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How Many Doses Make a Difference? An Analysis of Secondary
Prevention of Rheumatic Fever and Rheumatic Heart Disease
Jessica Langloh de Dassel, BSc, MIPH; Nick de Klerk, BSc, MSc, PhD; Jonathan Rhys Carapetis, MBBS, FRACP, FAFPHM, FAHMS, PhD;
Anna P. Ralph, BMedSci, MBBS(Hons), MPH, DTMH, FRACP, PhD

Background-—Acute rheumatic fever (ARF) and rheumatic heart disease cause substantial burdens worldwide. Long-term antibiotic
secondary prophylaxis is used to prevent disease progression, but evidence for benefits of different adherence levels is limited.
Using data from northern Australia, we identified factors associated with adherence, and the association between adherence and
ARF recurrence, progression to rheumatic heart disease, worsening or improvement of rheumatic heart disease, and mortality.

Methods and Results-—Factors associated with adherence (percent of doses administered) were analyzed using logistic
regression. Nested case–control and case–crossover designs were used to investigate associations with clinical outcomes;
conditional logistic regression was used to estimate odds ratios (OR) with 95% CIs Adherence estimates (7728) were analyzed.
Being female, younger, having more-severe disease, and living remotely were associated with higher adherence. Alcohol misuse
was associated with lower adherence. The risk of ARF recurrence did not decrease until �40% of doses had been administered.
Receiving <80% was associated with a 4-fold increase in the odds of ARF recurrence (case–control OR: 4.00 [95% CI: 1.7–9.29],
case–crossover OR: 3.31 [95% CI: 1.09–10.07]) and appeared to be associated with increased all-cause mortality (case–control
OR: 1.90 [95% CI: 0.89–4.06]; case–crossover OR 1.91 [95% CI: 0.51–7.12]).

Conclusions-—We show for the first time that increased adherence to penicillin prophylaxis is associated with reduced ARF
recurrence, and a likely reduction in mortality, in our setting. These findings can motivate patients to receive doses since even
relatively low adherence can be beneficial, and additional doses further reduce adverse clinical outcomes. ( J Am Heart Assoc.
2018;7:e010223. DOI: 10.1161/JAHA.118.010223)
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A cute rheumatic fever (ARF) is the consequence of an
abnormal immune response to an infection by b-

hemolytic Group A streptococcus (GAS) bacteria. There are
several possible manifestations of ARF including fever and
sore joints; the valves of the heart may also be damaged and
residual scarring is called rheumatic heart disease (RHD). ARF

and RHD continue to cause significant morbidity and prema-
ture mortality in disadvantaged populations; in 2015 there
were �33 million people living with RHD worldwide.1

Studies conducted in the 1930s showed for the first time
that sulphonamide antibiotics could prevent ARF, and subse-
quent studies found that penicillin was superior to
sulphonamides.2 Penicillin eradicated GAS, whereas sulpho-
namides did not prevent carriage, and the dosing regimens
were simpler, which improved adherence.2 The first penicillin
formulations studied involved multiple daily doses or several
injections.2,3 Benzathine penicillin G (BPG) was subsequently
proven to be the most effective formulation for eradicating GAS
and only 1 intramuscular dose was required.3 BPG remains the
antibiotic of choice for primary and secondary prophylaxis of
ARF. In accordance with guidelines published by the World
Health Organization,4 in many settings efforts to control RHD
focus on providing a long-term regimen of regular injections of
BPG to people with a history of ARF or RHD (referred to as
secondary prophylaxis [SP]) in order to prevent recurrent ARF.
The painful nature of the injections, the protracted duration of
the regimen (at least 10 years in Australia), and limited
resources in many settings where ARF and RHD are prevalent
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mean delivering SP is challenging.5 Increased adherence to
BPG has been reported to reduce the likelihood of recurrent
ARF in several populations,6–14 but there has been limited
investigation of the effect of different levels of adherence, the
methods used to calculate adherence are not always clearly
described, self-reported adherence is often used, and there is
no rigorous evidence that the widely used target of ≥80% of
doses is optimal or superior to other thresholds. To improve the
effectiveness of RHD control programs internationally, a robust
analysis of the association between adherence to SP and
clinical outcomes is required.

This study used data from Australia’s Northern Territory
(NT) to determine the association between adherence and
clinical outcomes for people living with ARF or RHD. To
strengthen efforts to increase adherence to SP in the NT,
where rates of RHD in the Indigenous population remain
among the highest in the world,15 factors associated with
adherence were also explored.

Methods
The analytic methods will be made available to other
researchers for purposes of reproducing the results or

replicating the procedure. The data that support the findings
of this study may be requested from the corresponding author
and requests will be considered by a data governance panel.

Study Design and Setting
A retrospective cohort design was used to investigate factors
associated with adherence. Nested case–control and case–
crossover designs were used to explore the association
between clinical outcomes and adherence.

Data from the NT RHD Register (the Register) were linked
to hospital admissions from the NT Hospital Admissions
database. The Register data included diagnoses of ARF and
RHD and medical reviews (including cardiologist reviews and
echocardiogram reports) and secondary prophylaxis adher-
ence data. ARF has been notifiable in the NT since 199516 and
all suspected and confirmed episodes must be reported and
are recorded in the Register. In the NT, BPG is predominantly
administered by health staff at primary health centers;
administration dates are shared with the NT RHD Control
Program and are recorded in the Register. The study period
was February 1, 2007 to December 31, 2013. Another report
using this data set has been published previously.17 Health
care, including BPG injections, is provided to Indigenous
patients via Aboriginal Health Services. Each remote commu-
nity is serviced by 1 clinic, usually within walking distance of
all houses in the community, and urban settings have 1 or
more dedicated Aboriginal Health Services. Some clinics
provide an outreach service (which can change from 1 month
to another depending on staff availability and preference), but
the majority of clinics require patients to attend in person to
receive injections. In the latter instance, a clinic bus is usually
provided to pick up patients for their injections.

Validation of Register Data
Dates of death were validated using data from the ClientMaster
Index database (the most reliable record of death data in the
NT). Diagnoses of ARF and RHD were examined for consistency
and concordance with national guidelines, and diagnoses made
during the study period were compared with hospital admis-
sions with relevant International Classification of Diseases Tenth
revision, Australian Modification (ICD-10-AM) codes (I00–I02
and I05–I09). Inconsistencies between the disease classifica-
tion, which indicates the severity of RHD, and the heart valve
lesion status were identified and clarified using original data
from cardiologist letters, echocardiogram reports, and angio-
gram reports in the NT Cardiac database (NT Cardiac provides
themajority of cardiologist reviews and cardiac tests in the NT).
The validity of secondary prophylaxis data was investigated by
identifying internal inconsistencies and comparing a random
sample of dose dates for the year 2008 with the dates recorded

Clinical Perspective

What Is New?

• This is the first comprehensive analysis of the effectiveness
of penicillin prophylaxis for acute rheumatic fever at a
population level.

• Among 1610 people prescribed penicillin prophylaxis,
increased adherence was associated with reduced risk of
acute rheumatic fever recurrence and death: for every 10%
increase in adherence, the odds of acute rheumatic fever
recurrence reduced by 17% and the odds of death reduced
by �12%.

• At the individual level, the likelihood of acute rheumatic fever
recurrence decreased once 40% of doses were administered
and continued to decrease with each additional dose.

What Are the Clinical Implications?

• The evidence that increased adherence prevents acute
rheumatic fever recurrence and death should be a powerful
motivational tool to encourage health professionals and
clients to maximize adherence.

• The results provide a rationale for a particular focus on
ensuring all clients receive at least 40% of their prescribed
doses.

• At the system level, our findings support the programmatic
use of ≥80% as an adherence target, since greatest benefit
was achieved at this level of adherence.
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in the primary healthcare database used by NT Government
primary health centers and 1 community-controlled primary
health service. Inconsistencies were clarified by NT RHD
Control Program staff. The validity of more recent dose dates
had already been confirmed.18 Duplicate dose dates for an
individual were removed.

Inclusion Criteria
The study population was people living in the NT with a history
of ARF or RHD who were prescribed BPG SP.

Measurement of Adherence
Percent adherence was used to measure the delivery of SP.
Percent adherence is the basis for monitoring adherence
recommended in Australia’s national guideline for RHD
control, which also sets a recommended Key Performance
Indicator for RHD Control Programs based on the proportion
of individuals receiving ≥80% of scheduled doses (RHDAus-
tralia [ARF/RHD writing group], 2012). There is no agreed
minimum time frame for adherence calculations for BPG SP,
so in the interest of statistical robustness, adherence
calculations were restricted to people prescribed at least 6
doses of BPG (based on a 4-weekly regimen; this equates to
168 days).

Percent adherence was estimated using the formula:

Percent adherence ¼ number of doses administered
number of doses recommended

� 100

The standard regimen in Australia is 4-weekly BPG,19 so
the number of doses recommended was calculated by dividing
the number of days that BPG was prescribed by 28. Three-
weekly dosing may be recommended in specific circum-
stances, but during the study period <1% of patients were
prescribed 3-weekly BPG. Continuous and dichotomized
measures of adherence were analyzed.

Definitions of Adherence
For the analysis of factors associated with adherence, adher-
ence was defined as ≥80% BPG doses (in accordance with the
Australian guideline). For the analysis of clinical outcomes,
multiple definitions of adherence were examined: ≥90% BPG
doses, ≥80%, ≥70%, ≥60%, and ≥50%. Additional definitions of
≥40% and ≥30% were investigated for ARF recurrences.

Factors Associated With Adherence
Associations between adherence and patient demographics,
disease severity, SP regimen, and comorbidities—separately

or compiled in the Charlson Comorbidity Index, which
includes 14 comorbidities—were investigated. Comorbidities
that were examined separately included diabetes mellitus, and
others not included in the Charlson Comorbidity Index:
hypertension, intentional self-harm, depression, obesity,
experience of assault, hazardous alcohol use, and other drug
misuse.

When information on the regimen frequency was unavail-
able, it was assumed the person was prescribed 4-weekly
BPG. Individual percent adherence was calculated for each
calendar year. Hospital admissions from 2002 until 2013
were used to calculate the Charlson Comorbidity Index.20

Clinical Outcomes
Clinical outcomes that occurred while the person was
prescribed SP were investigated: ARF recurrence (definite
ARF only), progression from ARF to RHD, progression to
severe RHD, improvement to mild RHD, and death. Recurrent
ARF were episodes at least 90 days after any recorded
previous episode.19 Progression from ARF to RHD was defined
as a diagnosis of RHD at least 168 days (six 4-weekly dosing
intervals) after a first diagnosis of ARF; both diagnoses
needed to have occurred during the study period. This interval
was chosen to reduce the likelihood that RHD was present at
the time of the first diagnosis of ARF; the timing of RHD
diagnosis is dependent on the availability of echocardiography
services and cardiologists, and there can be a lag between
ARF and RHD diagnosis dates even when the RHD was
present at the time of the ARF episode. The Australian
guidelines for the prevention and management of ARF and
RHD define mild, moderate, and severe categories of RHD
based on echocardiographic and clinical features.19 Echocar-
diograms and cardiologist reviews were used to identify
changes in disease severity. Progression to severe RHD was
the diagnosis of severe RHD after a prior diagnosis of mild
RHD; people who improved to mild RHD had a diagnosis of
severe RHD followed by a diagnosis of mild RHD. Both the
mild and severe diagnoses needed to occur during the study
period while the person was prescribed SP. Because of the
relative subjectivity of echocardiography, changes from mild
to moderate disease or vice versa, or moderate to severe
disease or vice versa, were not examined. Deaths from all
causes were eligible for inclusion in the case–control and
case–crossover analyses.

Statistical Analyses
Factors associated with adherence

Descriptive statistics were used to describe the demographic
characteristics and to summarize annual adherence rates for
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the entire cohort. The proportion of people who received
≥80% doses disaggregated by each factor was calculated.
Multivariable logistic regression with generalized estimating
equations was used to identify factors associated with being
adherent; all variables were included in the analysis (sex, age
group, address, disease severity, time since diagnosis, SP
regimen, year, any Charlson Comorbidity Index morbidity, type
2 diabetes mellitus, hypertension, intentional self-harm,
depression, obesity, experience of assault, hazardous alcohol
use, and other drug misuse). Adjusted odds ratios (AOR), 95%
CIs, and P values are reported.

Clinical outcomes—case–control analysis

Adherence among individuals with the outcome of interest
(ARF recurrence, change in RHD severity, or death) was
compared with adherence among controls without the
outcome of interest. Confounding was limited by randomly
matching each case to at least 1 control based on ethnicity,
sex, age group, and region using Stata routine sttoc. Two
controls were matched to each case for ARF recurrences and
progression from ARF to RHD, 3 controls per case for deaths.
Descriptive statistics were used to describe the characteris-
tics of the cases. Median adherence and the proportion of
people receiving ≥80% doses were calculated for cases and
controls. Adherence was calculated for the period considered
most likely to have contributed to the outcome, taking into
consideration the minimum time frame required for a reliable
estimate of adherence; the timing and duration of the periods
were decided in consultation with experienced physicians and
researchers. Table 1 shows adherence time frames for the
case–control analysis.

For each clinical outcome, separate univariate linear
regressions were conducted to identify associations with
the continuous measure of percent adherence, and odds

ratios (OR) with 95% CIs and P values were calculated.
Possible nonlinear effects of the influence of adherence on
clinical outcomes were estimated using fractional polynomials
in univariate linear regression models.21 Nonparametric
receiver operating characteristics curves plotting sensitivity
against 1-specificity were used to determine how well
continuous percent adherence predicted each outcome of
interest. Receiver operating characteristics curves can be
used to depict the performance of diagnostic tests; the area
under the receiver operating characteristics curve (AUC) is a
measure of both the sensitivity and specificity and represents
the overall performance of the test. The AUC ranges from 0 to
1; the closer the value is to 1, the stronger the performance of
the test, and an AUC of 0.5 indicates no better than chance
prediction. The AUC was used to indicate the strength of
adherence to SP as a predictor of clinical outcomes.
Adherence was not normally distributed so the AUC was
calculated using nonparametric methods, namely, numerical
integration with the trapezoidal rule.

Univariate conditional logistic regression was used to
examine associations between dichotomized measures of
adherence and clinical outcomes. Separate analyses were
completed for each of the 5 definitions of adherence, and ORs
with 95% CIs and P values were calculated. Population
attributable fractions (PAF) with 95% CIs were calculated
using Stata routine punafcc to predict the impact on the
number of observed outcomes if the whole sample had
reached the various definitions of adherence. The PAFs are
reported in graphs.

Clinical outcomes—case–crossover analysis

In the case–crossover study, each person who experienced
the outcome of interest acted as their own control: their
adherence immediately before the event was compared with
their adherence during other periods during which no event of
interest occurred. The case–crossover design controls for
relatively stable patient characteristics that were not captured
by the available data set (such as education level and living
conditions), and no additional matching or controlling for
confounding is required. Furthermore, vulnerability to ARF
after GAS infection is in part weakly genetically determined22;
confounding by genetic variability was addressed by the case–
crossover design. Given the greater level of control of
confounding, the case–crossover results were thought to be
less likely to be affected by bias. However, the sample sizes
were much smaller in the case–crossover analyses. Descrip-
tive statistics were used to describe the characteristics of the
sample. Median adherence and the proportion of people
receiving ≥80% doses were calculated for the case window
and each of the control windows for each clinical outcome.
This study is believed to be the first to apply the case–
crossover design to the investigation of the association

Table 1. Time Frames for Adherence in the Case–Control
Analysis

Outcome Adherence Time Frame

ARF recurrence 12 mo before onset
of recurrence

Progression from
ARF to RHD

From onset of first ARF
episode to RHD diagnosis

Progression from
mild to severe RHD

From most recent review with
mild classification to first
severe classification

Improvement from
severe to mild RHD

From most recent review with
severe classification to first
mild classification

Death 12 mo before death

ARF indicates acute rheumatic fever; RHD, rheumatic heart disease.
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between adherence to SP and outcomes, and no literature
on case and control windows was identified. Therefore, the
case window (the period of adherence deemed most relevant
to the development of the outcome) and the control
windows (periods of adherence considered unrelated to the
development of the outcome) were decided on in consulta-
tion with physicians and researchers with considerable
experience in ARF and RHD. In addition to clinical relevance,
the duration of the windows needed to enable a reliable
estimate of adherence to be made. The case–crossover
design could not be applied to progression from ARF to RHD
because there were no appropriate control windows—the
case window is from initial diagnosis of ARF until first
diagnosis of RHD; control windows preceding the case
window are not possible, since SP would not have been
prescribed before the first diagnosis of ARF, and control
windows after the diagnosis of RHD are not possible since
the person is no longer at risk of developing RHD. The
number of control windows was limited by the period of
available data. Figure 1 shows the timing and duration of the
case and control windows for each outcome.

Associations between continuous measures of percent
adherence and clinical outcomes were explored using
univariate linear regression and ORs with 95% CIs, and P
values are reported for increases in adherence of 10
percentage points. As with the case–control analysis, univari-
ate conditional logistic regression was used to examine
associations between dichotomized measures of adherence
and each clinical outcome; ORs with 95% CIs and P values
were calculated. PAFs and 95% CIs were calculated using the
same Stata routine (punafcc).

Analyses were conducted using Stata/IC 14.2 (StataCorp,
College Station, TX); results were deemed significant at P<0.05.

This study was granted ethical approval by the Northern
Territory Department of Health and Menzies School of Health
Research human research ethics committee (ref: 2013-2123);
no informed consent was required. Access to identified
patient data was granted for data validation.

Results

Factors Associated With Adherence
There were 1610 people who contributed 7888 annual
estimates of adherence (median number of annual estimates
per person: 3, total years follow-up: 7536). Females
accounted for 63% of the observations; 98% of the observa-
tions were for Indigenous Australians, and the median age
was 24 years (range 3–79). Between 2007 and 2013, annual
adherence ranged from 0% to 100% and median adherence
was 59% (interquartile range: 31%–78%). See Table 2 for
characteristics of the cohort.

The data indicate that Indigenous Australians were more
adherent: 23% received ≥80% of doses, compared with 12%
for people of other ethnicities (OR: 2.11 [95% CI: 0.84–5.36],
P=0.113). To increase the relevance of findings to the
majority of patients on SP in the NT, people of other
ethnicities were removed from subsequent analyses, leaving
7728 observations.

Being female, living outside urban areas, and being obese
were significantly associated with increased adherence.
Females were more likely to be adherent (receive ≥80%
doses) than males (AOR: 1.21 [95% CI: 1.02–1.44], P=0.030).
People living outside urban areas were more likely to be
adherent than those living in urban areas (AOR: 1.46 [95% CI:
1.13–1.88], P=0.004) and those who were obese were more
likely to be adherent than those who were not (AOR: 1.71
[95% CI: 1.11–2.63], P=0.015).

Being older, having less severe disease, increasing time
since first diagnosis, experience of assault, and hazardous
alcohol use were predictors of lower adherence. Adoles-
cents and adults were less likely to be adherent than
children (AOR for adolescents: 0.63 [95% CI: 0.52–0.75],
P<0.001; AOR for adults: 0.76 [95% CI: 0.62–0.93],
P=0.008). People diagnosed with ARF but not RHD were
less likely to be adherent than those with severe RHD
(AOR: 0.66 [95% CI: 0.53–0.81], P<0.001) as were people
with mild RHD (AOR: 0.72 [95% CI: 0.59–0.89], P=0.002).
People whose first diagnosis was at least 1 year ago were
less likely to be adherent than those diagnosed more
recently (AOR: 0.62 [95% CI: 0.52–0.75], P<0.001). People
who had experienced assault were less likely to be
adherent than those who had not (AOR: 0.62 [95% CI:
0.46–0.85], P=0.002), and those who had been hospital-
ized for hazardous alcohol use were less likely to be
adherent than those who had not (AOR: 0.72 [95% CI:
0.53–0.98], P=0.035). The presence of other comorbidities
had minimal effect on adherence. There was an overall
increase in adherence between 2007 and 2013; 32% of
people were adherent in 2013 compared with 19% in
2007 (OR: 1.58 [95% CI: 1.27–1.96], P<0.001). The
proportions of people adherent in each subgroup are
presented in Figures 2 and 3; see Table 3 for AORs and P
values.

Case–Control Analysis of Adherence and Clinical
Outcomes
ARF recurrences

Ninety-seven ARF recurrences were included in the case–
control study, 54% of cases were female, and there was a
similar proportion of cases in the child, adolescent, and
adult age groups (32%, 36%, and 31%, respectively). Median
adherence for cases was 46%, with 8% receiving ≥80% of
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doses in the 12 months before their recurrence. Median
adherence for controls was 61%, with 24% receiving ≥80%
of doses in the equivalent 12-month period. The best-fitting
model was a fractional polynomial (degree 2, powers [3,3])
and the polynomial plot (Figure 4) suggests the risk of ARF
recurrence did not decrease until �40% of doses were
administered, after which increasing adherence was accom-
panied by a growing reduction in risk. However, the
difference between the best-fitting fractional polynomial
model and the simple linear model was not statistically
significant (P=0.604). The univariate linear regression model
showed increasing percent adherence by 10 percentage
points was associated with a 17% decrease in the odds of
having a recurrence (OR: 0.83 [95% CI: 0.75–0.92],
P<0.001). The AUC was 0.63 (95% CI: 0.56–0.69)
(Figure 5).

Receiving <80% of recommended doses was associated
with a 4-fold increase in the odds of having a recurrence
(OR: 4.00 [95% CI: 1.72–9.29]; P=0.001). The sensitivity
analysis showed significantly increased odds of ARF recur-
rence for all definitions of nonadherence except <30%
(Table 4). The PAF implied that if everyone had received
≥80% of their doses, 69% of ARF recurrences could have
been prevented (Figure 6).

Progression from ARF to RHD

Sixteen people were diagnosed with RHD after a first
diagnosis of ARF only. Half were males; median age at RHD
diagnosis was 11.5 years (range: 6–42 years). Two of the
initial ARF episodes were categorized at the time as probable
or possible ARF; the remainder were recognized initially as
definite cases. The time between ARF and RHD diagnosis

Figure 1. Case and control windows for case–crossover design. ARF indicates acute rheumatic fever;
RHD, rheumatic heart disease.
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Table 2. Characteristics of Cohort for Analysis of Factors Associated With Adherence

Factor Categories
Estimates of Annual
Adherence, n (%)

Ethnicity Indigenous* 7728 (98)

Not indigenous 160 (2)

Patient demographics (indigenous only)

Age Children (0–14 y) 1336 (17)

Adolescents (15–21 y) 2008 (26)

Adults (22–40 y) 3444 (45)

Older people (41 y and older) 940 (12)

Sex Male 2895 (37)

Female 4833 (63)

Residential area† Urban 1151 (15)

Not urban 6577 (85)

Disease and treatment characteristics (ARF and RHD)

Disease severity (at beginning of each y) Severe RHD 1805 (23)

Moderate RHD 1391 (18)

Mild RHD 1804 (23)

ARF only (no RHD) 2728 (35)

SP regimen 3-wkly BPG 66 (1)

4-wkly BPG 7662 (99)

Time since first diagnosis‡ Less than 1 y 581 (8)

At least 1 y 7147 (92)

Comorbidities

Presence of a comorbidity§ 2143 (28)

Type 2 diabetes mellitus 173 (3)

Hypertension 872 (11)

Obesity 259 (3)

Hazardous alcohol use 1272 (16)

Other drug misuse 336 (4)

Depression 193 (3)

Intentional self-harm 316 (4)

Experience of assault 1184 (15)

Calendar y

2007 1033 (13)

2008 1053 (14)

2009 1078 (14)

2010 1096 (14)

2011 1120 (14)

2012 1147 (15)

2013 1201 (16)

ARF indicates acute rheumatic fever; BPG, benzathine penicillin G; RHD, rheumatic heart disease; SP, secondary prophylaxis.
*Indigenous refers to people who identify as Aboriginal and/or Torres Strait Islander.
†Urban residential areas are “Darwin urban” and “Alice Springs urban” as defined by the NT Department of Health districts.
‡In the middle of the calendar year.
§Charlson Comorbidity Index ≥1.
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ranged from 15 to 77 months. Seven people had a docu-
mented ARF recurrence before or at the time of RHD
diagnosis (characteristics of each case are available in
Table S1). Four cases could only be matched to 1 control
each; all others were matched to cases as outlined in
Methods.

Median percent adherence was 60% for cases (those who
did develop RHD despite prescription of SP), compared with
66% for controls (those who had SP prescribed and did not
develop RHD). Fractional polynomial models did not fit the
data significantly better than the simple linear model (P>0.05
for all comparisons). Logistic regression showed that increas-
ing percent adherence by 10 percentage points was associ-
ated with a statistically nonsignificant decrease in the odds of

progressing to RHD (OR: 0.79 [95% CI: 0.53–1.17], P=0.238).
The AUC was 0.60 (95% CI: 0.41–0.79) (Figure 7). The
sensitivity analysis showed that being nonadherent was not
significantly associated with the odds of progressing to RHD,
though receiving fewer than 50% of doses was associated
with a 4-fold increase in risk of progressing (OR: 4.23 [95% CI:
0.46–39.14], P=0.204). Table 5 shows the odds ratios of
progressing to RHD for nonadherent people compared with
adherent people.

Progression from mild RHD to severe RHD

Six individuals progressed from mild RHD to severe RHD
while prescribed SP; 4 of these people had a documented
recurrence of ARF in the intervening period, and 2 did not.

Figure 2. Factors associated with adherence to secondary prophylaxis (SP) for acute rheumatic fever (ARF) and rheumatic heart disease (RHD)
—patient characteristics and year. P values for adjusted odds ratios from logistic regression. BPG indicates benzathine penicillin G.
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The small sample size meant regression analyses were not
appropriate. Time to severe RHD ranged from 4 to
54 months. Adherence between the most recent mild
RHD classification and first severe RHD classification
ranged from 53% to 100%. Five of the 6 people received
<80% of their BPG doses. Characteristics of each individual
are presented in Table 6.

Improvement from severe RHD to mild RHD

Five people improved from severe RHD to mild RHD according
to available echocardiogram reports and cardiologist reviews;

again, the small sample size precluded regression analyses.
Time to RHD improvement ranged from 19 to 51 months;
adherence ranged from 56% to 85%. Three of the 5 people
received ≥80% of their BPG doses. Table 7 reports individual
characteristics.

All-cause mortality

Sixty-nine deaths were included; 64% of the cases were
female and 66% were <41 years old at the time of death.
Eighty-four percent had severe RHD at the time of death.
Median adherence for cases was 38%, compared with 60% for

Figure 3. Comorbidities associated with adherence to secondary prophylaxis for acute rheumatic fever and rheumatic heart disease. *Any
comorbidity included in the Charlson Comorbidity Index, P values for adjusted odds ratios from logistic regression.

DOI: 10.1161/JAHA.118.010223 Journal of the American Heart Association 9

Penicillin Prevents Recurrent ARF de Dassel et al
O
R
IG

IN
A
L
R
E
S
E
A
R
C
H

D
ow

nloaded from
 http://ahajournals.org by on January 7, 2019



Table 3. Logistic Regression Analysis of Factors Associated With Adherence to Secondary Prophylaxis

Observations Adherent % (n)

Adjusted OR* of Being Adherent Compared
With Reference Group (95% CI)
Adherent ≥80% Doses P Value

Sex

Male 2895 20 (584) Ref ���
Female 4833 25 (1214) 1.21 (1.02–1.44) 0.030†

Age group

Children 1336 30 (394) Ref

Adolescents 2008 18 (365) 0.63 (0.52–0.75) <0.001†

Adults 3444 23 (801) 0.76 (0.62–0.93) 0.008†

Older people 940 25 (238) 0.75 (0.55–1.01) 0.054

Residential address

Urban 1151 16 (188) Ref

Not urban 6577 25 (1610) 1.46 (1.13–1.88) 0.004†

Disease severity

Severe RHD 1805 30 (534) Ref

Moderate RHD 1391 25 (342) 0.84 (0.69–1.02) 0.085

Mild RHD 1804 22 (395) 0.72 (0.59–0.89) 0.002†

ARF only 2728 19 (527) 0.66 (0.53–0.81) <0.001†

Time since first diagnosis

Less than 1 y 581 35 (203) Ref

At least 1 y 7147 22 (1595) 0.62 (0.52–0.75) <0.001†

SP regimen

3-wkly BPG 66 41 (27) Ref

4-wkly BPG 7662 23 (1771) 0.53 (0.24–1.13) 0.100

Year

2007 1033 19 (199) Ref

2008 1053 18 (187) 0.74 (0.59–0.93) 0.009†

2009 1078 21 (225) 0.91 (0.73–1.14) 0.411

2010 1096 25 (278) 1.17 (0.94–1.46) 0.153

2011 1120 22 (245) 0.96 (0.77–1.2) 0.713

2012 1147 25 (285) 1.16 (0.93–1.44) 0.185

2013 1201 32 (379) 1.58 (1.27–1.96) <0.001†

Comorbidities

Any comorbidity in CCI

No 5585 23 (1279) Ref

Yes 2143 24 (519) 1.05 (0.86–1.29) 0.617

Type 2 diabetes mellitus

No 6908 23 (1589)

Yes 820 26 (209) 1.06 (0.78–1.44) 0.723

Hypertension

No 6856 23 (1572) Ref

Yes 872 26 (226) 1.19 (0.87–1.62) 0.281

Continued
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controls. Fractional polynomial models did not fit the
relationship between adherence and death better than the
simple linear model (P=0.061 for comparison of best-fitting
fractional polynomial model with linear model). Univariate
linear regression showed increasing percent adherence by 10

percentage points was associated with a 12% decrease in the
odds of dying (OR: 0.88 [95% CI: 0.80–0.97], P=0.009). The
AUC was 0.60 (95% CI: 0.53–0.68) (Figure 8). The sensitivity
analysis indicated that receiving <80% of doses almost
doubled the odds of death (OR: 1.90 [95% CI: 0.89–4.06],
P=0.099), though the association was not statistically signif-
icant. However, 3 other definitions of nonadherence (<70%,
<60%, and <50%) were significantly associated with an
increased likelihood of death (Table 8). The PAFs implied that
57% (95% CI: 34% to 72%) of deaths could have been
prevented if everyone had received ≥70% of doses (Figure 9).
The reductions in deaths that could have resulted from
everyone attaining ≥80% and ≥90% were not significant (40%
[95% CI: �6% to 67%] and 34% [95% CI: �60% to 73%],
respectively).

Case–Crossover Analysis
ARF recurrences

Fifty-eight people could be included in the case–crossover
analysis; 50% were female. The proportion of cases who were
children was smaller compared with the case–control cases

Table 3. Continued

Observations Adherent % (n)

Adjusted OR* of Being Adherent Compared
With Reference Group (95% CI)
Adherent ≥80% Doses P Value

Intentional self-harm

No 7412 24 (1742) Ref

Yes 316 18 (56) 1.15 (0.69–1.89) 0.593

Depression

No 7533 24 (1770) Ref

Yes 195 14 (28) 0.66 (0.34–1.28) 0.217

Obesity

No 7469 23 (1710) Ref

Yes 259 34 (88) 1.71 (1.11–2.63) 0.015†

Experience of assault

No 6544 25 (1626) Ref

Yes 1184 15 (172) 0.62 (0.46–0.85) 0.002†

Hazardous alcohol use

No 6456 25 (1602) Ref

Yes 1272 15 (196) 0.72 (0.53–0.98) 0.035†

Other drug misuse

No 7392 23 (1732) Ref

Yes 336 20 (66) 1.21 (0.76–1.91) 0.427

Total 7728 23 (1798)

BPG indicates benzathine penicillin G; CCI, Charlson Comorbidity Index; OR, odds ratio; RHD, rheumatic heart disease; SP, secondary prophylaxis.
*Adjusted for all variables listed in table.
†Statistically significant difference between groups (P<0.05).

Figure 4. Modeled association between percent adherence and
risk of acute rheumatic fever (ARF) recurrence (case–control
analysis).
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(21%); 41% were adolescents, 36% were adults, and 1 person
was >40 years. Median adherence in the first control window
(when no ARF recurrence occurred) was 51% (10 people
received ≥80% of doses). Median adherence fell to 46% in the
12 months before the recurrence (the case window) (5 people
received ≥80% of doses). Adherence increased to 69% in the
12-month period after the recurrence (control window 2) (15
people received ≥80% doses). The best-fitting model was a
fractional polynomial (degree 2, powers [2,2]). The fractional
polynomial plot (Figure 10) indicates the risk of ARF recur-
rence decreased once �25% of doses were administered, and
the risk continued to reduce with increasing adherence. The
difference between the best-fitting fractional polynomial
model and the simple linear model was not statistically
significant (P=0.220). Increasing percent adherence by 10
percentage points was associated with a 21% decrease in the
odds of having a recurrence (OR: 0.79 [95% CI: 0.67–0.94],
P=0.006). The AUC was 0.61 (95% CI: 0.53–0.70) (Figure 11).

The logistic regression analyses showed all definitions of
nonadherence, except <30%, were associated with signifi-
cantly increased risk of ARF recurrence (Table 9). People who
received <80% of doses were �3 times more likely to have a
recurrence than those who received ≥80% (OR: 3.31 [95% CI:
1.09–10.07]; P=0.035). Sixty-four percent of ARF recurrences
could have been prevented if everyone had received ≥80%
doses (Figure 12).

Progression from mild RHD to severe RHD, and
improvement from severe RHD to mild RHD

The small sample sizes available precluded any statistical
analyses.

All-cause mortality

Forty-three deaths were included; 58% were female and 48%
were >40 years old at the time of death. Eighty-eight percent
had severe RHD when they died. Median adherence in the
control windows was 46% and 49%, and dropped to 38% in the
12 months before death. Fractional polynomial models did
not fit the relationship between adherence and death better
than the simple linear model (P=0.428 for the comparison of
the best-fitting fractional polynomial model and the linear
model). The results of the univariate linear regression showed
that increasing percent adherence by 10% points was
associated with a 9% decrease in the odds of dying (OR:
0.91 [95% CI: 0.74–1.11], P=0.348).

The AUC was 0.53 (95% CI: 0.42–0.63) (Figure 13). The
sensitivity analyses showed no significant associations
between any of the definitions of nonadherence and the
odds of dying (Table 10). However, each of the ORs was >1,
suggesting that people who were not adherent had a greater
likelihood of dying. The PAFs indicated that deaths could have

Figure 5. Receiver operating characteristics curve
depicting the ability of percent adherence to predict acute
rheumatic fever recurrence (case–control analysis). *The
area under the curve was calculated using nonparametric
methods; †The reference line indicates the point at which
adherence would be no better at predicting an outcome
than a coin toss (the area under the reference line is 0.5).

Table 4. Conditional Logistic Regression Analysis of the
Association Between Different Levels of Adherence and the
Risk of ARF Recurrence (Case–Control)

Definition of
Nonadherence

Case–Control Analysis
97 Cases*, 194 Controls

OR of Nonadherent People
Having an ARF Recurrence
Compared With Adherent
People (95% CI) P Value

“Adherent”
Cases (n)

Percent
adherence <90%

12.9 (1.68–99.11) 0.014† 1

Percent
adherence <80%

4.00 (1.72–9.29) 0.001† 8

Percent
adherence <70%

2.42 (1.29–4.52) 0.006† 19

Percent
adherence <60%

2.76 (1.55–4.92) 0.001† 30

Percent
adherence <50%

2.35 (1.36–4.07) 0.002† 42

Percent
adherence <40%

1.87 (1.10–3.18) 0.020† 57

Percent
adherence <30%

1.61 (0.84–3.07) 0.149 73

ARF indicates acute rheumatic fever; OR, odds ratio.
*Cases were individuals diagnosed with recurrent ARF.
†Statistically significant association (P<0.05).
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been prevented if everyone had been adherent, regardless of
the definition of adherence; however, none of the PAFs were
statistically significant (Figure 14).

Discussion
This is the first comprehensive analysis of the effectiveness of
SP at a population level. We confirm that SP is a critical tool
for RHD control, with increased adherence leading to reduced
risk of ARF recurrence and death. Furthermore, our data
provide tangible guidance for those managing health systems
as well as for clinicians and clients managing RHD control at
the individual level. At the system level, our findings support
the programmatic use of ≥80% as an adherence target, since
greatest benefit was achieved at this level of adherence. It
appeared that higher levels of protection occurred at ≥90%
adherence, and this is a logical assumption, but too few
individuals were in this category for robust assessment, and
the ≥80% target (≥11 out of 13 annual injections for people
prescribed 4-weekly BPG) is programmatically more feasible
in our setting.

At the individual level, we demonstrated a threshold effect
at 40% of injections delivered. If this is confirmed, it provides
a rationale for a particular focus on those with the lowest
levels of adherence to bring them over the 40% threshold.
Above this level, the message is clear: every dose counts.

Indeed, for every 10% increase in adherence, the odds of ARF
recurrence reduced by 17%. This is a powerful motivational
tool for clients. These data can be used by healthcare
providers to explain to their patients the likely benefit they will
receive at different levels of adherence.

Figure 6. Proportion of acute rheumatic fever recurrences that
could have been prevented if all people reached specified
adherence definition (case–control analysis).

Figure 7. Receiver operating characteristics curve
depicting the ability of percent adherence to predict
progression from acute rheumatic fever to rheumatic heart
disease (case–control analysis). *The area under the curve
was calculated using nonparametric methods; †The refer-
ence line indicates the point at which adherence would be
no better at predicting an outcome than a coin toss (the
area under the reference line is 0.5).

Table 5. Conditional Logistic Regression Analysis of
Association Between Different Levels of Adherence and
Progression to RHD From No Baseline RHD

Definition of
Nonadherence

Case–Control Analysis
16 Cases*, 28 Controls

OR of Nonadherent People
Progressing to RHD Compared
With Adherent People (95% CI) P Value

“Adherent”
Cases (n)

Percent
adherence <90%

n/a ��� 0

Percent
adherence <80%

1.16 (0.31–4.31) 0.825 4

Percent
adherence <70%

1.22 (0.35–4.31) 0.753 6

Percent
adherence <60%

1.24 (0.34–4.48) 0.742 9

Percent
adherence <50%

4.23 (0.46–39.14) 0.204 11

n/a indicates not applicable; OR, odds ratio; RHD, rheumatic heart disease.
*Cases were people who progressed from acute rheumatic fever to RHD.
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We included case–crossover analyses as well as a case–
control design in order to reduce biases that could occur in
comparing different individuals who may have different
characteristics including host immune responses and expo-
sure to GAS. The similarity of the case–control and case–
crossover results supports the validity of the findings.
Numbers in the case–crossover study were smaller, and less
likely to show statistical significance, but the associations at
all definitions of adherence indicated that increased adher-
ence was beneficial.

This study identifies important patient characteristics
associated with adherence to SP for ARF and RHD. Increased
adherence in females and people with more severe RHD has
been previously reported in this setting,23 and older age and
increasing time since diagnosis has been associated with
reduced adherence in other populations.24–26 The results
indicate that obesity was associated with higher adherence.
This may be a spurious finding (eg, because of bias in
documentation of obesity) or may reflect a genuine

relationship. Documentation of obesity may be a marker of
greater healthcare engagement, since documentation of
obesity in the medical records may be overlooked for people
who present rarely and who have more apparently urgent

Table 6. Characteristics of People Prescribed SP Who
Progressed From Mild RHD to Severe RHD

Patient
Number Sex

Age at
First
Severe
Classification
(Y)

Time
Between
Mild and
Severe
RHD (Mo)

ARF
Recurrence
Between
Mild and
Severe RHD?

Percent
Adherence
(%)

1 Female 16 47 Yes 56

2 Female 25 54 No 53

3 Male 19 44 Yes 55

4 Female 15 36 Yes 69

5 Male 11 45 Yes 73

6 Male 13 4 No 100

ARF indicates acute rheumatic fever; RHD, rheumatic heart disease; SP, secondary
prophylaxis.

Table 7. Characteristics of People Who Improved From
Severe RHD to Mild RHD

Patient
Number Sex

Age at
First Mild
RHD
Classification
(Y)

Time
Between
Severe and
Mild RHD
(Mo)

Percent
Adherence (%)

7 Female 5 19 56

8 Female 38 27 66

9 Male 23 22 81

10 Female 15 51 83

11 Female 12 22 85

RHD indicates rheumatic heart disease.

Figure 8. Receiver operating characteristics curve for the
ability of percent adherence to predict all-cause mortality
(case–control analysis). *The area under the curve was
calculated using nonparametric methods; †The reference
line indicates the point at which adherence would be no
better at predicting an outcome than a coin toss (the area
under the reference line is 0.5).

Table 8. Logistic Regression Analysis of the Association
Between Different Levels of Adherence and the Odds of
All-Cause Mortality

Definition
of Nonadherence

Case–Control Analysis
69 Cases*, 202 Controls

OR of Nonadherent
People Dying Compared
With Adherent People
(95% CI) P Value

“Adherent”
Cases (n)

Percent
adherence <90%

1.58 (0.58–4.27) 0.369 5

Percent
adherence <80%

1.90 (0.89–4.06) 0.099 10

Percent
adherence <70%

3.25 (1.58–6.68) 0.001† 12

Percent
adherence <60%

2.20 (1.16–4.16) 0.016† 23

Percent
adherence <50%

1.92 (1.03–3.56) 0.039† 29

OR indicates odds ratio.
*Cases were people who died.
†

Statistically significant result (P<0.05).
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health priorities, whereas healthcare providers have greater
time to recognize and document low-acuity conditions such as
obesity for regular attenders. A real association may exist if
people with obesity are genuinely more engaged in health
care because of comorbidities such as diabetes mellitus
requiring more regular attendance (although the relationship
with diabetes mellitus was not statistically significant). Also,
some healthcare providers in the NT have suggested that
people with low body mass index experience greater pain
from BPG injections, and the converse may apply to people
with higher body mass indexes, ie: they experience less pain,
and therefore may be more likely to receive BPG injections.

However, this suggestion has not been tested in our setting
(or elsewhere). The findings also indicate that hazardous
alcohol use and experience of assault were associated with

Figure 9. Proportion of deaths that could have been prevented
if all people reached specified adherence definition (case–control
analysis).

Figure 10. Modeled association between percent adherence
and risk of acute rheumatic fever (ARF) recurrence (case–
crossover analysis).

Figure 11. Receiver operating characteristics curve
depicting the ability of percent adherence to predict acute
rheumatic fever recurrence (case–crossover analysis). *The
area under the curve was calculated using nonparametric
methods; †The reference line indicates the point at which
adherence would be no better at predicting an outcome
than a coin toss (the area under the reference line is 0.5).

Table 9. Logistic Regression Analysis of the Association
Between Different Levels of Adherence and the Risk of ARF
Recurrence (Case–Crossover Analysis, 58 Cases)

Definition of
Nonadherence

OR of Nonadherent
People Having an ARF
Recurrence Compared
With Adherent People
(95% CI) P Value

“Adherent”
People in Case
Window (n)

Percent
adherence <90%

n/a n/a 0

Percent
adherence <80%

3.31 (1.09–10.07) 0.035* 5

Percent
adherence <70%

5.02 (1.68–15.03) 0.004* 12

Percent
adherence <60%

3.89 (1.44–10.49) 0.007* 16

Percent
adherence <50%

2.68 (1.16–6.20) 0.021* 23

Percent
adherence <40%

2.38 (1.04–5.43) 0.040* 31

Percent
adherence <30%

1.59 (0.66–3.85) 0.305 41

ARF indicates acute rheumatic fever; n/a, not applicable; OR, odds ratio.
*Statistically significant result (P<0.05).
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lower adherence. Many Australian Aboriginal people are
negatively affected by alcohol use (their own or another
person’s), and exposure to violence.27 Hazardous alcohol use

and experience of assault suggest unstable living circum-
stances, which could impede a person’s ability to adhere to
medication regimens, which may explain these results.

The higher rates of adherence found in children may be
because of them receiving more family support than adoles-
cents and adults; this may also be an indication that
healthcare providers have prioritized adherence support for

Figure 12. Proportion of acute rheumatic fever recurrences
that could have been prevented if all people reached specified
adherence definition (case–crossover analysis).

Figure 13. Receiver operating characteristics curve for
the ability of percent adherence to predict all-causemortality
(case–crossover analysis). *The area under the curve was
calculated using nonparametricmethods. †The reference line
indicates the point at which adherence would be no better at
predicting an outcome than a coin toss (the area under the
reference line is 0.5).

Table 10. Logistic Regression Analysis of the Association
Between Different Levels of Adherence and the Odds of All-
Cause Mortality (Case–Crossover Analysis, 43 Cases)

Definition of
Nonadherence

OR of Nonadherent
People Dying
Compared With
Adherent People
(95% CI) P Value

“Adherent” People
in Case Window (n)

Percent
adherence <90%

5.16 (0.58–45.87) 0.141 4

Percent
adherence <80%

1.91 (0.51–7.12) 0.334 8

Percent
adherence <70%

2.00 (0.56–7.09) 0.170 10

Percent
adherence <60%

1.33 (0.46–3.87) 0.394 15

Percent
adherence <50%

1.19 (0.43–3.27) 0.732 18

OR indicates odds ratio.

Figure 14. Proportion of deaths that could have been pre-
vented if all people reached specified adherence definition (case–
crossover analysis).
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children since they are at greatest risk of GAS infection. In
contrast to our study, a systematic review reported that living
in urban areas was associated with higher adherence.5 Many
Indigenous Australians in the NT live in remote communities
that are serviced by a single local health clinic; access to SP in
urban settings may be more difficult since there are multiple
health services spread over a much larger geographic area.
People with lower adherence should be provided additional
support; proven, culturally sensitive, tailored strategies should
be implemented. Recommendations for enhanced support of
Aboriginal Australians with chronic conditions28 and for
Aboriginal adolescents with a history of ARF or RHD have
recently been published.29 Adherence is the responsibility of
health systems working in partnership with patients. Work to
enhance health systems and improve treatment options must
continue.

While overall adherence levels were disappointing,
improvements in adherence over time are a testament to
the resilience of patients and their families, and the support of
primary health services and the NT RHD Control Program.

Being “adherent” or “compliant” has been associated with
reduced ARF recurrences in other settings6–14; however,
definitions of adherence were not always reported and
continuous measures of adherence rarely analyzed, so the
required level of adherence to achieve optimal clinical benefit
has remained unclear, as has the minimum level of adherence
required to obtain any benefit. The only other analysis of
percent adherence as a continuous measure reported that
adherence was not significantly associated with reduced risk
of recurrent ARF.30 The method of calculating adherence for
that study was not reported in detail, so it is difficult to
compare the results with our findings.

In our study, some people were diagnosed with an ARF
recurrence or progressed to RHD despite receiving ≥80% of
doses. Percent adherence does not account for the timing of
doses, and when doses are administered more than 28 days
apart (for the 4-weekly regimen) there can be opportunities
for GAS infection and consequent development of recurrent
ARF, which may explain adverse outcomes despite high
percent adherence. So-called “breakthrough” recurrences
have been reported for populations outside Australia,14,31,32

and may also be explained by faster metabolism of penicillin
by some individuals.33 Research is under way to assess the
pharmacokinetics and pharmacodynamics of benzathine
penicillin in the study population. Despite children having
higher rates of adherence than the older age groups, the rate
of ARF recurrences was similar for each age group. This may
be because of the increased vulnerability of children to GAS
infections, which means higher rates of adherence are
required to prevent recurrence.

It is thought that after the resolution of an initial episode of
ARF, further damage to the heart valves is only brought about

by recurrent ARF. In our study, 9 cases progressed from ARF
to RHD without a documented intervening episode of ARF; it is
possible that there was an intervening undiagnosed or
subclinical recurrence of ARF. There was no clear trend
between adherence and progression to RHD, and 3 people
progressed despite receiving ≥80% of doses. Patients often
first present to health services with established RHD both in
Australia and internationally.34 In this patient data set, 1213/
2829 (43%) had a diagnosis of RHD with no prior ARF
diagnosis. Therefore, there are limited international data on
the relationship between adherence and progression from
ARF to RHD. The only published study identified reported on a
cohort of 6 people with ARF; 4 people progressed to RHD
during the 4 years of follow-up: 2 had received at least 75% of
doses, and 2 were not adherent.35

In this cohort, 3 of 5 individuals who improved from severe
RHD to mild RHD achieved ≥80% adherence, but only 1 of 6
whose RHD significantly worsened achieved high adherence,
and this case—individual number 6 (Table 6)—appeared to
have had evolving carditis from a protracted severe episode of
ARF, and antibiotic adherence in this context was unlikely to
have been able to affect their outcome.

Before the introduction of antibiotic prophylaxis, it was
observed that heart valve lesions may resolve in �10% of
patients,36 but prophylaxis has been shown to dramatically
improve prognosis, and Tompkins et al reported in 1972 that
acute mitral regurgitation resolved in 70% of patients with ARF
who were adherent to 4-weekly BPG for at least 5 years.37

These early studies used auscultation to determine disease
severity rather than echocardiography,38 so direct comparison
with our study findings is not possible. A more recent study
measured changes in valve lesion severity and all patients
prescribed SP (n=6) had regression of mild lesions, but the
methods of measuring valvular structure and function and
calculating adherence were not described. A fourth study
used valvular regurgitation as an indication of disease
severity; regurgitation improved in 7 of the 13 people who
received ≥75% of doses and did not improve in any of the
people who were not adherent (n=4).35 Our findings add to
the existing body of literature by illustrating that even severe
RHD can markedly improve, but this is uncommon.

Deaths in this cohort occurred at a young age—almost
two thirds were aged <40 years at the time of death.
Eighty-eight percent of those dying had severe RHD
compared with 23% in the overall cohort. It is likely that
RHD was a contributing factor in a number of instances,
but data on cause of death were unavailable. Our study
found that penicillin adherence appeared to be protective
against all-cause mortality, although the sensitivity analysis
showed the highest levels of adherence were not more
protective than lower levels of adherence. Given the
specific action of BPG, and high prevalence of comorbidities
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in this population, a clear linear association was not
expected. In the better-powered case–control analysis,
increasing adherence was protective against all-cause
mortality, with a 12% lower risk of dying for each 10
percentage point increase in adherence. A large multina-
tional study has reported no significant association between
SP and all-cause mortality.39 One other study reported that
increased adherence to SP reduced the risk of RHD-related
death34; while this is feasible, the time frame for adherence
calculations was <3 months for many participants, so it is
possible that adherence to SP was a proxy for adherence
to other medications that contributed to reduced mortality.

Key strengths of this study are the large cohort, the use of
data on SP recorded by health providers, and the use of 2
complementary study designs that provided an indication of
validity. ARF is notifiable in the NT, so ARF diagnoses are well
documented relative to other settings. Study limitations
include the small numbers of cases for some outcomes that
prevented rigorous statistical analyses; data from larger
cohorts might clarify the role of SP in the prevention or
amelioration of RHD. Adherence to medication is known to be
influenced by a range of factors, and we did not have access
to data on all potentially relevant factors, such as socioeco-
nomic status, prescription of concomitant medications, or
mode of delivery of health care (eg, clinic-based or outreach
service). However, another study recently conducted in this
setting examined relationships between adherence and 17
clinic and community characteristics, including outreach
service delivery, and found no significant associations.40

Another limitation is the subjectivity of the interpretation of
RHD severity using echocardiograms, which we addressed in
part by only including large changes in severity; although
imperfect, the use of echocardiograms is a substantial
improvement on auscultation, which has been used in
historical studies. The study period may not have been
sufficiently long to capture change in disease severity or
death. Finally, only 1 measure of adherence was analyzed;
alternative measures of adherence are being explored as part
of this program and may strengthen our understanding of the
association between adherence and clinical outcomes.

Conclusion
We show for the first time that increased adherence to SP is
associated with a reduction in ARF recurrence in our setting.
An association with improved clinical outcome was observed
across all levels of increasing adherence, but for practical
purposes at programmatic level and for healthcare providers,
monitoring dichotomized measures of adherence may be the
most feasible approach, particularly where the quality of
adherence data is uncertain. RHD Control Programs could
continue using a target of ≥80%, but further examination of

“breakthrough” recurrences is required. For those already
diagnosed with ARF or RHD, SP up to the recommended age
limit is crucial, but the majority of cases already have RHD at
baseline, limiting the potential benefit of SP. The social
determinants of health must therefore be addressed along-
side innovative approaches including GAS vaccine develop-
ment and ongoing initiatives to support adherence, in order to
reduce the burden of this disease.
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Table S1. Characteristics of people who progressed from acute rheumatic fever to rheumatic heart 

disease.  

Patient 

number  

Sex Age at RHD 

diagnosis 

(years) 

Time from ARF to 

RHD diagnosis 

(months) 

Intervening or 

concurrent 

documented 

ARF 

recurrence? 

Percent 

adherence (%) 

Supp.1 Male 11 63 Yes 19 

Supp.2 Female 14 25 No 28 

Supp.3 Female 42 40 No 31 

Supp.4 Female 15 58 No 36 

Supp.5 Female 18 71 No 54 

Supp.6 Female 9 37 Yes 57 

Supp.7 Male 8 67 No 60 

Supp.8 Male 11 77 Yes (2) 61 

Supp.9 Male 14 15 Yes 62 

Supp.10* Female 18 21 No 66 

Supp.11 Male 11 27 No 66 

Supp.12 Female 12 51 No 78 

Supp.13 Male 11 51 Yes 78 

Supp.14 Male 6 65 No 83 

Supp.15* Female 12 71 Yes 83 

Supp.16 Male 7 28 Yes 84 

 

ARF: acute rheumatic fever; RHD: rheumatic heart disease; *initial ARF diagnosis was probable or 

possible ARF 
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