not be
considered to have influenced it even though they may be strongly
related to the outcome. They have, therefore, not been adjusted for.
Another limitation is that we cannot be certain that all the patients
gaining a THA satisfied the American College of Rheumatology
classification criteria, but we assume that most of Norwegian or-
thopedic surgeons accept individuals for surgery according to strict
clinical and radiographic criteria.

In summary, data from our population-based cohort study
showed a slightly decreased risk of THA due to OA in women with an
increased postvaccination immune response and increased risk es-
timates among men, which is consistent with previous publications.
However, the effect among men was not statistically significant, al-
though the risk estimates increased when the exposure was further
standardized. In these restricted subsamples, the reduced risk
among women was no longer statistically significant. Censoring the
study population at 70 years of age resulted in even larger risk es-
timates trending toward statistical significance for men, which
highlights how these immunological factors are likely masked by
other more impactful age-dependent risk factors later in life. Further
research is needed to draw any definitive conclusions regarding the
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topic in question, and we encourage future studies to also include
data on other joints, such as knee arthroplasties, to assess if the
observed trends are isolated to hip arthroplasties or not.
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