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Abstract

Objective: In-depth example of two new group sequential methods for postmarket safety monitoring of new medical products.

Study Design and Setting: Existing trial-based group sequential approaches have been extended to adjust for confounders, accommo-
date rare events, and address privacy-related constraints on data sharing. Most adaptations have involved design-based confounder strate-
gies, for example, self-controlled or exposure matching, while analysis-based approaches like regression and weighting have received less
attention. We describe the methodology of two new group sequential approaches that use analysis-based confounder adjustment (GS GEE)
and weighting (GS IPTW). Using data from the Food and Drug Administration’s Sentinel network, we apply both methods in the context of
a known positive association: the measles-mumps-rubella-varicella vaccine and seizure risk in infants.

Results: Estimates from both new approaches were similar and comparable to prior studies using design-based methods to address con-
founding. The time to detection of a safety signal was considerably shorter for GS IPTW, which estimates a risk difference, compared to GS
GEE, which provides relative estimates of excess risk.

Conclusion: Future group sequential safety surveillance efforts should consider analysis-based confounder adjustment techniques that
evaluate safety signals on the risk difference scale to achieve greater statistical power and more timely results. © 2019 Elsevier Inc. All
rights reserved.

Keywords: Active surveillance; Distributed databases; Electronic health record (EHR); Group sequential analysis; Rare events; Vaccine safety

1. Introduction suspected safety concerns, often in real time as new drug or
vaccine uptake occurs [7—9]. Group sequential methods
involve routine estimation and testing of drug-outcome or
vaccine-outcome associations over time, which can lead to
earlier identification of excess risk compared with a traditional
one-time analysis. Developing and applying group sequential
methodologies for observational safety studies using elec-
tronic health record data is an active and relatively new area
of research. Details of the history of group sequential methods
s — developed in the context of postmarket safety surveillance us-
* Corresponding author. Biostatistics Unit, Kaiser Permanente Wash- . . . .
. ! ) . ing electronic health record data and their performance via
ington Health Research Institute, 1730 Minor Avenue, Suite 1600, Seattle, K K K .
WA 98101, USA. Tel.: 11-206-287-4257: fax: +1 206-287-2871. simulation evaluation can be found in Part 1 by Nelson et al.
E-mail address: Andrea.]J.Cook @kp.org (A.J. Cook). of a related article in this issue (Insert hyperlink).

Proactive safety surveillance of newly marketed drugs and
vaccines is a national public health priority [1,2]. To address
this need, “‘big data” networks have linked vast amounts of
electronic health record data across multiple health care orga-
nizations and insurers [3—6]. This allows group sequential
monitoring of large cohorts of health care enrollees to assess
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What is new?

Key Findings

e Analysis-based confounder adjustment methods,
such as regression adjustment and weighting, are
a viable alternative to design-based approaches
for sequential safety monitoring.

e Estimating and conducting inference with a risk
difference measure in the rare event setting may
be more stable than estimating a relative risk.

What this adds to what was known?

e Risk difference measures in the rare event setting
with flexible confounding control are available and
can be implemented in a distributed data setting.

What is the implication and what should change

now?

e Applying methods with different confounder
adjustment strategies and different targets for infer-
ence in a real-world setting showcases that regres-
sion adjustment based risk difference methods may
be preferable to traditional designed-based relative
risk estimates.

In this article, we present an in-depth example safety eval-
uation that compares and illustrates the real-world implemen-
tation in practice of two new analysis-based sequential
methods developed for observational electronic health record
and claims data studies. The first is a group sequential
approach that utilizes generalized estimating equations (GS
GEE) to directly adjust for confounders [10]. The second uti-
lizes inverse probability of treatment weighted regression
(GS IPTW) with propensity score—based weights [11]. We
demonstrate the use of both methods using data on the com-
bination measles-mumps-rubella-varicella vaccine and
seizure risk from the FDA’s Sentinel network, a vaccine-
outcome pair previously observed to have a positive associa-
tion [12,13]. Effect estimates and the time to detection of this
documented safety signal are compared, and advantages of
analysis-based methods are discussed. The ultimate goal of
this work is to increase awareness of sequential approaches
with analysis-based confounder adjustment and demonstrate
how they can be effectively used in practice to monitor vac-
cine safety using observational electronic health record data.

2. Materials and methods
2.1. Surveillance design, population, and data

Data from the FDA Mini-Sentinel pilot project were ob-
tained to conduct mock safety surveillance for the measles-

mumps-rubella-varicella combination vaccine; originally
licensed in 2005. An observational cohort was assembled con-
sisting of children aged 11 years through 23 months who
received either the combination measles-mumps-rubella-
varicella vaccine or separate injections of the measles-
mumps-rubella and varicella vaccines. The primary scientific
question was whether the measles-mumps-rubella-varicella
vaccine was associated with elevated risk of febrile seizure
compared with same-day receipt of the measles-mumps-
rubella and wvaricella vaccines. The surveillance period
covered 3.5 years, from February 2006 to July 2008. The
eligible population was drawn from subjects who were
enrolled at one of four Mini-Sentinel Data Partners that main-
tain databases with demographics, immunizations, and Inter-
national Classification of Diseases 9 Clinically modified
diagnoses assigned to inpatient, emergency department, and
outpatient visits. Febrile seizure was defined as in previous
studies [ 12] by the first occurrence of International Classifica-
tion of Diseases 9 Clinically modified codes 345 or 780.3 in
the 7—10 days after vaccination. Febrile seizure events occur-
ring in either an inpatient or emergency department setting
were included. To avoid inadvertently including follow-up
visits for febrile seizures that occurred before vaccination,
children with a history of seizure in the past 180 days in any
care setting were excluded. Institutional review board
approval was not required.

2.2. Sequential design

As new doses of measles-mumps-rubella-varicella and
measles-mumps-rubella plus varicella vaccines were
administered within the surveillance cohort, routine
sequential hypothesis tests that evaluated the association
between vaccine receipt and risk of febrile seizure were
conducted separately with the GS GEE and GS ITPW
methods. Both methods specified a one-sided hypothesis
for elevated febrile seizure risk among measles-mumps-
rubella-varicella vaccinees compared with recipients of
measles-mumps-rubella plus varicella vaccines on the same
day. Further details on the specific forms of these hypothe-
ses and their corresponding test statistics are provided in
the following sections.

The first sequential analysis for each method occurred
12 months after the beginning of surveillance (February
2006). Thereafter, 10 quarterly analyses were planned
(ie., at 15, 18, 21, 24, 27, 30, 33, 36, 39, and 42 months).
The threshold for a potential safety signal was specified in
advance and was the same at each sequential analysis. This
threshold, also referred to as a Pocock-style stopping
boundary [14], was selected to maintain the overall false-
positive rate (type 1 error) at 0.05 across all planned ana-
lyses. For both the GS GEE and GS IPTW methods, each
consecutive analysis was performed until either the value
of the test statistic exceeded the boundary value or the
end of surveillance was reached. If at any of the planned an-
alyses the test statistic exceeded the signaling threshold, the
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null hypothesis of equivalent febrile seizure risk was re-
jected and surveillance was discontinued. If the final
planned analysis was reached and the test statistic did not
exceed the signaling threshold, then the surveillance ends
and we failed to reject the null hypothesis of equivalent
febrile seizure risk.

Because both GS GEE and GS IPTW were designed for
use with rare adverse event outcomes, both use a nonpara-
metric permutation approach to calculate signaling thresh-
olds. This is in contrast to many standard sequential
methods from clinical trials that rely on large sample as-
sumptions [15]. Specifically, data are simulated under the
respective null hypotheses and the unifying boundary
approach [16] is used to compute the threshold. This meth-
odology requires that investigators specify the following
sequential design features in advance: (1) the desired num-
ber of analyses, (2) the timing of analyses (based on
observed, or expected sample size, at each analysis time),
(3) a total expected sample size to be accumulated by the
end of surveillance (typically selected to achieve the
desired power for the study), and (4) the shape of the
signaling threshold over time, such as flat [14] or nonlinear
decreasing [17].

The specification details of the sequential design yield
different sequential signaling thresholds, and these differ-
ences reflect the trade-off between power and the average
amount of calendar time it takes to detect a signal if one
is present [ 18]. For instance, a flat boundary (which is lower
at earlier time points) may signal earlier and require a rela-
tively lower elevated risk to do so. But it will have less po-
wer at later analyses compared with a threshold that is
conservative early on (i.e., has a higher boundary at earlier
time points) and decreases over time. For the seizure and
measles-mumps-rubella-varicella vaccine example, a flat
boundary was used in combination with a delay (of
12 months) before the first analysis. This strategy has been
used in previous studies [19] to avoid early false-positive
signaling based on small amounts of data and to conserve
statistical power for later tests.

2.3. Sequential analyses

Two group sequential methods, GS GEE and GS IPTW,
were implemented using the sequential testing schedule
described in the previous section. GS GEE uses regression
adjustment for confounders. GS IPTW uses inverse proba-
bility of treatment weighting to address confounding, with
weights based on propensity scores. An overview of both
these methods is provided in the following two sections.
Further technical detail have been published elsewhere
[10,11].

2.3.1. Group sequential GEE (with regression adjust-
ment for confounding)

GS GEE is a flexible, robust approach that uses a GEE
framework to conduct multivariable regression analyses in a

group sequential fashion. Because febrile seizure is an acute
outcome occurring in a short window after vaccination, and
the measles-mumps-rubella-varicella and measles-mumps-
rubella plus varicella vaccines are one-time exposures, both
were treated as binary variables (as opposed to time-to-
event, for instance). Logistic regression with GEE was used
to estimate an adjusted odds ratio (OR), which, because febrile
seizure is a rare outcome, approximates the relative risk (RR).
Note that to classify febrile seizures as binary and ensure equal
follow-up time between individuals, vaccinees were not
included in the analysis until the 7- to 10-day-risk window
was fully observed. Categorical confounders included in each
regression model were age group (11—12 months,
13—14 months, 15—16 months, 17—19 months, and
20—23 months), sex, and data partner (4 sites).

More generally, and similar to a one-time analysis using
GEE, GS GEE with multiple analysis times can accommo-
date more complicated data scenarios, and is not limited to
binary outcomes and exposures. For example, with longer-
term exposures (e.g., a drug used chronically for many
months or years) and outcomes that may require a longer
follow-up period (e.g., myocardial infarction), Poisson
regression can be used in the GS GEE framework to esti-
mate an adjusted rate ratio that accounts for variable dura-
tion of exposure (i.e., person-time contributions) across
subjects. In other words, the GEE framework used by GS
GEE facilitates the use of any type of generalized linear
model (GLM) and corresponding link function.

Regardless of the outcome type, GS GEE calculates a
score test statistic and compares this standardized test sta-
tistic to a preset signaling threshold. A score test statistic
was used for computational efficiency when determining
sequential monitoring boundaries. For the seizure and
measles-mumps-rubella-varicella vaccine example, the
score statistic was used to conduct group sequential tests
of the hypothesis that febrile seizure risk among measles-
mumps-rubella-varicella vaccine and measles-mumps-
rubella plus varicella vaccine recipients is equivalent (i.e.,
Hp: OR = 1 vs. Hy: OR > 1).

2.3.2. Group sequential IPTW (with propensity score
weights to adjust for confounding)

Like GS GEE, GS IPTW was developed for use with
cohort designs comparing two independent exposure
groups. Unlike GS GEE, the current GS IPTW method is
only appropriate for binary exposures and outcomes, for
example, a single point-in-time or short-term exposure
and an outcome occurring acutely within a short, prespeci-
fied risk window. Future methods work could extend GS
IPTW to more complex data settings.

GS IPTW uses a group sequential framework and propen-
sity score—based weights to conduct sequential, site-
stratified, weighted regression analyses of an adverse event
outcome. Specifically, for the seizure and measles-mumps-
rubella-varicella example, we first fit a propensity score
model (logistic regression) to estimate the probability of
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measles-mumps-rubella-varicella receipt conditional on
confounders (age group and sex) at each contributing data
partner site. Using the estimated propensity scores, an inverse
probability of treatment weight was calculated for each indi-
vidual and trimmed at the 0.025 and 0.975 quantiles for
weight stability. A weighted linear regression model of
seizure risk and measles-mumps-rubella-varicella vaccine
receipt was then fit to estimate a site-specific, adjusted risk
difference (RD) and estimated variance that incorporates
the variability of the propensity score weights as detailed
by Lunceford et al. [20]. The site-specific RDs and variances
were then combined via meta-analytic methods to calculate
an overall stratified RD, variance, and corresponding stan-
dardized Wald test statistic (RD divided by standard error
of the RD). GS IPTW then uses the Wald test statistic and
the predetermined signaling thresholds to perform group
sequential tests of the hypothesis that febrile seizure risk
among measles-mumps-rubella-varicella vaccine recipients
and same-day recipients of measles-mumps-rubella plus
varicella is equivalent on the RD scale (i.e., Hy: RD = 0 vs.
Ha: RD > 0). Similar to the GS GEE analyses, individuals
were not included in the GS IPTW analyses until their entire
outcome risk window (10 days) was fully observed.

3. Results
3.1. Surveillance population and vaccine uptake

Fig. 1 shows the uptake patterns for the measles-mumps-
rubella-varicella and measles-mumps-rubella plus varicella
vaccines by week of surveillance. Uptake of the measles-
mumps-rubella-varicella vaccine was slow initially, with
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Fig. 1. Number of measles-mumps-rubella-varicella and measles-
mumps-rubella plus varicella vaccines received by week of sequential
surveillance February 2006—December 2008. Abbreviations: GS
GEE, group sequential estimating equations; GS [IPTW, group
sequential inverse probability treatment weighting; MMRYV, measles-
mumps-rubella-varicella; MMR+V, same day separate injections of
measles-mumps-rubella and varicella vaccines.

very few observed doses administered during the first year
of surveillance. However, by week 90, the number of
measles-mumps-rubella-varicella doses exceeded the num-
ber of doses of measles-mumps-rubella plus varicella. Up-
take of both vaccines increased steadily thereafter. Fig. 1
also shows the timing of the group sequential analyses by
study week. Based on observed uptake, the first analysis
at 12 months included 15,558 measles-mumps-rubella plus
varicella vaccinees and 2,796 measles-mumps-rubella-
varicella vaccinees. Subsequent quarterly looks added be-
tween 6,000 and 12,000 newly vaccinated children, about
4,000 to 8,000 of whom were vaccinated with measles-
mumps-rubella-varicella.

The top half of Table 1 shows the baseline demographic
characteristics among vaccinated children accrued into the
surveillance cohort as of December 2008 when a safety
signal was detected with GS GEE (i.e., among 48,233
measles-mumps-rubella-varicella vaccinees and 35,137
measles-mumps-rubella plus varicella vaccinees). The bot-
tom half of Table 1 shows the demographics of the surveil-
lance cohort in May of 2007 when the GS IPTW method
detected the safety signal (i.e., among 14,633 measles-
mumps-rubella-varicella vaccinees and 6,970 measles-
mumps-rubella plus varicella vaccinees). The distributions
of age, sex, and site were relatively similar at both time
points. In particular, uptake was comparable between recip-
ients of measles-mumps-rubella-varicella and measles-
mumps-rubella plus varicella vaccines over time by sex,
but it differed by age group and data site. Consistent with
age-based vaccination recommendations, nearly 90% of
vaccinations were given to the three youngest age groups
(11—16 months of age). Across contributing data sites, over
81% of measles-mumps-rubella-varicella doses were
administered at a single site (site 15), whereas the distribu-
tion of measles-mumps-rubella plus varicella vaccinations
was fairly even across sites.

3.2. GS GEE surveillance results

The top half of Table 2 shows the main group sequential
surveillance results for the GS GEE analysis. One row of
data is presented for each sequential analysis that was con-
ducted. In total, eight analyses were performed before a
safety signal was identified. Specifically, at analysis 8 in
December 2008 (day 1,001 or 2.75 years after surveillance
start), the observed score test statistic exceeded the preset
threshold, indicating an increased risk of febrile seizure
among measles-mumps-rubella-varicella vaccinees.

At the time of signal detection, 45 of the 48,233 measles-
mumps-rubella-varicella recipients had experienced a febrile
seizure compared with 13 of the 35,137 recipients of
measles-mumps-rubella plus varicella vaccines. After adjust-
ing for age, sex, and site, the adjusted seizure rates at look 8
were 3.8 and 9.1 seizures per 10,000 doses among measles-
mumps-rubella plus varicella and measles-mumps-rubella-
varicella vaccinees, respectively, yielding an adjusted odds
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Table 1. Number (%) of doses by baseline characteristics, overall and among measles-mumps-rubella plus varicella and measles-mumps-rubella-
varicella vaccine recipients from surveillance (February 2006 until a safety signal was detected [in December 2008 for GS GEE and in May

2007 for GS IPTW])

Baseline characteristics Overall MMR+V MMRV
GS GEE surveillance cohort, signal detected
December 2008
Overall 83,370 35,137 48,233
Age
11-12 mo 45,105 (54) 21,207 (60) 23,898 (50)
13—14 mo 16,752 (20) 6,101 (17) 10,651 (22)
15—16 mo 13,024 (16) 4,798 (14) 8,226 (17)
17—19 mo 5,717 (7) 2,030 (6) 3,687 (8)
20—23 mo 2,772 (3) 1,001 (3) 1,771 (4)
Sex
Male 42,600 (51) 18,052 (51) 24,548 (51)
Female 40,770 (49) 17,085 (49) 23,685 (49)
Site
2 10,992 (13) 8,730 (25) 2,262 (5)
4 8,088 (10) 7,686 (22) 402 (1)
15 46,655 (56) 7,321 (21) 39,334 (82)
16 17,635 (21) 11,400 (32) 6,235 (13)
GS IPTW surveillance cohort, signal detected
may 2007
Overall 21,603 14,633 6,970
Age
11-12 mo 11,330 (52) 8,363 (57) 2,967 (43)
13—14 mo 4,277 (20) 2,730 (19) 1,547 (22)
15—16 mo 3,705 (17) 2,096 (14) 1,609 (23)
17—19 mo 1,565 (7) 974 (7) 591 (9)
20—23 mo 726 (3) 470 (3) 256 (4)
Sex
Male 11,069 (51) 7,523 (51) 3,546 (51)
Female 10,534 (49) 7,110 (49) 3,424 (49)
Site
4 3,600 (17) 3,574 (24) 21 (<1)
15 9,967 (46) 3,857 (26) 6,110 (88)
16 8,036 (37) 7,202 (49) 834 (12)

Abbreviations: GS GEE, group sequential estimating equations; GS IPTW, group sequential inverse probability treatment weighting; MMRYV,
measles-mumps-rubella- varicella; MMR+V, same day separate injections of measles-mumps-rubella and varicella vaccine.

ratio of 2.37 (sequentially adjusted P-value = 0.03).
Although the signal was not statistically significant until
look 8, the results in Table 2 show that, beginning at analysis
1, the adjusted odds ratio showed consistent elevated risk.

The top half of Table 3 provides data site—specific re-
sults. Odds ratios ranged from 1.88 to 3.08 across sites,
where there was enough information to feasibly compute
an odds ratio. Although the magnitude of these effects var-
ied, the results demonstrate that febrile seizure risk was
consistently elevated across contributing data sites. The up-
take of measles-mumps-rubella-varicella vaccine at site 4
was relatively low (N = 402), and no febrile seizure events
were observed; thus, a site-specific adjusted odds ratio
could not be computed.

3.3. GS IPTW surveillance results

The bottom half of Table 2 presents the main group
sequential surveillance results for the GS IPTW analyses.
Comparing with GS GEE, the GS IPTW method detected
a safety signal earlier, with the standardized test statistic
crossing the signaling threshold at the second look on day
455, or 1.25 years after the beginning of surveillance
(sequential adjusted P-value = 0.029).

At the time the signal was detected, 10 of the 6,970
measles-mumps-rubella-varicella vaccinees had experi-
enced a seizure compared with 7 of the 14,633 measles-
mumps-rubella plus varicella vaccinees. After adjusting at
each site for age and sex using IPTW, the overall adjusted
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Table 2. Results of GS GEE (top half) and GS IPTW (bottom half) sequential analyses comparing seizure risk among measles-mumps-rubella-

varicella and measles-mumps-rubella plus varicella vaccines recipients

GS GEE MMR+V MMRV MMR+VAdj* MMRV Adj* Score  Signaling Error

look: Days MMR+V N outcome (%) MMRV N outcome (%) %0ut %0ut Adj? OR  test threshold  spent Signal

1: 364 12,652 5 (0.040) 2,796 5(0.179) 0.043 0.131 3.05 1.84 3.41 0.000 No

2 455 14,633 7 (0.048) 6,970 10 (0.143) 0.047 0.150 3.20 2.79 4.33 0.012 No

3 546 15,968 7 (0.044) 11,577 14 (0.121) 0.044 0.119 2.69 2.79 4.49 0.012 No

4. 637 17,502 7 (0.040) 17,321 18(0.104) 0.045 0.093 209 2.12 3.68 0.017 No

5 728 21,491 8 (0.037) 24,195 21 (0.087) 0.042 0.079 1.86 2.04 3.87 0.019 No

6 819 26,169 10 (0.038) 32,123 29 (0.090) 0.041 0.085 2.07 3.68 3.80 0.026 No

7 910 30,385 12 (0.039) 40,326 36 (0.089) 0.045 0.081 1.79 2.51 3.60 0.029 No

8 1,001 35,137 13 (0.037) 48,233 45 (0.093) 0.038 0.091 2.37 5.78 3.83 0.038 Yes

GS Days MMR-+V N MMR+V MMRV N MMRV MMR+V Adj® MMRV Adj® Adj® Wald Signaling Error  Signal
IPTW outcome (%) outcome (%)  %Out %0ut %RD  Test® threshold spent
look:

1: 364 12,652 5 (0.040) 2,796 5(0.179) 0.043 0.074 0.031 0.794 1.230 0.024 No

2: 455 14,633 7 (0.048) 6,970 10 (0.143) 0.053 0.157 0.104 3.053 2.153 0.024 Yes

3: 546 15,968 7 (0.044) 11,577 14 (0.121) 0.048 0.125 0.077 2.734

4: 637 17,502 7 (0.040) 17,321 18(0.104) 0.031 0.100 0.069 2.983

B: 728 21,491 8 (0.037) 24,195 21 (0.087) 0.031 0.083 0.052 2.713

6: 819 26,169 10 (0.038) 32,123 29 (0.090) 0.028 0.088 0.060 3.374

7: 910 30,385 12 (0.039) 40,326 36 (0.089) 0.043 0.082 0.039 2.070

8: 1,001 35,137 13 (0.037) 48,233 45 (0.093) 0.038 0.091 0.053 3.009

Abbreviations: GS GEE, group sequential estimating equations; GS IPTW, group sequential inverse probability treatment weighting; MMRYV,
measles-mumps-rubella-varicella; MMR+V, same day separate injections of measles-mumps-rubella and varicella vaccines; Adj % Out, adjusted

percent outcome; OR, odds ratio; RD, risk difference.

Surveillance was conducted in February 2006 until a safety signal was detected (which was in December 2008 for GS GEE and May 2007 for

GS IPTW).

@ Adjusted for sex, age group, site, and indicator for analysis period (GS GEE); sequential P-value = 0.03.
b Adjusted for sex, age group, and indicator for analysis period (GS ITPW); sequential P-value = 0.03.
¢ Wald test is the adjusted RD divided by the standard error of the adjusted RD.

seizure rates were 5.3 and 15.7 seizures per 10,000 doses
for measles-mumps-rubella plus varicella and measles-
mumps-rubella-varicella vaccinees, respectively, yielding
an adjusted RD of 10.2 per 10,000 doses. This equates to
one extra seizure per 980 children exposed to the
measles-mumps-rubella-varicella vaccine instead of the
measles-mumps-rubella plus varicella vaccines. The trend
of elevated risk was observed across all analyses even after
signaling relatively early compared with GS GEE at look 8.

Data site—specific results are shown in the bottom half
of Table 3. The RDs ranged from —2.8 to 17.7 per
10,000 doses across data partner sites, and the RD was only
elevated above at two sites (sites 15 and 16). Site 4 had very
little measles-mumps-rubella-varicella uptake and only one
observed seizure outcome by analysis 4, yielding little in-
fluence on the overall results.

4. Conclusions

We compared the ability and timeliness of two new
sequential methods using analysis-based confounder

adjustment techniques (GS GEE and GS IPTW) to detect
a previously documented safety signal between receipt of
the measles-mumps-rubella-varicella vaccine and the risk
of seizure among infants 11 to 23 months of age. Both
GS IPTW and GS GEE successfully found evidence of
elevated risk of seizure among recipients of the combina-
tion measles-mumps-rubella-varicella vaccine compared
with recipients of two separate injections of measles-
mumps-rubella plus varicella vaccines.

Using the same sequential testing plan, the GS IPTW
method signaled at the second planned analysis after
1.25 years and 6,970 doses of measles-mumps-rubella-
varicella vaccine. The GS GEE method did not signal until
the eighth analysis after 2.75 years and 48,233 doses of
measles-mumps-rubella-varicella vaccine.

The magnitudes of the effect estimates obtained from
both the GS IPTW and GS GEE analyses were similar.
The RD estimated at the analysis at which GS IPTW
signaled was 10.2 seizures per 10,000 doses, or an approx-
imate adjusted RR of 2.96 (15.7 per 10,000 doses/5.3 per
10,000 doses). The adjusted odds ratio estimated from the
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Table 3. Site-specific results of GS GEE and GS IPTW sequential analyses comparing the rates of seizure among measles-mumps-rubella-varicella
vaccine and measles-mumps-rubella plus varicella vaccines recipients from the mini-sentinel surveillance population

Site MMR+V N MMR+V Outcome (%) MMRV N MMRV Outcome (%) Adj %0ut Adj %0ut Adj OR (SE)?

2 8,730 4 (0.046) 2,262 2 (0.088) 0.063 0.118 1.88 (2.38)
4 7,686 1(0.013) 402 0 (0.000) 0.013 0.000 0.00 (Inf)

15 7,321 3 (0.041) 39,334 35 (0.089) 0.041 0.088 2.15(1.83)
16 11,400 5(0.044) 6,235 8 (0.128) 0.051 0.156 3.08 (1.77)
Site N Outcome (%) N Outcome (%) %0ut %0ut %RD (%SE)?

4 3,574 1 (0.028) 26 0 (0.000) 0.028 0.000 —0.028 (0.028)
15 3,857 2 (0.052) 6,110 8 (0.131) 0.053 0.146 0.093 (0.060)
16 7,202 4 (0.056) 834 2 (0.240) 0.064 0.241 0.177 (0.052)

Abbreviations: Adj %0ut, adjusted percent outcome; GS GEE, group sequential estimating equations; GS IPTW, group sequential inverse prob-
ability treatment weighting; MMRV, measles-mumps-rubella-varicella; MMR+V, same day separate injections of measles-mumps-rubella and vari-

cella.

Sequential Surveillance was conducted in February 2006 until a safety signal was detected (which was in December 2008 for GS GEE and

November 2007 for GS IPTW).
@ Adjusted for sex and age group.

GS GEE analysis at the time of signal was 2.37, or an
approximate adjusted RD of 5.3 per 10,000 doses (9.1
minus 3.8 per 10,000 doses). Despite the comparability of
the estimates, GS IPTW detected the signal with approxi-
mately 85% fewer doses of measles-mumps-rubella-
varicella (6,970 vs. 48,233 doses) and one and half years
earlier (1.25 vs. 2.75 years) than GS GEE.

Results of the current analyses were also comparable
with findings from two previously published studies
[12,13]. AVSD study, conducted within multiple managed
care cohorts, sequentially monitored the safety of the
measles-mumps-rubella-varicella vaccine when uptake
began in February 2006 using a continuous sequential
monitoring approach called the Poisson maximized likeli-
hood ratio test, or MaxSPRT [21]. Observed seizure risk
was compared to expected estimates of age-, sex- and
site-adjusted risk from historical controls that received
measles-mumps-rubella vaccine with or without receipt of
varicella vaccine between 2000 and 2006. Using a defini-
tion of febrile seizure based on the same diagnostic codes
as our study, preliminary results suggested an elevated
seizure risk in a O- to 42-day postvaccination window after
43,353 administered doses of measles-mumps-rubella-
varicella vaccine (adjusted RR~2; exact RR not reported)
(Center for Disease Control and Prevention-Morbidity
and Mortality Weekly Report) [22]. Follow-up analyses
compared risk in a 7- to 10-day postvaccination window
among measles-mumps-rubella-varicella vaccine recipients
to 314,599 recipients of separate measles-mumps-rubella
plus varicella vaccines in the concurrent time period. After
validation of diagnostic coded febrile seizures using medi-
cal charts the estimated adjusted odds ratio was 2.3 and the
estimated RD was 5 seizures per 10,000 vaccinated (Center
for Disease Control and Prevention-Morbidity and Mortal-
ity Weekly Report) [22]. Final multivariable regression an-
alyses, conducted after a larger cohort of 83,107 measles-

mumps-rubella-varicella vaccinees and 376,354 measles-
mumps-rubella plus varicella vaccinees was available,
and, using a 7- to 10-day-risk window, yielded an RR of
2.0 and RD of 4.3 per 10,000 doses [12].

Jacobsen et al. [13] conducted a measles-mumps-
rubella-varicella safety study among 12—23 month-olds
from a single managed care organization. Investigators
matched 31,298 children who received the measles-
mumps-rubella-varicella vaccine from February 2006
through June 2007 to 31,298 historical recipients of sepa-
rate measles-mumps-rubella plus varicella vaccines from
November 2003 through January 2006 based on age, sex,
and calendar date of vaccination. Diagnostic coded febrile
seizures occurring 5—12 days after vaccination were adju-
dicated by a committee using the Brighton criteria com-
bined with chart-documented fever [23]. This study found
an RR of 2.2 comparing measles-mumps-rubella-varicella
vaccinees with historical measles-mumps-rubella plus vari-
cella vaccinees and an RD of 3.8 per 10,000 vaccinations.

Despite differences in the design and analytic methods,
our current findings using FDA Sentinel data agree with
these prior results. All evaluations suggested a similar
increased risk of seizure among measles-mumps-rubella-
varicella recipients, with relative measures of odds or risk
(odds ratios or RRs) 2—3 and RD measures of about
4—10 per 10,000 doses. The effect estimates for GS GEE
and GS IPTW were slightly higher than the others (RR:
2.37 and 2.96; RD: 5.3 and 10.4 per 10,000 doses, respec-
tively). This is not surprising because these estimates are
computed at the time when a signal occurs rather than at
the end of a prespecified study period. To compare both
methods at look 8, the GS GEE and GS IPTW methods
have comparable estimates (RR: 2.37 and 2.39; RD: 5.3
and 5.3 per 10,000 doses, respectively). However, sequen-
tial estimates that are conditional on an observed signal
are known to be biased upward and correction methods
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are typically applied [24]. Furthermore, the previous studies
used adjudicated outcomes yielding lower febrile seizure
prevalence rates relative to our nonadjudicated outcomes
which could modify estimated results. Among the three
sequential evaluations, the GS IPTW method, which bases
its signaling criteria on the risk difference, found the
elevated risk most rapidly (after 6,970 doses). Both the
VSD Poisson MaxSPRT and the GS GEE method, which
base their signaling criteria on a relative measure of risk
(i.e., either an OR or RR), required over four times as much
information  (about 45,000 measles-mumps-rubella-
varicella doses) to signal. This may be due to the very rare
event setting in which a relative measure can only be calcu-
lated when both intervention arms have an event which,
when using an exact test such as permutation which all
methods apply, can be relatively less stable than an RD.

In addition to potentially improving the power and time-
liness with which a signal can be detected, GS IPTW has
several other advantages. Confounding by site is accounted
for via stratification which effectively accommodates inter-
actions between data sites and confounders. GS IPTW has
also been shown to be as efficient as a nonstratified estimate
when no site interaction with other baseline confounders
exists [11]. Use of the propensity score enables adjustment
for a relatively large number of confounders at each data
site. Moreover, differences in the variability of the esti-
mated propensity score across sites are properly accounted
for. Finally, RDs are often conceptually appealing to
policy-makers because they can be readily translated into
the number of excess events because of the new vaccine
or drug.

As with any propensity score approach, GS IPTW re-
quires an adequate number of exposed and unexposed pa-
tients to allow estimation. It may also be necessary to trim
or restrict the cohort to avoid including patients with
extreme propensity scores which result in large weights
that may unduly inflate the variance. Because GS IPTW
can detect signals with less data than other methods, it
may be necessary to include more sites or wait longer
to accrue more patients at each site to ensure stable
site-specific estimates of the RD. In the measles-mumps-
rubella-varicella analysis, for example, substantial eleva-
tion in risk was only observed at one site, with RD esti-
mates at the other two sites based on fewer than 10
events. GS IPTW is currently designed for one-time or
short-term exposures with acutely occurring adverse
events. With extensions, it could be developed to be appli-
cable for chronically used drugs and outcomes requiring
long-term follow-up.

The GS GEE method also offers a flexible application
option. With its foundation in GLMs, GS GEE can be used
for both one-time exposures with acute-onset events (logis-
tic regression), and chronically used drugs with longer-term
follow-up (Poisson regression). The regression framework
also allows for flexible adjustment for individual con-
founders or balancing scores, for example, categorical or

nonlinear functions of the propensity score. Like GS IPTW,
GS GEE does not restrict to a subset of the available data
the way a matched analysis might, thus making use of all
the information available in the data. Cohort restriction
can reduce power, which is especially important when the
outcome of interest is rare. A limitation of GS GEE in
the rare event setting is that it requires an adequate number
of patients with and without an adverse event to fit the
outcome model. Furthermore, owing to issues of model
fit with rare events, the ability to include large numbers
of confounders may be limited. This problem can be largely
avoided, however, through the use of propensity scores or
other balancing scores to reduce the dimensionality of the
confounders.

The objective of this research was to increase awareness
and demonstrate the feasibility of two new group sequential
approaches to safety surveillance. Both methods presented
use analysis-based confounder adjustment strategies and
are custom-designed to accommodate rare events in a
distributed data setting. Specifically, the use of GS GEE
and GS IPTW methods was illustrated using an example
vaccine-event pair with a known association and data from
the FDA’s Sentinel data network. This proof-of-concept
application demonstrated the practicality of implementing
these methods in claims data settings and their relative ad-
vantages compared with existing approaches. In particular,
this work suggests that future sequential observational
studies of drug or vaccine safety should consider methods
that use analysis-based confounder adjustment techniques
and, in particular, methods such as GS IPTW that quantify
risk on the difference scale, as such approaches have the
potential to offer greater statistical power and faster evalu-
ation of pressing safety questions. Furthermore, simulation
studies comparing approaches across a wide array of set-
tings would be valuable to assess when difference estimates
should be applied.
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