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Abstract

Because of a lack of gold standard diagnostics, a combination of multiple diagnostic tests, or
composite diagnostic standard, has been used to measure pneumococcal pneumonia (PP) in
pneumococcal vaccine trials. We estimated the accuracy of composite diagnostic standards for
PP used in previous randomised controlled trials by simple formulas. A systematic literature
review identified five eligible trials and all trials had used different combinations of diagnostic
tests for PP. The estimated values of sensitivity and minimum specificity of composite diag-
nostic standards varied substantially between trials: 48.4% to 98.1% and 71.0% to 97.3%,
respectively. Without standardizing the outcome measurements, pneumococcal vaccine effi-
cacy estimates against PP are not comparable between trials and their pooled estimates are
biased.

Key Findings

• Different combinations of diagnostic tests have been used in pneumococcal vaccine trials.
• The estimated accuracy of composite diagnostic standards varied substantially between trials.
• Pneumococcal vaccine efficacy estimates are uncomparable and their pooled estimates are
biased.

Pneumococcal pneumonia (PP) is a major cause of morbidity and mortality among adults. A
23-valent pneumococcal polysaccharide vaccine (PPV23) has been recommended for adults
aged ⩾65 years to prevent invasive pneumococcal diseases in many countries, while its protect-
ive efficacy against PP remains to be questioned [1–5]. Recently, a vaccine trial demonstrated
the protective efficacy of 13-valent pneumococcal conjugate vaccine (PCV13) against vaccine-
type PP among older adults [6]. However, there is no study that formally compared the efficacy
of PPV23 and PCV13.

One of the major limitations in pneumococcal vaccine trials is a lack of gold standard
diagnostics for PP [7]. Almost all tests for identifying pneumococcus from blood, sputum
and urine samples are imperfect [8–10]. Blood culture has been a gold standard for pneumo-
coccal bacteremia; however, its sensitivity for diagnosing PP is very low because only up to a
quarter of PP cases are bacteremic [8]. Culture and polymerase chain reaction-based methods
using sputum samples are believed to be less specific despite an absence of supporting evi-
dence. A commercial urinary immunochromatographic test for pneumococcal antigen
(ICT) is sufficiently specific (93–100%) but less sensitive (67–82%) and its test accuracy varies
by settings [10].

To overcome this limitation, pneumococcal vaccine studies often use a composite diagnos-
tic standard [11]: pneumonia patients are screened by multiple diagnostic tests and the diag-
nosis of PP is made if any of the tests show positive result. A use of multiple imperfect tests
increases the overall sensitivity but decreases the overall specificity [12] and a use of inaccurate
diagnostic test underestimates true vaccine efficacies (VEs [13, 14]. However, because of the
absence of reference standards and analytical methods, to the best of our knowledge, no
study has evaluated the performance of composite diagnostic standard as an outcome in
pneumococcal vaccine trials. In this study, we estimated the accuracy of composite diagnostic
standards for PP from previous trial results by using a novel approach.

To establish formulas to calculate the sensitivity and specificity of an outcome measure-
ment, we used a simple randomised controlled trial (RCT) model similar to that used in a pre-
vious study [13]. In this model, vaccinated and unvaccinated people are followed up during a
specified period. If they develop all-cause pneumonia (ACP), samples are collected and tested
for pneumococcus. The VE was calculated as a 1-risk ratio.

The observed VE against ACP (vea), observed VE against PP (vep) and true VE against PP
(veπ) are described using the following parameters:
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ac = observed risk of ACP in unvaccinated individuals.
av = observed risk of ACP in vaccinated individuals.
pc = observed risk of PP in unvaccinated individuals.
pv = observed risk of PP in vaccinated individuals.
πc = true risk of PP in unvaccinated individuals.
πv = true risk of PP in vaccinated individuals.
Se = test sensitivity for diagnosing PP.
Sp = test specificity for diagnosing PP.

To simplify the following discussion, we introduce four
assumptions:

Assumption 1 (A1): the misclassification in the diagnosis of
ACP is non-differential.

Assumption 2 (A2): the pneumococcal vaccine does not
change the risk of non-PP.

Assumption 3 (A3): the directions of vea and vep are identical
and the value of vep is equal to or greater than that of vea (i.e.,
0 <vea⩽ vep or vep⩽ vea <0).

Assumption 4 (A4): the pneumococcal vaccine does not affect
Se and Sp.

Then, Se and the minimum value of Sp (Spmin) are given as fol-
lows (technical details are provided in Supplementary materials):

Se = pc − pv
ac − av

,

Spmin =
1− pv

av
if 0 , vea ≤ vep ≤ 1

1− pc
ac

if vep ≤ vea , 0

⎧⎪⎨
⎪⎩

.

We conducted a systematic literature review to identify RCTs
that investigated the efficacy of pneumococcal vaccines against
ACP and PP for adult population. We searched PubMed for
English language articles published between 1 January 1977 and
30 March 2017, with the terms ‘Streptococcus pneumoniae’,
‘pneumococcus’, ‘pneumococcal’, ‘vaccine’, ‘efficacy’, ‘trial’, and
‘adult’. We also reviewed relevant articles identified in previous
systematic reviews [1–3]. Studies were included if they were
RCTs (either they used placebo, other vaccines, or no vaccine as
controls), measured both ACP and PP as outcomes and fulfilled
the assumption A3; otherwise, they were excluded. Data were
extracted from published results. The median values and 95%
credible intervals (CIs) for vea, vep, Se and Spmin were estimated
based on non-informative priors using WinBUGS 1.4.3
(Medical Research Council and Imperial College London, UK)
[15], a statistical software package designed for Bayesian analysis.
For the Markov Chain Monte Carlo procedures, we took 50 000
iterations with 20 000 for burn-in.

We identified seven RCTs that investigated the efficacy of
pneumococcal vaccines against ACP and PP for the adult popula-
tion. Two RCTs were excluded because one did not fulfill the
assumption A3 (vea <vep <0 in the study) [16] and one did not
include a sufficient number of PP events (two in vaccinated
group and one in the placebo group) [17]. Finally, five RCTs
including one 14-valent PPV trial, three PPV23 trials and one
PCV13 trial were included in our analysis.

Characteristics of included RCTs are shown in Table 1. All but
one PPV23 trial conducted by Örtqvist et al. [18] showed positive
VE results. All RCTs used different combinations of diagnostic
tests for PP. Four PPV trials used respiratory specimen culture, Ta
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while the PCV13 trial [6] used a newly developed serotype-
specific urinary antigen detection (UAD) assay [19]. Only one
trial by Örtqvist et al. used serological assays to detect antibodies
against pneumolysin [20, 21]. Estimated Se and Spmin values of
composite diagnostic standards substantially varied by trials:
48.8% to 98.1% and 69.0% to 97.3%, respectively. The highest
Se value was observed in the PCV13 trial, while the lowest Se
and Spmin values were observed in the PPV23 trial by Örtqvist
et al.

In this study, we demonstrated that: (1) different combinations
of diagnostic tests have been used to measure PP in pneumococcal
vaccine trials; and (2) the estimated accuracy of composite diag-
nostic standards substantially varied by trials. The use of inaccur-
ate diagnostic test underestimates true VEs; less specific tests more
largely affect VE estimates than less sensitive tests [13, 14]. Our
findings indicate that pneumococcal VE estimates against PP
are not directly comparable between RCTs.

Recent meta-analyses for PPV23 efficacy against PP in older
adults showed inconsistent findings [3–5]. Although two meta-
analyses showed a non-significant protective trend [3, 4], a
meta-analysis by Falkenhorst et al. demonstrated a significant
PPV23 efficacy against PP excluding trials which had used sero-
logical assays [5]. The serological assays for PP had been devel-
oped in the early 1990s [20, 21] and used in epidemiological
studies. However, their inaccuracy has been demonstrated in
later validation studies [5, 22] and the assays are rarely used
recently. In the trial by Örtqvist et al., most PP cases had been
diagnosed by the assays. In fact, among five RCTs included in
our study, the lowest Se and Spmin values were observed in their
study. The inclusion of this study in meta-analyses must cause
biased pooled-VE estimates.

On the other hand, high Se and Spmin values were observed in
the PCV13 trial. The majority of PP cases in this trial were diag-
nosed by the serotype-specific UAD and a validation study
demonstrated that its sensitivity and specificity for the diagnosis
of invasive pneumococcal disease are 98% and 100%, respectively
[23]. These findings suggest that the PCV13 efficacy estimates are
uncomparable with the PPV efficacy estimates which had been
measured by less accurate diagnostic tests.

The lack of standardized pneumonia outcome is a major
limitation in pneumococcal vaccine trials [7]. Although current
pneumococcal vaccines do not cover all pneumococcal serotypes,
few trials have measured vaccine-type PP [24]; instead, almost all
previous trials have measured less specific outcomes such as ACP
and PP using different definitions [1–5]. ACP includes a variety of
aetiology other than pneumococcus such as Haemophilus influen-
zae and viruses [25] and PP includes a substantial proportion of
non-vaccine-type PP. The inclusion of these vaccine-unrelated
pneumonia decreases the specificity of outcome and underesti-
mates the VEs. In the current study, as long as the assumption
A2 holds, the proportion of non-PP in ACP does not affect our
estimated accuracy of outcome for PP. If the risk of non-PP
increases in the vaccinated individuals due to a replacement,
our method overestimates the true accuracy; if the risk decreases
in the vaccinated individuals due to a cross-protection, our
method underestimates the true accuracy. However, such effects
have not been observed in previous studies including our recent
vaccine effectiveness study [24]. On the other hand, to apply
our method for estimating the accuracy of outcome for vaccine-
type PP, an additional assumption of zero-efficacy against non-
vaccine-type PP is required. This assumption may not hold in
real settings because of the serotype replacement induced by the

PCVs [26]. Another limitation of the use of the composite diag-
nostic standard in pneumococcal vaccine trials is that not all sam-
ples among ACP cases are always tested for pneumococcus. This
missing test results may decrease the overall sensitivity and speci-
ficity of outcome as reflected in our estimates.

In this study, we proposed and applied a new method to esti-
mate the accuracy of composite diagnostic standards for PP used
in pneumococcal vaccine trials. The latent class analysis (LCA)
has been used to estimate the sensitivity and specificity of in-
dividual tests for diagnosing PP in the absence of gold standard
[27–29]. The LCA estimates the accuracy of each test based on
the observed frequency of the possible combinations of test
results. The advantage of our method is its ability to assess the
accuracy of outcomes measured by multiple diagnostic tests with-
out using individual test results. Although several assumptions are
required, our method may be also useful for evaluating pneumo-
nia outcomes used in pediatric PCV trials [30].

Our study has limitations. We assumed that the sensitivity and
specificity for PP are identical between vaccinated and unvaccin-
ated groups, although there is no evidence to support this
assumption. If the proportion of the tested samples among ACP
cases is different between the vaccinated and unvaccinated groups,
our estimates may be biased; however, we can reasonably assume
that the probability of testing is almost identical between the two
groups in RCTs. Additionally, systematic and random errors in
the trial may affect our estimates. The observed difference in
our accuracy estimates by RCTs may be partially explained by
the different population characteristics (eg. general population
[6, 31] vs. high-risk population [18, 32, 33]). Notably, the trials
with highest PP incidence (the trials by Örtqvist et al. [18] and
Maruyama et al. [33]) were those with the lowest sensitivity.
Other factors than just the outcome definition must affect the esti-
mates. Finally, only the minimum value of specificity can be esti-
mated in this approach.

In conclusion, the accuracy of composite diagnostic standards
for PP varies by RCTs because of the use of different combina-
tions of imperfect tests. Without standardizing the outcome
measurement, pneumococcal VE estimates are uncomparable
and their pooled estimates are biased.

Supplementary material. The supplementary material for this article can
be found at https://doi.org/10.1017/S0950268818000651

Acknowledgements. This work was supported by Nagasaki University.

Declaration of interest. K.A. reports speaker fees from Eli Lilly, Takeda
and Asahi Kasei Pharma. K.M. reports speaker fees from Taisho Toyama
Pharmaceutical, Pfizer and Asahi Kasei Pharma. All other authors declare
no competing interests.

References

1. Moberley S, et al. (2013) Vaccines for preventing pneumococcal infection
in adults. The Cochrane database of systematic reviews 1, CD000422.

2. Huss A, et al. (2009) Efficacy of pneumococcal vaccination in adults: a
meta-analysis. CMAJ : Canadian Medical Association Journal = Journal
de l’Association Medicale Canadienne 180(1), 48–58.

3. Diao WQ, et al. (2016) Efficacy of 23-valent pneumococcal polysac-
charide vaccine in preventing community-acquired pneumonia among
immunocompetent adults: a systematic review and meta-analysis of ran-
domized trials. Vaccine 34(13), 1496–1503.

4. Schiffner-Rohe J, et al. (2016) Efficacy of PPV23 in preventing pneumo-
coccal pneumonia in adults at increased risk—A systematic review and
meta-analysis. PLoS ONE 11(1), e0146338.

714 M. Suzuki et al.

https://doi.org/10.1017/S0950268818000651 Published online by Cambridge University Press

https://doi.org/10.1017/S0950268818000651
https://doi.org/10.1017/S0950268818000651
https://doi.org/10.1017/S0950268818000651


5. Falkenhorst G, et al. (2017) Effectiveness of the 23-valent pneumococcal
polysaccharide vaccine (PPV23) against pneumococcal disease in the eld-
erly: systematic review and meta-analysis. PLoS ONE 12(1), e0169368.

6. Bonten MJ, et al. (2015) Polysaccharide conjugate vaccine against
pneumococcal pneumonia in adults. The New England Journal of
Medicine 372(12), 1114–1125.

7. Jokinen J, et al. (2017) Testing pneumonia vaccines in the elderly:
determining a case definition for pneumococcal pneumonia in the absence
of a gold standard. American Journal of Epidemiology. 2017 Dec 15.
doi: 10.1093/aje/kwx373. [Epub ahead of print]

8. Said MA, et al. (2013) Estimating the burden of pneumococcal pneumo-
nia among adults: a systematic review and meta-analysis of diagnostic
techniques. PLoS ONE 8(4), e60273.

9. Musher DM, Montoya R and Wanahita A (2004) Diagnostic value of
microscopic examination of gram-stained sputum and sputum cultures
in patients with bacteremic pneumococcal pneumonia. Clinical Infectious
Diseases: An Official Publication of the Infectious Diseases Society of
America 39(2), 165–169.

10. Sinclair A, et al. (2013) Systematic review and meta-analysis of a urine-
based pneumococcal antigen test for diagnosis of community-acquired
pneumonia caused by Streptococcus pneumoniae. Journal of Clinical
Microbiology 51(7), 2303–2310.

11. Cordoba G, et al. (2010) Definition, reporting, and interpretation of com-
posite outcomes in clinical trials: systematic review. Bmj 341, c3920.

12. Naaktgeboren CA, et al. (2013) Value of composite reference standards in
diagnostic research. Bmj 347, f5605.

13. Lachenbruch PA (1998) Sensitivity, specificity, and vaccine efficacy.
Controlled Clinical Trials 19(6), 569–574.

14. Orenstein EW, et al. (2007) Methodologic issues regarding the use of
three observational study designs to assess influenza vaccine effectiveness.
International Journal of Epidemiology 36(3), 623–631.

15. Lunn DJ, Thomas A and Spiegelhalter NB (2000) WinBUGS - A
Bayesian modelling framework: concepts, structure, and extensibility.
Statistics and Computing 10(4), 325–337.

16. Simberkoff MS, et al. (1986) Efficacy of pneumococcal vaccine in high-
risk patients. Results of a veterans administration cooperative study. The
New England Journal of Medicine 315(21), 1318–1327.

17. Izumi Y, et al. (2017) The 23-valent pneumococcal polysaccharide vac-
cine in patients with rheumatoid arthritis: a double-blinded, randomized,
placebo-controlled trial. Arthritis Research & Therapy 19(1), 15.

18. Ortqvist A, et al. (1998) Randomised trial of 23-valent pneumococcal
capsular polysaccharide vaccine in prevention of pneumonia in middle-
aged and elderly people. Swedish pneumococcal vaccination study
group. Lancet 351(9100), 399–403.

19. Pride MW, et al. (2012) Validation of an immunodiagnostic assay for
detection of 13 streptococcus pneumoniae serotype-specific polysacchar-
ides in human urine. Clinical and Vaccine Immunology: CVI 19(8),
1131–1141.

20. Jalonen E, et al. (1989) Measurement of antibody responses to pneumo-
lysin—a promising method for the presumptive aetiological diagnosis of
pneumococcal pneumonia. The Journal of Infection 19(2), 127–134.

21. Leinonen M, et al. (1990) Demonstration of pneumolysin antibodies in
circulating immune complexes—a new diagnostic method for pneumococ-
cal pneumonia. Serodiagnosis and Immunotherapy in Infectious Disease
4(6), 451–458.

22. Scott JA, Hall AJ and Leinonen M (2000) Validation of immune-complex
enzyme immunoassays for diagnosis of pneumococcal pneumonia among
adults in Kenya. Clinical and Diagnostic Laboratory Immunology 7(1),
64–67.

23. Huijts SM, et al. (2013) Diagnostic accuracy of a serotype-specific antigen
test in community-acquired pneumonia. The European Respiratory
Journal 42(5), 1283–1290.

24. Suzuki M, et al. (2017) Serotype-specific effectiveness of 23-valent
pneumococcal polysaccharide vaccine against pneumococcal pneumonia
in adults aged 65 years or older: a multicentre, prospective, test-negative
design study. The Lancet Infectious Diseases 17(3), 313–321.

25. Morimoto K, et al. (2015) The burden and etiology of community-onset
pneumonia in the aging Japanese population: a multicenter prospective
study. PLoS ONE 10(3), e0122247.

26. Hausdorff WP and Hanage WP (2016) Interim results of an ecological
experiment - conjugate vaccination against the pneumococcus and sero-
type replacement.Human Vaccines & Immunotherapeutics 12(2), 358–374.

27. Butler JC, et al. (2003) Classical and latent class analysis evaluation of
sputum polymerase chain reaction and urine antigen testing for diagnosis
of pneumococcal pneumonia in adults. The Journal of Infectious Diseases
187(9), 1416–1423.

28. Jokinen J and Scott JA (2010) Estimating the proportion of pneumonia
attributable to pneumococcus in Kenyan adults: latent class analysis.
Epidemiology 21(5), 719–725.

29. Blake A, et al. (2017) Evaluation of chest radiography, lytA real-time PCR,
and other routine tests for diagnosis of community-acquired pneumonia
and estimation of possible attributable fraction of pneumococcus in nor-
thern Togo. Epidemiology and Infection 145(3), 583–594.

30. Madhi SA and Klugman KP (2007) World Health Organisation defin-
ition of “radiologically-confirmed pneumonia” may under-estimate the
true public health value of conjugate pneumococcal vaccines. Vaccine 25
(13), 2413–2419.

31. Riley ID, et al. (1977) Immunisation with a polyvalent pneumococcal vac-
cine. Reduction of adult respiratory mortality in a New Guinea highlands
community. Lancet 1(8026), 1338–1341.

32. Alfageme I, et al. (2006) Clinical efficacy of anti-pneumococcal vaccin-
ation in patients with COPD. Thorax 61(3), 189–195.

33. Maruyama T, et al. (2010) Efficacy of 23-valent pneumococcal vaccine
in preventing pneumonia and improving survival in nursing home resi-
dents: double blind, randomised and placebo controlled trial. BMJ 340,
c1004.

Epidemiology and Infection 715

https://doi.org/10.1017/S0950268818000651 Published online by Cambridge University Press

https://doi.org/10.1093/aje/kwx373
https://doi.org/10.1017/S0950268818000651

	Accuracy of composite diagnostic standards for pneumococcal pneumonia in vaccine trials
	Key Findings
	Acknowledgements
	References


