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Is diphtheria-tetanus-pertussis (DTP) associated with increased female
mortality? A meta-analysis testing the hypotheses of sex-differential
non-specific effects of DTP vaccine
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Background: Ten years ago, we formulated two hypotheses about whole-cell diphtheria-tetanus-pertussis
(DTP) vaccination: first, when given after BCG, DTP increases mortality in girls and, second, following DTP there
is an increase in the female/male mortality rate ratio (MRR). A recent review by WHO found no convincing evi-
dence that DTP increases mortality in females.

Methods: We used previous DTP reviews as well as the recent WHO review for assessing the hypotheses. As
pre-specified we excluded studies with survival or frailty bias; if children had received BCG and DTP simultan-
eously; and if the children had received neonatal vitamin A.

Results: In seven studies of BCG-vaccinated children, DTP vaccination was associated with a 2.54 (95% CI
1.68-3.86) increase in mortality in girls (with no increase in boys [ratio 0.96, 0.55-1.68]). In 10 studies of BCG-
vaccinated children, the female-to-male mortality ratio was 2.45 (1.48-4.06) times higher after DTP than
before DTP. In 15 studies of children who had received DTP after previous BCG vaccination, mortality was 1.53
(1.21-1.93) times higher in girls than boys. The findings were similar in studies conducted before and after for-
mulation of the hypotheses.

Conclusions: The two hypotheses were confirmed in the studies that fulfilled pre-specified criteria.

Keywords: BCG, Diphtheria-tetanus-pertussis vaccine, DTP, Non-specific effects of vaccines, Sex-differential effects, Strategic
Advisory Group of Experts on Immunization (SAGE)

published in Tropical Medicine and International Health (the ‘TMIH-
hypotheses’).!

The hypotheses were largely based on previous reports which
had suggested, first, that DTP was associated with increased

Introduction

In the early 2000s, we suggested that diphtheria-tetanus-
pertussis vaccine (DTP) was associated with increased mortolity.l'3

Subsequently, WHO’s Global Advisory Committee on Vaccine Safety
(GACVS) sponsored the reanalysis of some existing data sets*® and
concluded in 2004 that there was no basis for the suggestion that
DTP might be associated with increased female mortality.'®
However, the analysis of the WHO-sponsored studies introduced
survival bias.»*"*?" Following recognition of this methodological
error 10 years ago, together with researchers at the London School
of Hygiene & Tropical Medicine, we formulated a set of testable
hypotheses about the non-specific effects of vaccines, which were

child mortality in rural Guinea-Bissau? and, second, that the real
reason why the high-titre measles vaccine (HTMV) had been
associated with increased female mortality was that children
had received DTP after measles vaccination (MV).

Two of these hypotheses dealt with DTP and its potential
sex-differential effects: 1. among girls who have received BCG
vaccine, DTP vaccination, given alone or with oral polio vaccine,
is causally associated with 25-50% higher mortality from
causes other than diphtheria, tetanus or pertussis than that in
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Box 1. Hypotheses and methodologies relating to the sex-differential effects of diphtheria-tetanus-pertussis (DTP)

The ‘TMIH hypotheses’ and methodology used to test them (the present paper)

Hypothesis 1. ‘Among girls who have received BCG vaccine, DTP vaccinations, given alone or with oral polio vaccine (OPV), are causally asso-
ciated with substantial higher mortality (25-50%) (from causes other than diphtheria, tetanus or pertussis) than that in girls who have not
received DTP. This lasts for at least 6 months after DTP vaccination or until a different vaccine is given within 6 months after vaccination.”
Estimate assessed: MRR=mortality rate ratio in DTP vaccinated females/ mortality rate in DTP unvaccinated females

Hypothesis 2. ‘Among BCG-vaccinated children there is an increase in the female/male (F/M) mortality ratio when DTP vaccinations are given
(alone or with OPV). This increase lasts for at least 6 months after the initial DTP vaccination, or until a different vaccine is given within 6 months
after vaccination.”
In several situations the interval between BCG vaccination and DTP vaccination may be too small to assess the F/M mortality ratio with preci-
sion. A variant of Hypothesis 2 is that the female mortality rate following DTP vaccination is higher (by at least 30%) than the corresponding
male mortality rate.
Estimates assessed: Change in female-male MRR following DTP-vaccination assessed through:
F/M mortality ratio for DTP-vaccinated children, divided by the F/M mortality ratio for DTP-unvaccinated children (which is mathematically equiva-
lent to the female DTP-vaccinated/DTP-unvaccinated mortality ratio, divided by the male DTP-vaccinated/DTP-unvaccinated mortality ratio).
The F/M MRR following DTP vaccination.

Conditions for both hypotheses as pre-specified in the original statement’

Exclusion criteria

« Any other vaccine given with any dose of DTP (other than OPV). « Infants given hepatitis B vaccine at birth. « Antimalarial drugs and/or other
interventions given in trials or routinely with DTP (that will confound comparisons). « Vitamin A supplementation given at birth. « Situations in
which boys and girls are treated differentially in ways that may affect mortality, including differential access to vaccination.

Factors affecting the choice of suitable study situations for addressing hypotheses

» Good vaccination records accessible to investigators for a high proportion of study children, held centrally or by parents/guardians. « If data
are captured longitudinally, the date of recording vaccine status must be known. « It should be possible to distinguish between absence of
records and absence of vaccination. « Vaccination records of dead children should be captured/copied, where possible. » Information should
be collected on potential confounders, which may indicate that DTP may be preferentially given to infants at high or low risk of death.

The SAGE review of Hypothesis 2 and the methodology used to test it'’

The SAGE review assessed ‘the difference in vaccine effect between boys and girls, which is equivalent to the comparison in boy-girl mortality
ratios between DTP-vaccinated and DTP-unvaccinated children.’’

Estimate assessed: Mortality rate in DTP vaccinated females/ mortality rate in DTP unvaccinated females divided by mortality rate in DTP vac-
cinated males/ mortality rate in DTP unvaccinated males.

No exclusion criteria. Studies considered very high risk of bias included.

girls who have not received DTP (Hypothesis-1); 2. the female
mortality rate following DTP vaccination is higher than the cor-
responding male mortality rate (Hypothesis-2 [Box 11]).

Following further observational studies and randomised trials
suggesting non-specific effects of vaccines,**'® WHO’s Strategic
Advisory Group of Expert on Immunization (SAGE) sponsored a
thorough review of the literature on the possible non-specific
effects of BCG, DTP and MV on mortality of children less than 5
years of age.'”'® In 2014, the review concluded that BCG and
MV were associated with nearly a halving of mortality, an effect
which if true could not be explained by prevention of TB or mea-
sles infection. For DTP the majority of studies (7 of 10)*° sug-
gested that DTP had a deleterious effect but the literature was
considered inconsistent because two studies*® indicated a
beneficial effect. These studies dealt with whole-cell pertussis
DTP and not acellular pertussis vaccine. Regarding the potential
sex-differential effect of DTP the SAGE review reached the con-
clusion ‘one study reported a large differential effect in girls, but
overall there was not convincing evidence of a differential

between girls and boys’.!’

In the present paper, we review the evidence for the two
hypotheses on DTP, 10 years after their formulation. We based
our literature search on previous reviews and the recent litera-
ture search for the SAGE review. Given the contradiction
between our previous observations and the SAGE review conclu-
sion, we examined whether differences in methodology, includ-
ing the choice of studies, could be the explanation.'?°

Methods

Studies of DTP vaccination, sex and mortality

Our previous review of the sex-differential effect of DTP covered
studies up to 2010."* The review had 14 studies of mortality
after DTP administered before MV; three of these studies did not
have information on sex and several did not have information
on a DTP-unvaccinated group.

In 2013-2014 SAGE organised a comprehensive review of
the potential non-specific effects of DTP on mortality of
children less than 5 years of age. The SAGE review identified 16
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studies of DTP: 10 were used to compare DTP-vaccinated to
DTP-unvaccinated children (six of the 16 were excluded
because of perceived very high risk of bias). The SAGE reviewers
used 12 of the 16 studies in the analysis of the sex-differential
effects of DTP (four studies had no information on sex); appar-
ently the reviewers thought that the ‘very high risk of bias’ did
not affect the quality of data on sex. The SAGE reviewers
excluded some studies from our previous review because there
was no DTP-unvaccinated group, they were hospital case fatality
studies or there was fear of overlap with other cohort studies.
Supplementary Table 12821 |ists qll studies used in the SAGE
review and in the present review, along with the reasons for
including or excluding them in the main analyses. Box 1 presents
the TMIH hypotheses and proposed methodology," and the
hypothesis and methodology used in the SAGE review, respectively.

Assessment of risk of bias and relevance of studies

The SAGE review emphasised the assessment of risk of bias.
Since all DTP studies were observational, they all had at least
‘medium’ or ‘high risk’ of bias. Six of the 16 studies had ‘very
high risk’ and were excluded from the SAGE review’s main com-
parison of DTP-vaccinated versus DTP-unvaccinated children.
Bias was assessed within seven domains: 1. bias due to con-
founding (including frailty bias); 2. bias in participation into the
study (including inception bias); 3. bias in measurement of inter-
vention (including survival bias); 4. bias due to departure from
intended interventions (performance bias)—e.g., were critical
co-interventions balanced over intervention groups. If all chil-
dren received a co-administered vaccine (other than oral polio
vaccine with DTP) the study was excluded; 5. bias in measure-
ment of outcome (detection bias)—with all-cause mortality as
the main outcome no major problem in this domain; 6. bias due
to missing outcome data (attrition bias)—not considered to be
problems; and 7. bias in selection of the reported results (report-
ing bias)—the reviewers had problems in assessing this but
assumed that all studies had ‘moderate risk of bias’."’

The SAGE review did not assess the direction of bias. Nearly
all studies suggest that the healthiest children are vaccinated
first;**1° this would lead to DTP-vaccinated children having low-
er mortality than DTP-unvaccinated children. Apart from report-
ing bias, the only proposed biases working in the opposite
direction have been that starting follow-up after vaccination (as
would happen with data from demographic surveillance sys-
tems) could mean that frail children had already died in the
unvaccinated group leading to higher measured mortality in the
DTP group; secondly, censoring for MV during follow-up could
mean that the healthiest DTP-children were measles vaccinated
first and the frail were left to die in the DTP group. It has been
shown specifically in one study that the delay in starting follow-
up had no impact on the estimate?’ and several studies have
started follow-up at the time of DTP vaccination®*?® and found
similar strong negative effects, so there is no evidence that this
bias is important. Similarly, the studies which have tested
whether censoring for MV matters have found no effect® and
many studies have not censored for MV and still found a strong
negative effect of DTP?%232°40 5o there is no evidence that this
bias is important.

Survival and frailty bias

Building on the previous discussion of methodological issues in
relation to DTP-vaccination studies, ' ! there are other biases
which are far more important, particularly survival and frailty
bias. As documented in detail elsewhere,’® the SAGE-review
included several studies in which the DTP-unvaccinated group
had an implausibly high mortality rate (see Supplementary
Table 1).

Frailty bias occurs when the healthy children are vaccinated
and the unhealthy children are left in the unvaccinated group,
which therefore has an implausibly high mortality rate.'
Survival bias occurs in studies that have retrospectively updated
the dates of vaccinations for survivors, but were unable to
obtain retrospective vaccine information from children who died
because their vaccination card was no longer available. The lat-
ter group of children have then been classified with the vaccin-
ation status they had when they were last seen. Hence, any
vaccine given between household visits would not be captured,
and some ‘vaccinated deaths’ would therefore be misclassified
as ‘unvaccinated deaths’. Furthermore, many studies of DTP
have unfortunately not documented whether and when the
child was ‘unvaccinated’; if a child’s vaccination status had not
been documented, the child was assumed to be unvaccinated.
As a consequence, many children are left in the unvaccinated
group because they have already died, whereas survivors were
assigned to their respective vaccination groups. Hence, studies
in which the immunisation status of ‘unvaccinated’ control
group has not been actively determined are generally of poor
quality.

Both types of bias lead to an implausibly high mortality rate
in the unvaccinated group and to underestimation of the mor-
tality rate ratio (MRR) for DTP-vaccinated children compared to
DTP-unvaccinated children. We have suggested the use of a
bias index calculated by dividing the mortality rate for children
classified as unvaccinated by the mortality rate of all children
who have received any vaccination. As discussed in detail else-
where, studies with adequate assessment of vaccination sta-
tus (unvaccinated versus vaccinated) and prospective follow-
up have had a bias index below 2.0, whereas studies with
important survival bias or frailty bias have had a bias index
above 2.0.° For example, in three of the studies included in
the SAGE review the ‘unvaccinated’ group was a default group
not verified by inspection of the vaccination card, and the bias
index was 2.3, 3.4 and 7.5 in these studies (Table 1).%7® In the
presentation of the hypotheses of the non-specific effects of
DTP, it was indicated that care should be taken that DTP was
not preferentially given to infants with either a high or low risk
of death.! Thus, as explained in Table 1, we have excluded
these three studies with poor data quality from both
Hypothesis 1 and Hypothesis 2 analyses of the possible sex-
differential effects of DTP. Two other studies were excluded
from both the SAGE review and from this analysis: one com-
pared older vaccinated children with younger unvaccinated
children without correcting for age and had a bias index of
6.8,°! and in the other study 63% of children received BCG and
DTP simultaneously.’? Furthermore, we have excluded one
study”? in which the children were DTP-vaccinated, but had not
been BCG-vaccinated.
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Table 1. Mortality rates and mortality rate ratios (MRR) for DTP-vaccinated and DTP-unvaccinated females; DTP as most recent vaccine and before MV (Hypothesis 1)

Study used in SAGE review!’;
period; age group; length of
follow-up (FU); and vaccine
comparison

Mortality rate per 1000 person-years MRR

(deaths/person-years) or case
fatality % (deaths/cases)

DTP vaccinated vs
DTP-unvaccinated
females

Comments; adjustments; vaccine during FU

Bias index, i.e. MRR for
unvaccinated vs vaccinated
children (95% CI)

Included studies

Studies in which most or all
DTP-unvaccinated had
received BCG

In SAGE analysis:
Guinea-Bissau 112

1990-96; children aged
0-6 and followed for 6
months;

DTP1 (mostly after BCG) vs
BCG or unvaccinated

Excluded in SAGE analysis:
Guinea-Bissau V*°
1990-1996; Hospital case
fatality; children aged
1.5-8 mo;

DTP1-3 (mostly after BCG) vs
BCG

In SAGE analysis: Senegal

1997-2001; age 0-24 mo;

DTP1 after BCG vs BCG
(Table 1)

124

Excluded in SAGE analysis:
Guinea-Bissau IV

Case fatality during 3 months
of war (1998), 1.5-6
months;

DTP1-3 vs no DTP (mostly
BCG vaccinated)

In SAGE analysis: Malawi?®

1995-1997; mortality
between 1 week and 8
months; monthly
anthropometrics; only
children present;

DTP-vaccinated  DTP-unvaccinated

females females
Also BCG BCG-vaccinated
4.1% (28/ 2.0 (11/544)°
680)° Unvaccinated 4.0
Only DTP (38/943)

18.2% (2/11)

17.8% (35/197)® BCG 12.1% (4/33)°

130 (10/77.0)°

6.1% (14/228)°

198 (10/50.4)

75 (162/2160.8)°

2.9% (1/35)°

2.31 (1.16-4.59)%°

1.47 (0.56-3.85)

3.55 (0.92-17.57)°

2.33(0.14-39.17)®

No DTP 87 (6/68.9) 5.44 (0.88-33.7)%°

Non-vaccinated likely to receive DTP during FU.

Estimates similar when follow-up was censored
at 9 months.

VAS not given.

Adjusted - see paper.

No vaccine during FU.
VAS not given.

Vaccination coverage low so other vaccines during

FU were unlikely.
Females with BCG=DTP1 excluded.
VAS not given.
Adjustment: Age, season, health centre.
Vaccine unlikely during FU due to war.
VAS not given.

Vaccines unlikely during FU with one month FU.
Adjusted age, HIV status of mother
VAS probably not given.

1.35(1.0-1.9).

Vaccination status defined by
card at entry; hence, no
unvaccinated"

1.48 (1.2-1.8).

0.67 (0.1-5.4)"

1.45(0.7-3.2).

Continued
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Table 1. Continued

Study used in SAGE review!’;
period; age group; length of
follow-up (FU); and vaccine
comparison

Mortality rate per 1000 person-years MRR

(deaths/person-years) or case DTP vaccinated vs

fatality % (deaths/cases) DTP-unvaccinated
females

Comments; adjustments; vaccine during FU

Bias index, i.e. MRR for
unvaccinated vs vaccinated
children (95% CI)

DTP1 (mostly after BCG) vs
no DTP (BCG vaccinated)

In SAGE analysis: Guinea-
Bissau I11%7

2004-2008; LBW cohort;
vaccination status at 2
month FU to 6 month®

DTP1-2 after BCG vs BCG

In SAGE analysis: India I1°

1998-2001; 1 week to 5
months; NVAS trial

DTP and BCG vs BCG

Excluded studies

Studies in which DTP-
unvaccinated had mostly
not received BCG

In SAGE analysis: Guinea-
Bissau??

1984-87: age 2-8 mo; FU 6
mo;

DTP1-3 versus unvaccinated
(few BCG vaccinated)

Studies in which most or all
DTP-unvaccinated had
received BCG

In SAGE analysis: Bangladesh 31 (13/416)°

1831

1985-1999; 6 weeks to
8 months

DTP after BCG vs BCG only

In SAGE analysis: Burkina
Faso’

1985-1993; vaccination
status at first visit and
6 months FU

DTP and BCG vs BCG only

115 (13/113.3)® BCG 34 (2/58.1)°  7.18 (1.53-33.7)%°

2.52 (1.04-6.09)°

126 (27/215.0) NA 2.34 (1.04-5.27)°

77 (34/440)° 0.36 (0.18-0.72)°

51 (15/295)° 64 (16/251)° 0.81 (0.39-1.66)

13 (4/309)° 26 (4/155)° 0.50 (0.13-2.01)

Only BCG-arm of study with BCG first and then DTP.

DTP unvaccinated children likely to receive DTP
during FU.

Some may have received NVAS.

Adjusted age, MUAC.

A few may have received BCG and DTP
simultaneously.

SAGE used the estimate for all children (both NVAS
and placebo recipients). If restricted to placebo
recipients the MRR was 3.15 (0.95-10.46). Since
the difference is small we have maintained
estimate used by SAGE.

Controls were unvaccinated.

Not likely to receive other vaccines during FU.

Adjustment: age, sex, season, BCG, region, period,
BCG.

VAS not given.

1.45(0.7-3.2).

1.38 (0.8-2.3).

0.49 (0.3-0.9)™

3.40 (2.9-3.9)%V

2.29 (1.7-3.0)V

7.52 (5.2-11.0)%!
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In SAGE analysis: Papua New Very high mortality in
Guinea® unvaccinated.
1989-1994; 4 weeks to 5
months
DTP after BCG vs BCG only
Excluded in SAGE analysis: 29 (73/2523)7 78 (19/245)° 0.37 (0.22-0.62) 6.82 (4.4-10.5).
India 1 Very high mortality in
2006-2011; 6 weeks to 8 unvaccinated.
months;
DTP after BCG vs BCG only
Excluded in SAGE analysis: Data not presented in paper 0.96 (0.26-5.15) MRR(unvaccinated/vaccinated)
Philippines?? could not be calculated
1988-1991; 0-30 months because the study only
BCG+DTP vs BCG only included children who had

received BCG

63% received BCG and DTP
simultaneously so this study
did not compare DTP after
BCG versus BCG.

DTP: diphtheria-tetanus-pertussis; FU: follow-up; LBW: low birth weight; MRR: mortality rate ratio; MUAC: mid-upper-arm-circumference; MV: measles vaccination; NA: not applic-
able; NVAS: neonatal vitamin A supplementation; SAGE: Strategic Advisory Group of Experts on Immunization; VAS: vitamin A supplementation.

The SAGE review had 16 studies of DTP; 5 studies mentioned in the table were excluded because they had survival and frailty bias with a bias index higher than 2.0; 4 studies,
India,*° Ghana,** Ghana*> and Benin“*® had no information on sex. The Roman numerals are used when there are several studies from the same country; the same numerals
have been used in a previous analysis of the SAGE review of DTP.*®

@ Estimate or numbers are in the paper; & calculated by the person responsible for the data set.

® Estimate reported in the SAGE review.!’

¢ Estimate for BCG is from a randomised comparison of BCG at birth versus BCG later (as currently recommended for LBW children). The estimate is only from the BCG at birth
arm of the trial because most children in the control groups received BCG and DTP simultaneously or closely spaced.

I: Guinea-Bissau V was not included in the SAGE review. This study is not overlapping with any of the other studies included in the SAGE review. The bias index could not be
assessed because all children had been vaccinated. The study included children sick enough to be admitted to hospital, so inclusion depended on degree of illness and not vac-
cination status. This is a strong version of a case-control study where the population is children admitted to hospital, so it is a far more robust design than the Benin case-
control study that was included in the SAGE review. There is no reason to suspect that high-risk children who had received DTP or low-risk children who had not received DTP
were more likely to be admitted. Note that community-based studies are also a sample because not all children are seen, and the reason for not being seen is often linked to
vaccination status (for example, did not attend clinic or away travelling), whereas admission is very unlikely to have been linked to vaccination status in this study. We therefore
included the study in our review. The hospital case fatality study included a few readmissions, as 6% (12/185) had been admitted more than once with DTP as their last vaccin-
ation; the similar figure is not reported for the BCG group. Hence, it was not possible to make the comparison for only the last admission. However, this is unlikely to have exag-
gerated the results as there were probably fewer readmissions with BCG as last vaccination because BCG-vaccinated children will become eligible for DTP-vaccination shortly
after being discharged. Hence, the DTP/no-DTP estimate in this study is likely to be conservative.

II: Guinea-Bissau IV was not included in the SAGE review. This study is not overlapping with any of the other studies included in the SAGE review. The study has a bias index of
only 0.7. Due to war in Guinea-Bissau in 1998, routine immunisation was suspended and DTP was not given when it was due. Whether a child received DTP or not depended on
the war and not on factors that may be associated with the health of the child (such as attendance at clinic, or too ill to vaccinate) as in most cohort study or case-control
study. This is not a typical cohort study, and many of the criteria used to assess bias in cohort studies do not apply. Virtually all children were vaccinated with BCG. We therefore
included the study in our review.

III: This study was included in the SAGE review. However, since the DTP-unvaccinated children were mostly not BCG-vaccinated the study is not included in the testing of
Hypothesis 1.

IV: In the Bangladesh study ‘unvaccinated’ was the default classification - no child was excluded for lack of information, and ‘unvaccinated” was not verified by inspection of the
vaccination card or interview. Consequently, children who were vaccinated and died may have been incorrectly coded as unvaccinated if vaccination was not documented

Continued
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Hypothesis 1: studies of DTP-vaccinated and
DTP-unvaccinated girls

We included seven studies of children (who had previously
received BCG) that compared the mortality rate of DTP-
vaccinated and DTP-unvaccinated girls®®%4274% (Table 1); the
bias index varied between 0.5 and 1.7 in these studies. These
studies had some form of age-adjustment. Five of the studies
had been included in our previous review of DTP'® and two stud-
ies were identified in the SAGE review.®?* There may have been
a slight survival bias in the two studies identified by the SAGE
review because the status of ‘unvaccinated” was not documen-
ted, but in one study the interval between household visits to
collect vaccination information was only 2 weeks® and in the
other study there were so few vaccinated children’” that a few
dead children incorrectly classified as unvaccinated will have
limited impact on the estimate; the bias index was 1.38 and
1.48 in these two studies. We have analysed the data both
including and excluding these two studies.

Hypothesis 2: studies assessing the effect of DTP for
girls and boys among BCG-vaccinated children

There are two ways to assess whether there is an increase in
the female/male (F/M) mortality ratio when DTP is given among
BCG-vaccinated children as specified in hypothesis 2 (Box 1).

First, the F/M mortality ratio for DTP-vaccinated children,
divided by the F/M mortality ratio for DTP-unvaccinated children
(Supplementary Table 2) is mathematically equivalent to the
female DTP-vaccinated/DTP-unvaccinated mortality ratio, divided
by the male DTP-vaccinated/DTP-unvaccinated mortality ratio
(Table 1 and Supplementary Table 3). Five studies reported data
for both ratios and they were similar.6242540 Five studies
reported only data for one or the other ratio; we have assumed
that they would also be similar.?*?>?73942 Hence, 10 studies had
data to assess the change in F/M mortality ratio when DTP is
administered to BCG-vaccinated children.

Second, since many studies do not report data for BCG-
vaccinated children or have little data on BCG-vaccinated chil-
dren, we had also formulated a variant of hypothesis 2 that the
female mortality rate following DTP vaccination is higher (by at
least 30%) than the corresponding male mortality rate (Box 1).!
Fifteen studies had estimates of female and male mortality
rates following the primary DTP vaccinations and before receiv-
ing MV (Supplementary Table 4). Seven studies were also part of
the SAGE analysis,>®%%?” four were included in our previous
review of DTP*?“2 and the last four were found in the SAGE lit-
erature search but sex estimates were not included in the SAGE
analysis.%3>434* The studies not included in the SAGE analysis
are explained in Supplementary Table 1.

Statistical analyses and methodological considerations

We have indicated in the tables to what extent the studies have
adjusted their estimates for socio-economic and health related
background factors. As specified in the hypotheses, DTP should
not have been co-administered with other vaccines than oral
polio vaccine or with other interventions. The length of follow-up
is critical as it relates to whether the DTP-vaccinated and the

before death (for example, because of travel). Similarly, some children who died after receiving DTP may not have had DTP vaccination registered, which would make mortality

too high in the no-DTP group and too low in the DTP group. We have therefore not included the study in our review.
V: In Burkina Faso, when the vaccination card was not seen, the child was assumed to be unvaccinated; as in Bangladesh, children who had been given DTP and died may there-

fore have been incorrectly classified as unvaccinated. According to the authors 54% of follow-up time (72938 person-months) was assigned to unvaccinated, 11% (14238 per-
study, infant (0-12 month) mortality in Tari was only 68 per 1000 live births,* so 1-11 month mortality was probably around 34 per 1000 as approximately 50% of infant deaths

are before 1 month of age in these circumstances. Frailty bias occurred in the PNG study because vaccines were given only at health centres* and health centres were instructed
not to vaccinate sick children. In addition, the SAGE review used an estimate from this study for DTP where, among children aged 1-5 months who got DTP (Table 3), only 69%

got DTP after BCG (2185/3153); 22% (686/3153) got DTP before or with BCG - which biases the estimate in favour of DTP. BCG is purported (implausibly) to reduce infant mortal-
ity by 83% in this study. Frailty bias very strongly influenced the MRR for both BCG and DTP because both vaccinations were delayed in frail children. We have therefore not

rate in unvaccinated children was 233 per 1000 person-years, a staggeringly high rate for this community, compared to only 30.9 in vaccinated children. At the time of the
included the study in our review.

administration with BCG is likely to reduce harm from DTP. Second, the hypothesis being tested is the effect of DTP given after BCG. Hence, mortality was over-estimated in the
VIL: PNG study performed in Tari has extraordinarily high frailty bias (and perhaps survival bias), and this is reflected in its very high bias index of 7.5. The 1-5 month mortality

son-months) to BCG, 3% (3411 person-months) and 33% (44515 person-months) to BCG and DTP (Table 3).° Hence, a large proportion of children received DTP with BCG. First,
no-DTP group and under-estimated in the DTP group, and it is impossible to deduce who received DTP after BCG. We have therefore not included the study in our review.

Table 1. Continued
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DTP-unvaccinated children were likely to receive other vaccines
during follow-up (Supplementary File 1).

For Hypothesis 1, we compared the mortality rate of DTP-
vaccinated and DTP-unvaccinated (but BCG-vaccinated) girls.

For Hypothesis 2, we compared: the change in mortality rate
following DTP-vaccination after BCG-vaccination for both
females and males; the F/M mortality ratio for BCG-vaccinated
and DTP-vaccinated children, respectively; and the mortality
rate of DTP-vaccinated females and DTP-vaccinated males
within the same study.

Combined estimates of vaccine efficacy against death were
obtained using meta-analysis in Stata 12.1 (StataCorp LP,
College Station, TX, USA).

Results

Hypothesis 1: DTP-vaccinated girls have higher
mortality than DTP-unvaccinated girls

As seen in Figure 1, all seven studies showed higher mortality in
DTP vaccinated versus DTP-unvaccinated but BCG-vaccinated
girls. In the meta-analysis, DTP-vaccinated girls had 2.54 (1.68-
3.86) times higher mortality than DTP-unvaccinated girls. Since
the results were homogeneous (p for homogeneity=0.69), a
fixed effects model was used. In the studies from Guinea-
Bissau, the MRR was 2.30 (1.37-3.86), whereas it was 3.05
(1.51-6.14) in the studies from elsewhere (Senegal, Malawi,
India). In a further study from Guinea-Bissau,’® the DTP-
unvaccinated girls had not received BCG (Table 1); if that study

was included in the comparison of DTP-vaccinated girls versus
DTP-unvaccinated girls, the meta-estimate for the eight studies
was 2.50 (1.73-3.62).

The effect was slightly less in the studies completed
before the hypotheses were formulated in 2005 (MRR=2.00
[1.15-3.46]) than in more recent studies (MRR=3.53 [1.86-6.67]).
Excluding studies in which some had received neonatal vitamin
A supplementation (NVAS)®?’ the MRR was 2.29 (1.40-3.76).
Excluding two studies with possibly slight survival bias®** made
little difference to the estimate (MRR=2.46 [1.49-4.04]).

The MRR for DTP-vaccinated boys and DTP-unvaccinated (but
BCG-vaccinated) boys in the same seven studies was 0.96
(0.55-1.68) (random effects model as p for homogeneity=0.08),
significantly different from the effect among girls (p=0.006, test
of interaction) (Supplementary Table 3).

2,25,40

Hypothesis 2: following DTP vaccination females have
higher mortality than males

Using the estimate for all 10 studies in a meta-analysis, the
increase in the F/M MRR was 2.45 (1.48-4.06) when children
received DTP after BCG (Table 2)(random effects model, p for
homogeneity=0.15).

We also tested the variant of Hypothesis 2 by comparing the
F/M MRR among children who had DTP as their last vaccination.
As seen in Figure 2 (and Supplementary Table 4), 15 studies
could be used for this analysis; 13 of the 15 studies found higher
female than male mortality. The F/M MRR was 1.53 (1.21-1.93)
(random effects model). In seven studies from Guinea-Bissau it

Country MRR (95% ClI)
Guinea-Bissau V (40) : 1.47 (0.56, 3.85)
Guinea-Bissau Il (2) 2.31(1.16, 4.59)
Guinea-Bissau IV (25) < ‘ > 2.33 (0.14, 39.17)
India Il (6) ‘ 2.52 (1.04, 6.09)
Senegal | (24) > 3.55(0.92, 17.57)
Malawi (26) > 5.44(0.88, 33.70)
Guinea-Bissau lll (27) S 7.18 (1.53, 33.70)
Overall <> 2.54 (1.68, 3.86)

T T l T T

5 1 2 5 10

Favours DTP

Favours no DTP

Figure 1. Mortality rate ratios comparing DTP-vaccinated and DTP-unvaccinated girls. DTP: diphtheria-tetanus-pertussis; MRR: mortality rate ratio.
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Table 2. Change in the female-male (F/M) mortality rate ratios after DTP vaccination among BCG vaccinated children (Hypothesis 2)

Study name used by SAGE'’; period

F/M MRR for DTP-vaccinated/
BCG-vaccinated children (95% CI)

Vaccines

Papers published before the hypotheses formulated
Guinea-Bissau and Senegal: Female-male twin pairs; 1978-2000%°
Guinea-Bissau 11;1990-19962
Guinea-Bissau V; 1990-1996*°
Guinea-Bissau IV; 1998%°

Papers published after the hypotheses
Malawi; 1995-19972¢
Guinea-Bissau VI; 2002-2004*?

Guinea-Bissau I1I, 2004-200827
Senegal I; 1997-2000%*
India I; 2008-2011%!
India II; 1998-2001°
Meta-estimate (random effects model)

BCG and DTP1-3
BCG and DTP1

BCG and DTP1-3
BCG and DTP1-3

29.3 (3.80-226.3)

1.51 (0.64-3.58)

3.02 (0.92-9.90)
11.10 (0.19-634.9)

BCG and DTP1
BCG and DTP1-3
BCG and DTP1-2
BCG and DTP1

2.34(0.34-16.3)
1.04 (0.35-3.07)
2.90 (0.36-23.28)
15.94 (2.00-126.8)
(
(
(

BCG and DTP1-3 1.94 (0.91-4.14)
BCG and DTP1-3 1.96 (0.79-4.84)
2.45 (1.48-4.06)

DTP: diphtheria-tetanus-pertussis; FM: female/male; MRR: mortality rate ratio; SAGE: Strategic Advisory Group of Experts on Immunization.
The Roman numerals are used when there are several studies from the same country; the same numerals have been used in a previous

analysis of the SAGE review of DTP*®

was 1.58 (0.98-2.54) whereas it was 1.56 (1.26-1.94) in the
eight studies from elsewhere. In the four studies published
before Hypothesis2 was formulated,??>3%%° the F/M MRR was
1.90 (0.94-3.88). In the following 11 studies the MRR was 1.49
(1.21-1.84). The F/M MRR was similar in the seven studies used
for testing Hypothesis 1 (MRR=1.54 [1.05-2.28]) and in the
other eight studies (MRR=1.54 [1.13-2.10]).

Excluding the five studies in which some children had
received NVAS or might have received MV during follow-up
(Table 2)#%273>%* did not change the estimate (MRR=1.72
[1.28-3.11]).

In the seven studies (Table 2) in which there was mortality
information for unvaccinated children, the F/M MRR was 1.53
(1.05-2.24) for DTP-vaccinated children and 0.91 (0.72-1.15)
among DTP- and BCG-unvaccinated children (test of interaction,
p=0.02).

Discussion

Main observation

When the two hypotheses regarding higher female mortality
after DTP were formulated, only a few studies had been pub-
lished. The subsequent studies have provided further support for
both hypotheses. Hence, girls are likely to have higher mortality
if they are DTP-vaccinated rather than DTP-unvaccinated, and
DTP-vaccinated girls are likely to have higher mortality than
DTP-vaccinated boys.

Strengths and weaknesses

SAGE recently sponsored a comprehensive review of the litera-
ture on DTP!’ to which we have added the literature from

previous reviews'*® providing little doubt that we have covered

all relevant studies. Even if a few more studies were found, it is
unlikely that they would change the trend in the studies.

Since the non-specific effects have been labelled a Guinea-
Bissau phenomenon,'? it is worth emphasizing that the trend
for both hypotheses were equally strong in data from outside
Guinea-Bissau, including studies from Bangladesh, Indig,
Malawi, Senegal, and Ghana (Figures 1 and 2).

Given the uncertainties in observational studies, where the chil-
dren may have received other vaccines during follow-up, it is likely
the estimates presented here are conservative. Furthermore, due
to frailty bias, which can be difficult to control, a comparison of
DTP-vaccinated children versus those who have not yet received
DTP will most likely overestimate the beneficial estimate of the
effect on survival. Hence, the effect of DTP for females may in fact
be worse, and DTP could also have a negative effect for boys even
though we found no effect in the present study.

Comparison with previous studies

The SAGE review evaluated the potential sex-differential effect of
DTP only by assessing interactions between the separate MRRs
for DTP-vaccinated and DTP-unvaccinated girls and boys, respect-
ively, corresponding to the analysis we presented Table 2.'” The
SAGE review was unsatisfactory because it included studies with
major survival bias (Table 1, Supplementary Table 1). Since these
studies have implausibly high mortality in the unvaccinated
groups there will be a lot of misclassification of deaths in the
‘unvaccinated’ group. Many estimates will therefore be false and
they should clearly not be used to assess whether DTP has a dif-
ferential effect for girls and boys. In three studies®”® with major
survival bias girls benefitted more than boys from DTP-
vaccination, and the SAGE reviewers therefore concluded that
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Country

Guinea-Bissau VI (42)

F/M MRR (95% CI)

0.73 (0.35, 1.52)

Guinea-Bissau Il (2) —_— 0.86 (0.53, 1.41)
Ghana Il (44) 1.09 (0.51, 2.31)
Malawi (26) i 1.36 (0.52, 3.58)
India Il (6) ——o}— 1.39 (0.74, 2.63)
Senegal Il (43) B 1.42 (0.92, 2.18)
Guinea-Bissau Il (27) : 1.44 (0.57, 3.61)
Guinea-Bissau V (40) +

India I (21) —_— 1.65 (1.17, 2.32)
India 11l (30) - 1.82(0.70, 4.68)

Bangladesh Il (41)
Guinea-Bissau VII (35)

2.08 (0.76, 5.73)

Guinea-Bissau IV (25)

2.57 (0.81, 8.19)

Guinea-Bissau-Senegal (39)
Senegal | (24)
Overall

3.08 (1.11, 8.56)
7.33 (2.20, 38.30)
7.65 (1.66, 35.30)
1.53 (1.21, 1.93)

(
(
(
(
(
(
(
1.63 (1.03, 2.59)
(
(
(
(
(
(
(
(

Females lower

T T T
2 5 10

Females higher

Figure 2. Female/male mortality rate ratios among DTP-vaccinated children. DTP: diphtheria-tetanus-pertussis; F/M: female/male; MRR: mortality rate ratio.

there was no convincing evidence of a differential effect for girls
and boys.*”*®

Furthermore, the SAGE analysis limited the number of eligible
studies because some studies had no information on the mor-
tality rate of BCG-vaccinated children, but only mortality rates
of DTP-vaccinated females and DTP vaccinated males. We there-
fore also tested the variant version of Hypothesis 2 which is
less affected by these problems (Box 1).

Though not reviewed here, the studies of DTP administered
after MV likewise suggest that DTP has worse effects for girls
than for boys.*'*?! The most spectacular was the trials of
HTMV in which the increased female mortality after HTMV
turned out to be due to the fact that it was given early and
many children got DTP after HTMV; the excess female mortality
was only seen among children who received DTP after HTMV.?
Several other studies have also suggested that DTP after MV is
linked to excess female mortality. In India, where booster DTP is
recommended, a recent study showed that the F/M MRR was
2.21 (1.24-3.93) after booster DTP even though there was no
sex-differential effect after MV.?!

Interpretation

The test of Hypothesis 1 supports that DTP is associated with an
absolute increase in mortality for females in areas with high
mortality. Since there was no reduction in mortality for males
after DTP vaccination, the comparison of mortality for females

and males in Hypothesis 2 would further support that DTP is
associated with an absolute increase in mortality. This increase
in mortality was clearly stronger for girls (Table 2, Figure 2).

Vaccines may reprogram both the innate and the adaptive
immune systems to non-targeted infections, thus producing
non-specific changes in susceptibility to a broad range of infec-
tions.*>33 It may be easier to accept that a vaccine can reduce
susceptibility to other infections, as is the case with BCG and MV.
However, if a system can be programmed beneficially it is also
likely that it can be misdirected, increasing susceptibility to
other infections. The ways in which the female and the male
immune systems may respond differently to vaccinations in
infants are only beginning to be studied.*’

Implications

Fifteen years ago, we published the first paper that suggested
that DTP might be associated with a general increase in mortal-
ity. In response, the Global Advisory Committee on Vaccine
Safety (GACVS) sponsored a series of reanalyses of existing data
sets to examine possible sex-differential and non-specific effects
of DTP. GACVS dismissed the hypotheses as unfounded in
2004.'° However, it was subsequently acknowledged that many
studies on which GACVS based its conclusion had used an incor-
rect methodology and introduced survival bias into the ana-
lysis.»*12 This process led to the formulation of the hypotheses
published in 2007.
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In 2013-2014, SAGE undertook a comprehensive review of the
potential non-specific effects of BCG, DTP and MV.!7 This review is
still marred by the inclusion of studies which have extraordinarily
high mortality rates for the unvaccinated group. The reviewers
handled the inadequacy of some studies by assigning different
grades of bias. However, the studies with survival bias or frailty
bias should have been excluded, because they grossly misrepre-
sent reality by having an implausibly high mortality in the control
group, thereby inflating the beneficial effects of vaccines. By
including these studies, the SAGE review has introduced a notion
of inconsistency. But as demonstrated in Tables 1 and 2 there are
really no inconsistencies in the effect of DTP, when using the
methodology proposed along with the TMIH hypotheses in 2007.
We have identified no inconsistent results - only inconsistent and
incorrect methodologies in some studies.

The finding that DTP is associated with increased mortality in
girls is of major importance. DTP is the most widely used vaccine,
and coverage with DTP3 has been used to monitor the perform-
ance of the immunization program. The emphasis on DTP3 as the
monitoring target has helped promote DTP coverage, but has
sometimes reduced delivery of other vaccines. This process has
not contributed to better health.*® It would seem more logical to
use BCG and MV, which are associated with better child sur-
vival,*”'® to monitor performance of the vaccination program.

In conclusion, the association of DTP with increased mortality
has been clouded by flawed studies to suggest that trends are
inconsistent.1%17"1% The TMIH hypotheses published in 2007
were formulated in 2005." Now, ten years later, we have tested
the two hypotheses using studies from before, but also those
published since formulation of the hypotheses. All studies pub-
lished after the formulation of the hypotheses have supported
them. It is now imperative to vigorously examine the link
between DTP and susceptibility to infection. Is a new vaccine
needed, can the damage be minimized by co-administering DTP
with other vaccines or by providing a live vaccine shortly after
DTP?

Supplementary data

Supplementary data are available at Transactions online
(http://trstmh.oxfordjournals.org/).
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