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I. EXECUTIVE SUMMARY 

Pregnancy vaccine safety is particularly challenging to study because the pathophysiology of maternal 
pregnancy outcomes is not well understood, making it difficult to determine which risk intervals should 
be used. Pregnancy outcomes may be affected by timing since vaccination, gestational age at 
vaccination, or both. While scan statistics have been used in a wide array of application areas to identify 
unusual clusters of events, they have had limited use in the context of vaccine safety during pregnancy. 
Furthermore, their performance in this setting has not been systematically evaluated. To address this 
knowledge gap, we conducted a comprehensive simulation study to examine the performance of the 
one‐dimensional temporal scan statistic and a two‐dimensional time‐time scan statistic in the context of 
the MS‐PRISM Influenza Vaccines and Pregnancy Outcomes study (the empirical study) with a case‐time‐
control design. The one‐dimensional temporal scan statistic can be viewed as a special case of the 
spatial scan statistic or a special case of the space‐time scan statistic. The two‐dimensional time‐time 
scan statistic is a novel application of the space‐time scan statistic. 

The simulation study was designed to examine the association between influenza vaccination and an 
adverse pregnancy outcome spontaneous abortion (SAB) while mimicking the MS‐PRISM Influenza 
Vaccines and Pregnancy Outcomes study. With a case‐time‐control design, we use the scan statistics to 
identify unusual clusters of exposed cases compared to the expected counts estimated based on the 

denotes the gestational age at vaccination defined in terms of the ଵܶmatched controls. In this study, 
denotes the number of days ଶܶnumber of days away from the last menstrual period (LMP, day 0) and 

between vaccination time and the index date which is defined as the case onset date. We considered
≡ସܴ,ሽ൑ 84  ଵܶ43 ൑ሼ≡ଷܴ,ሼ≡ଶܴ,ሽ൑ 35  ଵܶെ28 ൑ሼ≡ଵܴseven risk regions, i.e., 

ሽ൑ 28  ଶ൑ 35 & 1 ൑ ܶ  ଵܶെ28 ൑ ሼሽ൑ 28  ଶܶ1 ൑ሼ 
ሽ൑ 28  ଶܶ൑ 84 & 1 ൑  ଵܶ43 ൑ሼ≡଻ܴ

≡ହܴ, 
ሽ൑ 49  ଵܶ15 ൑ 

൑ 28  ଶ൑ 49 & 1 ൑ ܶ  ଵܶ15 ൑ ≡଺ܴ, ሼ ሽ, and 
. For each risk region, we considered 25 settings with varying 

sample size and effect size. We considered multiple performance metrics including sensitivity, 
specificity, and bias and 95% CIs coverage probability and width of the effect measure estimator. We

alsoܦ proposed a new performance metric to assess the distance between the empirical distribution of 
which is defined as the sum of sensitivity and specificity, and its “null distribution”. 

We have successfully demonstrated the use and performance of the scan statistics in examining the 
association of vaccination and adverse pregnancy outcomes. Performance always improves with sample 
size and/or effect size. In general, the one‐dimensional temporal scan statistic has better or similar 

,ଵܴbased risk regions. Among‐ଵܶthan the three ସܴbased risk region‐ଶܶperformance in detecting the 
whose performance comparison varies across ଷܴandଵܴtends to perform better than ଶܴ,ଷܴ, and ଶܴ 

have଻ܴand଺ܴdimensional risk regions,‐settings and performance metrics. Among the three two 
. It seems that other than the key factors of sample size ହܴcomparable performance and are better than 

and effect size, the scan statistics perform better when the true risk region overlaps greatly with the 
plausible region and also has high baseline rates inside the risk region. In other words, a larger 
proportion of exposure‐attributed cases and a bigger contrast between cases and controls would allow 
the scan statistics to better detect the true risk region. 
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Based on our findings, we conclude that these statistics could potentially be of great use for detecting 
increased risks of pregnancy adverse events for which the pathophysiology is not well understood, 
making it difficult to appropriately define risk intervals. The scan statistics do require a reasonably large 
sample size to be able to detect the risk region with good accuracy. For instance, with an odds ratio of 3, 
to achieve an 80% sensitivity, we need between 50 and 100 matched pairs for the one‐dimensional risk 

. An ଻ܴ and଺ܴ dimensional risk regions‐regions and between 200 and 500 matched pairs for the two 
. The number of SAB cases chart reviewed in the ହܴ even larger sample size is required for the risk region 

PRISM SAB protocol is limited, so the power of the scan statistics may be limited in that setting. 
However, the temporal scan could theoretically be better powered in future analysis of larger sample 
sizes—for example one that uses the temporal scan initially on automated data only to screen for 
potential risk intervals, and proceeds to chart review of outcomes and gestational age based on those 
data; or alternatively another independent study to confirm these results. Overall, this project is useful 
in i) demonstrating the feasibility of the two‐dimensional time‐time scan statistic as a novel application 
of the space‐time scan statistic in the setting of vaccine safety during pregnancy, and ii) systematically 
examining the performance of the one‐dimensional temporal scan statistic and the two‐dimensional 
time‐time scan statistic in various settings to guide future implementation. 

II. INTRODUCTION 

The use of a scan statistic to identify unusual clusters of events dates back to the 1960s when Joseph 
Naus1 first published on the problem. Martin Kulldorff extended it to multi‐dimensional settings and 
varying scanning window sizes in his 1997 seminal paper2. Since then, Martin Kulldorff and others have 
developed different variants of scan statistics to handle various types of outcomes and data settings2‐7. 
The scan statistics have been implemented in numerous medical and public health studies. Please refer 
to the SaTScan website (http://www.satscan.org/) and manual8 for an updated list of SaTScan 
Bibliography. 

The scan statistics share a common basic idea that is to scan across space and/or time with a scanning 
window of varying shape and/or size to find a region with excess of observed events based on a pre‐
specified test statistic (e.g., the maximum likelihood ratio between the alternative hypothesis and the 
null hypothesis). Analytic formulas typically do not exist for the variance of the test statistics. Instead, a 
Monte Carlo simulation approach is used to obtain the significance level2. 

The one‐dimensional temporal scan statistic can be viewed as a special case of the spatial scan statistic 
or a special case of the space‐time scan statistic9. The two‐dimensional time‐time scan statistic is a novel 
application of the space‐time scan statistic. The one‐dimensional temporal scan has been used in various 
Vaccine Safety DataLink (VSD) and Mini‐Sentinel Post Licensure Rapid Immunization Safety Monitoring 
Program (MS‐PRISM) projects to identify unusual adverse event clusters following vaccination. To our 
knowledge, the two‐dimensional temporal scan has not been used previously in post‐marketing safety 
surveillance studies. 

One area for which there has been limited application of scan statistics, whether one‐dimensional or 
two‐dimensional, is in the area of vaccine safety during pregnancy. Pregnancy adverse events are 
particularly challenging to study because their pathophysiology is not well understood in regards to time 
periods relative to exposure that are relevant for vaccine‐related adverse events. Specifically, the risk of 

Mini‐Sentinel Methods  ‐ 2 ‐ Evaluation of Scan Statistics for Assessing 
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specific pregnancy adverse events could hypothetically be elevated following vaccination received at 
specific gestational periods, specific time periods following vaccination, or both. Historically, many 
studies examining risk of adverse pregnancy outcomes following prenatal vaccination have not assumed 
that the risk is limited to specific time periods with respect to vaccination, and have thus included all 
person‐time following vaccination during which the event could occur (e.g., 20 weeks gestation for SAB). 
Others have assumed that the effect of vaccines is limited to a specific period following vaccination; or 
alternatively that it is limited to periods following vaccines received at a specific time window defined by 
gestational age10,11. In such observational studies, the risk interval (i.e., period of potentially increased 
risk) must be defined before conducting the analysis. However, mis‐specifying the risk interval, either 
with respect to the length or placement, could hypothetically cause relative risk estimates to be biased 
by washing out an effect if it exists. Yet forgoing defining risk intervals (e.g., examining all person‐time 
following vaccination before 20 weeks gestation, in the instance of SAB) could wash out an effect if the 
risk is truly limited to a specific time period. Thus, temporal scan techniques may be useful in identifying 
appropriate risk intervals for the study of pregnancy adverse events following vaccination during 
pregnancy. In particular, we plan to use both one‐dimensional and two‐dimensional temporal scans in 
the MS‐PRISM Influenza Vaccines and Pregnancy Outcomes study. While the one‐dimensional temporal 
scan has been used in various VSD and MS‐PRISM post‐marketing safety studies, no study has used the 
two‐dimensional temporal scan, and a systematic evaluation of their performance was not conducted 
previously. To fill in this knowledge gap, we conducted this simulation study to assess the performance 
of the scan statistics in plausible settings that we may encounter in vaccine‐related safety studies for 
pregnancy outcomes such as SAB. 

We designed our simulation study mimicking the study design and data structure in the MS‐PRISM 
Influenza Vaccines and Pregnancy Outcomes study (referred to as the empirical study in subsequent 
sections). The main objective of that proof‐of‐concept protocol is to develop the data infrastructure, 
study design framework, and analytic framework to study pregnancy outcome following vaccination. As 
described in the protocol, the project aims to achieve these objectives using a single vaccine‐outcome 
pair as an example, influenza vaccines and SAB. The empirical study uses the case‐time‐control 
design12,13, which is a variant of the case‐crossover study and is well‐suited to measuring transient 
effects of exposures on immediate risks of illness with abrupt onset. We introduce the case‐time‐control 
design in details in the Methods section. Intuitively, the design uses vaccinated cases and controls and 
compares their likelihood of being exposed during a particular period of interest; if the likelihood is 
much higher among cases than among controls, then it indicates a possible association between the 
exposure and the adverse event. Therefore in this simulation study, a risk region is defined in terms of 
exposure time and refers to a particular period of interest with an excess of exposed cases compared to 
the expected counts under the null hypothesis, for instance, 1 to 28 days prior to the case onset date or 
6 to 11 weeks gestation. This is different from the conventional definition of a risk interval which 
typically applies to a cohort design among all exposed subjects, is defined in terms of adverse event 
onset time, and refers to a particular time period with an excess of observed events (e.g., 1 to 28 days 
following exposure). 

In this simulation study, we consider three sets of settings which, respectively, correspond to three 
scenarios with elevated SAB risks following influenza vaccination received at specific gestational periods, 

denote the gestational age at ଵܶ specific time periods following vaccination, or both. Specifically, let 
vaccination defined in terms of the number of days away from the last menstrual period (LMP, day 0) 

denote the number of days between vaccination time and the index date which is defined as ଶܶ and let 
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axis to denote‐and y ଵܶaxis to denote‐the case onset date. As illustrated in Figure 1 below, we use the x
ሽ൑ 35  ଵܶെ28 ൑ ሼ≡ଵܴ, then the seven considered risk regions can be denoted as ଶܶ

൑ 28  ଶ൑ 35 & 1 ൑ ܶ  ଵܶെ28 ൑ሼ≡ହܴ,ሽ൑ 28ଶ1 ൑ ܶሼ൑ 84  ଵܶ43 ൑ ሼ൑ 49  ଵܶ15 ൑ ሼ ሽ ሽ ሽ
ሽ൑ 28  ଶܶ൑ 84 & 1 ൑  ଵܶ43 ൑ሼ≡଻ܴ, andሽ൑ 28  ଶܶ൑ 49 & 1 ൑  ଵܶ15 ൑ሼ≡଺ܴ

≡ଶܴ,
≡ଷܴ, ≡ସܴ, ,
 

. For instance, the risk 
28 to 35‐means an excess of SAB cases being vaccinated during this gestational period of ଵܴregion 

means an excess of SAB cases being vaccinated within the prior 28 days before ସܴdays; the risk region 
means an excess of SAB cases being vaccinated during ହܴdimensional risk region‐index date; the two 

the gestational period of ‐28 to 35 days and within the prior 28 days before index date because the SAB 
risks are elevated during the first 28 days following vaccination if and only if vaccination was received 
during this particular gestational period of ‐28 to 35 days. 

The shaded area in Figure 1 is the plausible region ሼ ሽ. We specify such a 

SAB onset date. The lower bound is imposed to mimic the exclusion criteria in the empirical study 
excluding SABs with a very early onset date due to concerns on incomplete capture of earlier cases in 
the MS‐PRISM Distributed Databases and the role of genetic anomalies in early SAB cases. The upper 
bound is imposed to reflect that SAB occurs before 20 weeks gestation by definition. 

൑ 140 ଶ൅ ܶଵܶ: 36 ൑ሻଶ, ܶଵܶሺ 
denotes the gestational age at ଶ൅ ܶଵܶplausible region to mimic the empirical study. Note that the sum 
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Figure 1. Plausible range for ሺࢀ૚,  ૠ in blue, red, andࡾ ૟, andࡾ ,૞ࡾ ૛ሻ and three potential risk regionsࢀ
green respectively 

In the simulation study, we apply the scan statistics to detect the most likely cluster of vaccination time 
among cases compared to controls. To assess the performance of the scan statistics, we examine the 
overlap between the detected cluster and the true risk region. Moreover, we use the detected cluster 
and conditional logistic regression to calculate an odds ratio (OR) estimator. The OR indicates the 
magnitude of the association between the exposure and the adverse event. We examine the 
performance on bias, variance, and the coverage probability of the 95% confidence intervals (CIs). 

III. METHODS 

In the following subsections, we first introduce the case‐time‐control design, then we introduce the one‐
dimensional temporal scan statistic and the two‐dimensional time‐time scan statistic. 
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A. THE CASE‐TIME‐CONTROL STUDY DESIGN 

The case‐time‐control design is an extension of the case‐crossover study14 which is a self‐controlled 
analogue of the case control design. Specifically, in a case‐crossover study, the study population consists 
of patients who met the inclusion and exclusion criteria and experienced an eligible adverse event of 
interest. A patient serves as his/her own control comparing exposure status in a risk region and a control 
region. If the likelihood of being exposed in the risk region is significantly higher than in the control 
region accounting for region size, then it suggests a possibly elevated adverse event risk due to the 
exposure. A risk region is typically immediately preceding case onset date and a control region is usually 
before the risk region with or without a wash‐out period. 

The case‐crossover design implicitly adjusts for time‐invariant factors such as patient characteristics and 
genetic factors, but it does not adjust for time‐varying factors that could affect the timing of exposure 
(e.g., seasonality). The case‐time‐control design was proposed to address this issue by using matched 
controls. Specifically, for each case, one or several controls are selected based on pre‐specified 
matching criteria (e.g., LMP, age). Each control also contributes a risk region and a control region. The 
odds of being exposed inside vs. outside the risk region among the matched control(s) represent the 
baseline odds under the null hypothesis of no exposure‐outcome association. If the odds of being 
exposed inside vs. outside the risk region among cases are systematically higher than the odds among 
their matched controls, it suggests a possibly elevated risk of adverse event due to the exposure. It is 
worth noting that the case‐time‐control design, unlike the standard case control design, does not 
require cases and controls to have similar outcome risk profiles. Instead, it only requires the cases and 
controls to have similar exposure trends to account for time‐varying factors. 

In the empirical study, a case is a pregnant woman whose pregnancy ended with a SAB and was 
vaccinated between ‐4 weeks gestation and SAB onset. The matched controls are live births and were 
vaccinated between ‐4 weeks gestation and the index date which is defined as the matched case’s SAB 
onset date. We matched controls to cases on LMP, Data Partner, and age within +/‐ 6 months. Potential 
risk regions are ‐4 to 4 weeks gestation, 2 to 6 weeks gestation, 6 to 11 weeks gestation, and 1 to 28 

,ଷܴ ,ଶ, ܴଵܴ days prior to index date. The corresponding risk regions defined in the simulation study are 
respectively. In the first set of analyses, we examine each of the four potential risk regions as ସܴ and 

pre‐specified risk regions. Specifically, we fit a conditional logistic regression to the matched cases and 
controls. The dependent variable is whether the woman was vaccinated inside vs. outside the specified 
risk region. The independent variable is the case status (1 for case and 0 for control). We condition on 
matched sets to account for non‐uniform exposure trend across different matched sets. The exponent 
of the coefficient for the case status is the estimated OR for being vaccinated inside vs. outside the pre‐
specified risk region between cases and controls. 

As described earlier, mis‐specifying the risk region, which occurs because the pathophysiology of many 
pregnancy adverse events is not well understood, may cause bias. Thus in the empirical study, in 
addition to the conditional logistic regression analyses with pre‐specified risk regions, we will also 
conduct exploratory analyses by applying the one‐dimensional and two‐dimensional scan statistics to 
the data on matched sets to identify potential clusters. The findings from this project help us better 
understand the utility and power of the scan statistics in the empirical study. 
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B. THE TEMPORAL SCAN STATISTIC 

In this section, we describe the statistical framework behind the one‐ and two‐dimensional scan 
statistics to detect potential clusters of vaccination with respect to the number of days before SAB, 
gestational age at vaccination, or both. The one‐dimensional temporal scan statistic applies to either 
Poisson or Bernoulli models. Here we consider the temporal scan with the Bernoulli model as we use 
matched controls to adjust for non‐uniform baseline trend of vaccination with gestational age and 
seasonality. It can be viewed as a special case of the spatial scan statistic with the Bernoulli model. Next, 
we use the risk region of 1 to 28 days prior to index date as an example to illustrate the temporal scan 
method. It applies to other one‐dimensional risk regions too. 

controls matched on LMP and other characteristics and all vaccinated ܯ cases and ܰ Suppose there are 
between ‐4 weeks gestation and index date. We use a scanning window ሾݏ, ሿ with varying starting point 

݈

݈
and length along the observation period 1‐168 days. The upper bound 168 is determined by the 
maximum possible length between vaccination date and SAB onset date. For a scanning windowሾݏ,

suchሻ݈ݏ,ሺߣcontrols within the scanning window, we define a function ݉ cases and ݊ suppose there are
ሿ,
 

that 

൬
௠
ቁ
݊݉ ൅

݊ 
≡ ቀ ሻ

݉ 
ቀ
௡
ቁ
݊ ݉ ൅

݊ ܰ െ  ேି௡

൰
݊െ݉ ܰ ൅ܯ െ  

ܯ ݉ െ  ெି௠

൰
݊െ݉ ܰ ൅ܯ െ  

ߣሺ,ݏ݈

ேି௡
,ߣሺ,ݏ and 

ேାெି௠ି௡

൬

ሻ is derived based on the maximized 
௡

௠ା௡ 
൐ .otherwiseߣሺ,ݏ݈ The function ൌ 1ሻ݈

. Theൌ 1 ܱܴ and the null hypothesis of ൐ 1 ܱܴ likelihood ratio between the alternative hypothesis of
ሿ∗, ݈∗ሾݏis evaluated for all possible scanning windows, the window ሻ݈ݏ,ሺߣstatistic

ሻ value is the detected mostly likely cluster. 

if 

ߣሺ,ݏ݈
with the maximum 

C. THE TIME‐TIME SCAN STATISTIC 

The two‐dimensional time‐time scan statistic is a novel application of the space‐time scan statistic. In 
the space‐time scan statistic, a potential risk region is a cylinder with the base indicating a circular 
geographic area and the height indicating a time period. For instance, an unusually high number of 
influenza‐alike cases occurred within a 5‐mile radius from a particular hospital in November 2015. In 

) while ଵܶthis application, we use the latitude in spatial scale to indicate gestational age at vaccination ( 
setting the longitude to a constant, and use the time scale in the space‐time scan statistic to indicate the 

). In consequence, a potential region reduces from a ଶܶtime between vaccination date and index date ( 
cylinder to a rectangle to accommodate the two‐dimensional time‐time nature of a potential risk region 
in this particular application. For instance, if the risk of SAB is elevated during 1 to 28 days post influenza 
vaccination among those who received vaccination during 2 to 6 weeks gestation, the corresponding risk 
region is a rectangle of 2 to 6 weeks gestation times 1 to 28 days prior to index date. The likelihood 
ratio‐based test statistic to identify the most likely cluster is the same as in the one‐dimensional 

do not affect the use of the scan statistic as ൑ 140 ଶ൅ ܶଵܶ 36 ൑ temporal scan statistic. The restrictions 
the non‐uniform baseline rates of vaccination are accounted for with the matched controls. However, 
they need to be accounted for in the calculations of sensitivity, specificity and other performance 
measures which we explain in details later on. 
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IV. SIMULATION STUDY 

A. DATA GENERATING MECHANISM 

We designed our simulation study mimicking the empirical study. The study design parameters were 
imposed based on literature and preliminary data from the empirical study. 

Specifically, for each pregnant woman 

௜ܸThe vaccination time ( 
multinomial distribution between ‐28 and 139 with the daily probability being 0.005509176 for 
ݐ ൑  84  and 0.006862966 for 84 ൑ ൏ ݐ 140. Only SAB cases that occurred after vaccination were 
considered as in the empirical study because by the case‐time‐control design all eligible cases 
need to be exposed prior to case onset date. 
A woman is at risk for SAB following vaccination or beginning of week 6, whichever is later, until 

wereሺݐሻ ଴ݎ , …, 140. Baseline SAB rates ሿ൅ 1, 36௜ܸሾݐ ൌ max20 weeks gestation, i.e., on day 
ሺݐሻ ଴ݎ (eTable 1). For simplicity, let’s set15derived from the published weekly rates in the Li study 

to 0 for ݐ ൏  36. As mentioned earlier, in real life, SAB cases occur during the early gestational 





 

), measured in number of days after LMP, is simulated from a 

period prior to 6 weeks gestation. We do not consider them in the simulation study to mimic the 
exclusion of early SAB cases in the empirical study due to concerns on incomplete data and the 
role of genetic anomalies in early SAB cases. 

ܴܴ specified‐specified risk region, then the SAB rate is elevated by a pre‐is inside a pre ݐIf day 
; otherwise, it remains at the baseline risk level.ሺݐሻ ଴ݎൈ ܴܴ to 

. If a woman wasൌ 2 ܴܴ andሽ൑ 49  ଵܶ 15 ൑ሼൌଶܴ Suppose the risk region is
. If ݐ ൌ 61,…140 forሺݐሻ ଴ݎ , then her daily SAB rate remains at ൌ 60௜ܸ vaccinated on day 

௜ܸ a woman was vaccinated on day 
for ݐ ൌ 26, … ,140. 

൑ 28  ଶ1 ൑ ܶሼൌସܴ Suppose the risk region is 

௜ܸ ݐ ൌforሺݐሻ ଴ݎ and comes back to ൅ 28  ௜ܸ ൅ 1,…  ௜ܸ ݐ ൌforሺݐሻ ଴2ݎ elevated to 
29, … 140. 

. If aൌ 2 ܴܴ andሽ൑ 28  ଶ൑ 84 & 1 ൑ ܶ  ଵܶ 43 ൑ሼൌ଻ܴ Suppose the risk region is
, her daily SAB rate remains at the baseline rate ൌ 35௜ܸ woman was vaccinated on day 

as her vaccination time is outside the risk region. If she was 36 ൑ ݐ ൑ 140 forሺݐሻ ଴ݎ
ݐ ൌforሺݐሻ ଴2ݎ , then her daily SAB rate is elevated to ൌ 45  ௜ܸ vaccinated on day 

46, … ,73 (1 to 28 days post vaccination) and then comes back to the baseline rate of 
. Of note, this scenario is generalizable to all scenarios that74 ൑ ݐ ൑ 140 forሺݐሻ ଴ݎ 




o 

ሺݐሻ ଴2ݎ , then her daily SAB rate is elevated toൌ 25  

, then the daily SAB rate isൌ 2 ܴܴ andሽ 
൅

o 

o 

௜ܸ ݐ ൌFor 
from a Bernoulli distribution with the probability being the daily rate determined in the previous 
step, until either SAB occurs or the maximum ݐ ൌ 140 is reached. 

 If a SAB occurred, this woman is a case; otherwise this woman is placed into the pool of 

consider multiplicative effect of two risk factors.
 
൅ 1, …, 140, a woman’s SAB status (1 for SAB onset and 0 for no SAB) is simulated
 



 
controls. 

, a matched control is selected among those who did not ܹ For each case with an index date of 
(the case’s index date). For simplicity, ܹ have SAB and were vaccinated before gestational age 

in the simulation study, we did not consider population heterogeneity across Data Partners or 
with maternal age, thus matching on Data Partner and maternal age was not necessary. 
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It is worth noting that under this data generating mechanism, the odds ratio of being vaccinated inside 
vs. outside the risk region between a case and her matched control varies with the index date and may 

. The earlier the index dateൌ 1 ܴܴvalue unless it is under the null hypothesis of ܴܴdiffer from the true 
, the bigger the difference. This is because our controls are pregnant women who did not have SAB ܹ 

, a pregnant woman who did൐ 1 ܴܴthroughout 20 weeks gestation. Under an alternative hypothesis of 
not develop SAB throughout 20 weeks gestation has a smaller likelihood of being vaccinated inside the 

but may ܹrisk region compared to another pregnant woman who did not have SAB by gestational age 
have SAB later on. This simulation study is designed mimicking the empirical study in which we did not 
consider an alternative strategy of selecting a control from those who did not have SAB by gestational 

live birth later on (SAB or still birth), as this alternative strategy is‐but may end up being a non ܹage 
very difficult to operationalize using electronic health care data such as the Mini‐Sentinel Distributed 
Database. Specifically, it is not possible to ascertain pregnancy start dates or gestational age for non‐live 
births using ICD‐9 coded data. Thus, for pregnancies ending in a spontaneous abortion, it is not possible 
to ascertain LMP date without chart review. If we allow non‐live birth in the pool of potential controls 
and select controls based on the electronically‐derived pregnancy start dates, it is possible that after 
chart review, a fair number of matched pairs would need to be excluded from subsequent analyses due 
to pregnancy start matching criteria no longer being met. We usually have limited resources to conduct 
chart review for a fixed number of individuals. Therefore we want to maximize the chance of retaining 
as many matched sets as possible by restricting to live births as potential controls. Please refer to the 
protocol16 for a detailed explanation on why we used a multi‐phase procedure to select and chart review 
cases and matched controls (Figure 1 in the protocol). However, theoretically speaking, a two‐phase 
chart review approach may not be necessary, depending on changes in coding with the ICD‐10. 

B. CLUSTER DETECTION AND EFFECT ESTIMATION 

In each considered setting, we conduct 2000 simulation replications to assess the performance of the 
matched controls. We 2ܰcases and 2ܰscan statistics. For each replication, we generate a dataset with 

matched pairs to two datasets, apply the scan statistic to one 2ܰthen randomly and equally split the 
dataset to detect a most likely cluster, and then apply the conditional logistic regression with the 
dependent variable defined based on the detected cluster to the other dataset to estimate the 
association between exposure and outcome. Let ߠ෠ denote the estimated coefficient for the indicator 
variable for case status. Let ߠ∗ denote the value ߠ෠ would converge to with a perfectly detected true 

.∞ܰ →cluster and The exponent of ߠ∗ refers to the ratio between the odds of being vaccinated inside 
vs. outside the risk region between cases and controls. Due to the use of live‐births as potential controls, 
the OR differs from the RR in the data generating algorithm unless it is under the null hypothesis such

.ൌ 1.0 ܴܱൌܴܴthat 

ሼ ሽ൑ 49  ଵܶ15 ൑ ൌଶܴ, 
ൌ଺ܴ, 

ሽ൑ 35  ଵܶെ28 ൑ሼൌଵܴIn the simulation study we consider seven risk regions: 
ሽ൑ 28  ଶ൑ 35 & 1 ൑ ܶ  ଵܶെ28 ൑ ሼൌହܴ,ሽ൑ 28  ଶܶ1 ൑ሼൌସܴ,ሽ൑ 84  ଵܶ43 ൑ሼൌଷܴ

൑ 28  ଶ൑ 84 & 1 ൑ ܶ  ଵܶ43 ൑ ሼ൑ 28  ଶ൑ 49 & 1 ൑ ܶ  ଵܶ15 ൑ ሼ ሽ ሽ

,
 

ൌ଻ܴ, and . Any time prior to the index 
date but outside the risk region is considered the control region. For each risk region, we vary the 
number of matched pairs between 25 and 500, and then expሺߠ∗ሻ between 1.0 and 10.0. 

, we set the ଷܴ, and ଶ, ܴଵܴdimensional temporal scan to detect the risk regions‐When we use the one 
observation period to [‐28,140]. We consider all possible scanning windows with varying starting point 
and length less than half of the observation period. When we use the one‐dimensional temporal scan to 
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detect the risk region ܴସ, we set the observation period to [1,168]. Similarly, we consider all possible 
scanning windows with varying starting point and length less than half of the observation period. When 
we use the two ‐dimensional time‐time scan statistic to detect the risk regions ܴହ, ܴ଺, and ܴ଻, we use the 
Bernoulli model‐based spatial‐time scan statistic module of the SaTScan software. We use the latitude of 

), set the longitude to a constant, and use ଵܶthe spatial cluster to denote gestational age at vaccination ( 
). The ଶܶthe time scale to denote the number of days between vaccination time and SAB onset date ( 

maximum spatial cluster size is 50% of the study population. The maximum time length is half of the 
observation period [1,168]. All analyses were done with SaTScan version 9.3 (www.satscan.org) and SAS 
9.3 (SAS Institute, Cary, NC). 

C. PERFORMANCE METRICS 

We measured the performance of the scan statistics from two aspects, cluster detection (i.e., how much 
the detected cluster overlaps with the true risk region) and performance assessment on effect 
estimation (e.g., bias, coverage probability of the 95% CI). The latter does not directly measure the 
performance of the scan statistics but measures the performance of the detected risk region on risk 
estimation, the ultimate goal of the empirical study. 

To assess the performance on cluster detection, whenever applicable, we examine the sensitivity and 
specificity in the two‐dimensional time‐time scale, the sensitivity and specificity for each of the two time 

dimensional‐which we define below. The one ீ݌ scales, as well as a newly proposed performance metric 
scale is defined as the proportion of days in the true risk interval that is ଶܶ orଵܶ sensitivity for either the 

scale is ଶܶ orଵܶ dimensional specificity for either the‐included in the detected cluster. Similarly, the one 
defined as the proportion of days outside the risk interval that is outside the detected cluster. For 
instance, suppose the true risk region is [43, 84]x[1, 28] and the detected cluster is [41, 90]x[3, 30], then 

42)=0.94 respectively,‐8)/(168‐42‐scale are 42/42=1 and (168 ଵܶ the sensitivity and specificity for the 
28)=0.99‐2)/(168‐28‐scale are 26/28=0.93 and (168 ଶܶ while the sensitivity and specificity for the 

)ଶ, ܶଵܶtime scale, sensitivity is defined as the proportion of (‐dimensional time‐respectively. In the two 
coordinates inside the intersection of the shaded area and the true risk region (“true positives”) that are 

coordinates ሻଶ, ܶଵሺܶincluded in the detected cluster, while specificity is defined as the proportion of 
inside the shaded area but outside the true risk region (“true negatives”) that are not included in the 
detected cluster. With the same example of the true risk region being [43, 84]x[1, 28] and the detected 
cluster being [41, 90]x[3, 30], the sensitivity and specificity equal ሺ42 ൈ ሺ28 െ 2ሻሻ/ሺ42 ൈ 28ሻ ൌ 0.93  

and ൬1 െ  
ሺଽ଴ିସ଴ሻ∗ሺଷ଴ିଶ଼ሻାଶ∗ሺଶ଼ିଶሻାሺଽ଴ି଼ସሻ∗ሺଶ଼ିଶሻ

ଵ଺଼∗ଵ଺ଽ 
ଶ

൰ ൌ 0.98.
ൗ ା଺ଷ∗଺ସൗଶ 

. When the detected cluster0 ൏ ܩ ൑ 2  denote the sum of sensitivity and specificity. Thus, ܩ We let 
overlaps perfectly with the true risk region, ܩ ൌ 2, otherwise ܩ ൏ 2. If the detected cluster overlaps 

may be close to ܩ poorly with the true risk region and takes in most of the control region instead, then 
0. In this simulation study, because we restrict the length of the scanning window to less than half of the 

values with is ܩ 2000 bounded away from 0. In each setting, we obtain observation ܩ 2000 period, then 
simulated datasets, and create a histogram by partitioning the interval (0,2] into 100 equally sized bins 

values falling into each bin. We also create a “null distribution” ܩ and calculate the proportion of 
values for all possible clusters with the restrictions on maximum cluster ܩ histogram by calculating the 

values ܩ values falling into each of the 100 bins among the ܩ size and calculating the proportions of 
is defined as the sum of the minimums of the ீ݌ from all possible clusters. Then the performance metric 

‐denotes the overlap between the setting ீ݌ specific proportions across all bins. In other words,‐two bin 
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value is, the lesser the overlap, ீ݌ specific histogram and “null distribution” histogram. The smaller the 
as a summary measure of both ீ݌ and the better the performance of the scan statistic. We proposed

measures ܩ the overlap between the empirical distribution of ீ݌ sensitivity and specificity. Moreover, 
and its “null distribution” in an effort to reduce the dependency of this risk metric on specific settings. 
In our simulation study, as the considered risk regions are small relative to the entire plausible region, 

tends to be mainly affected by sensitivity. We ீ݌ specificity tends to be close to 1, in consequence, 
to have a greater utility in other settings with medium to large variations in both sensitivity ீ݌ expect 

and specificity. 

V. RESULTS 

ൌଶܴ , 
, 

we present in two tables the simulation results in 25 settings with varying sample size, measured in the 
, the log odds ratio of being ∗ߠ, and varying effect size, measured in ܰ number of matched pairs 

vaccinated inside vs. outside the risk region between cases and controls. The first table provides results 
on performance assessment on cluster detection, while the second table provides results on 

ሽ൑ 35  ଵܶ െ28 ൑ሼൌଵܴ 14 for seven risk regions:‐We present the simulation results in Tables 1 
ሼ ሽ ሼ ሽ ሼ ሽ൑ 28  ଶ൑ 35 & 1 ൑ ܶ  ଵܶ െ28 ൑ሼൌହܴ ,ሽ൑ 28  ଶ1 ൑ ܶ൑ 84  ଵܶ 43 ൑ ൌଷܴ ,൑ 49  ଵܶ 15 ൑ 

. For each risk region,ሽ൑ 28  ଶܶ ൑ 84 & 1 ൑  ଵܶ 43 ൑ሼൌ଻ܴ , andሽ൑ 28  ଶܶ ൑ 49 & 1 ൑  ଵܶ 15 ൑ሼൌ଺ܴ
ൌସܴ , 

performance assessment on effect estimation. Specifically, in Tables 1, 3, 5, and 7, we present medians 
‐value for the 4 one ீ݌ and robust standard errors for both sensitivity and specificity and the 

dimensional risk regions. The robust standard error is a robust analogue of the conventional standard 
error and is defined as the inter‐quartile range divided by 1.345, the inter‐quartile range for a standard 
normal distribution. The robust standard error equals the conventional standard error if the statistic is 
normally distributed17 but is less sensitive to outliers. In Tables 9, 11, and 13, we present medians and 
robust standard errors for sensitivity and specificity in the two‐dimensional scale, as well as the 

scales respectively. In Tables 2, 4, 6, 8, 10, 12, and 14, we present ଶܶ andଵܶ sensitivity and specificity for 
medians and robust standard errors for the bias of ߠ෠. We also present the relative bias which is defined 
as the median bias divided by ߠ∗ when ߠ∗ ൐ 1. In addition, we present coverage probabilities and 
median width for the 95% CIs of ߠ෠. 

. Specificity is ∗ߠand/or larger ܰ In all settings, as expected, performance improves with larger 
reasonably close to 1 in most settings. This is likely because the risk region is small relative to the control 
region and we restrict the scanning window size by less than half of the observation period. In contrast,

ൌ∗&	ߠൌ 25 ܰ the performance on sensitivity is less satisfactory. Consider the four settings with 
, the sensitivityൌ logሺ2ሻ ൌߠ∗  200 & ܰ , andൌ logሺ3ሻ  ∗ൌ ൌ, ܰ ߠ	&	100 logሺ5ሻ ൌߠ	&∗  50 ܰ ,log	ሺ10ሻ 

equals 81.3%, 84.4%, 82.8%, and 65.6% respectively; the sensitivity for ଵܴ for detecting the risk region 
equals 88.6%, 91.4%, 94.3%, and 88.6% respectively; the sensitivity for ଶܴ detecting the risk region 
equals 78.6%, 78.6%, 69.0%, and 54.8% respectively; the sensitivity for ଷܴ detecting the risk region 

‐equals 89.3%, 89.3%, 89.3%, and 82.2% respectively. Among the four one ସܴ detecting the risk region 
dimensional risk regions, it appears the one‐dimensional temporal scan statistic has better performance 

. They have comparable ସܴ andଶܴ on sensitivity, bias and 95% CIs coverage in detecting risk regions 
has a ଶܴ has a slightly better performance on specificity while ସܴ performance on bias and CIs coverage, 

have worse performance ଷܴ andଵܴ slightly better performance on sensitivity. The risk regions 
it is likely because we exclude early onset SAB cases such that the ,ଵܴ . For ସܴ andଶܴ compared to 

, it ଷܴ 28 versus on day 35. For‐impact on SAB risk is exactly the same if a woman was vaccinated on day 
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is likely because the baseline SAB risk decreases dramatically after 13 weeks gestation, and thus when 
the total number of cases is fixed, a later risk region means a smaller proportion of cases are 
attributable to the exposure of interest. In consequence, it is more difficult to accurately detect the true 
cluster as the effective sample size is smaller. The scan statistic is expected to have better performance 

has either ଶܴ when the contrast between cases and controls is bigger. Therefore it makes sense that
 
based risk regions with SAB risks‐ଵܶ better or comparable performance compared to the other three
 

inଷܴ ,ଷܴ andଵܴ time following vaccination before 20 weeks gestation. Between‐elevated for all person
 
general has better performance on bias and CIs coverage but the performance comparison on sensitivity 

has a ଵܴ based risk regions,‐ଵܶ , among the three ீ݌ varies across settings. For the performance metric 
has a ଵܴ . Here ଷܴ which in turn has better performance than ଶܴ slightly better performance than 

despite a worse performance on sensitivity likely because it has ଶܴ slightly better performance than 
‐ଵܶ has better performance than the ସܴ based risk region‐ଶܶ better performance on specificity. The 

based risk regions. 

The two‐dimensional time‐time statistic does not perform as well as the one‐dimensional temporal scan 
statistic which is not surprising because the number of scanning windows increases dramatically with 
the addition of a second time scale. Moreover, it is more difficult to accurately detect a two‐dimensional 
cluster as it has an additional degree of freedom compared to a one‐dimensional cluster. With the two‐

ܰ time statistic, we observe a similar trend that performance improves with larger‐dimensional time 
and/or larger ߠ∗ although the improvement is smaller than what we observed with the one‐dimensional 
temporal scan statistic. For instance, consider the same four settings with ܰ ൌ  25  & ൌ ∗ߠ  logሺ10ሻ, ܰ ൌ  

dimensional‐, the twoൌ logሺ2ሻ ൌߠ	&∗  200 ܰ , andൌ logሺ3ሻ ൌߠ∗  100 & ܰ ,ൌ logሺ5ሻ  50 ߠ	&	∗ 
, equals 59.4%, 46.3%, ହܴ sensitivity equals 51.2%, 38.9%, 19.2% and 0.0% for detecting the risk region 

, and equals 57.1%, 47.6%, 32.7%, and 15.5% for ଺ܴ 28.7%, and 13.2% for detecting the risk region 
from 25 to 500, the sensitivity for ܰ and increase ൌ logሺ5ሻ .ߠ∗  We fix ଻ܴ detecting the risk region 

, (39.0%, 46.3%, ହܴ detecting the three risks regions equals (35.2%, 38.9%, 41.4%, 64.5%, 88.9%) for 
ൌ∗ߠ; if we fix the ଻ܴ , and (37.2%, 47.6%, 72.3%, 88.1%, 97.6%) for ଺ܴ 72.3%, 88.1%, 96.0%) for 

, (59.4%, 78.6%, 89.9%, 95.5%, ହܴ , the sensitivity equals (51.2%, 61.2%, 74.4%, 84.2%, 96.3%) forlog	ሺ10ሻ 
dimensional risk‐. Among the three two ଻ܴ , and (57.1%, 76.7%, 91.8%, 96.4%, 100.0%) for ଺ܴ 99.0%) for 

regions, all performance metrics provide consistent inference. Specifically, the two‐dimensional time‐
as it has little overlap with the plausible ହܴ time scan statistic has the worst performance in detecting 

has a slightly ଺ܴ ,଻ܴ and଺ܴ region due to the design of excluding SAB cases with early onset. Between 
has a slightly better ଻ܴ ) while൏ 100 ܰbetter performance with small to medium sample size ( 

performance when there are 100 or more matched pairs. This is different from what we observed with
ൌ଻ܴ , which corresponds to ሽ൑ 84  ଵܶ 43 ൑ሼൌଷܴ dimensional scan statistic that the risk region‐the one

dimensional ‐, tends to have worse performance compared to other oneሽ൑ 28  ଶ൑ 84 & 1 ൑ ܶ  ଵܶ 43 ൑ ሼ 
risk regions. It is likely because with the two‐dimensional risk regions, pregnant women have increased 
SAB risks only during the first 28 days if vaccinated during the corresponding gestational period. 
Therefore, despite higher baseline SAB rates in early gestational weeks, the smaller overlap with the 

‐. Across all three two ଺ܴ andହܴ plausible region decreases the performance of the risk regions 

ଶܶ time scan statistic has better performance in the‐dimensional time‐dimensional risk regions, the two 
dimensional temporal‐scale, which is consistent with the performance of the one ଵܶ scale than in the 

scan statistic. This means the scan statistics are better at detecting a cluster defined in terms of the 
number of days between vaccination time and event date than detecting a cluster defined in terms of 
gestational age at vaccination. 
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The 95% CIs have coverage probabilities below nominal level unless it is under the null hypothesis of
ൌ ∗ߠ 0. This is because we used the detected cluster to define the exposure variable for cases and 
controls. Unless the detected cluster overlaps perfectly with the true risk region, the estimator ߠ෠ under‐
estimates ߠ∗ . Moreover, the 95% CIs were constructed using the standard errors from the conditional 
logistic regression without taking into consideration the variation in cluster detection. 

VI. DISCUSSION 

We conducted a comprehensive simulation study to examine the performance of the one‐dimensional 
temporal scan statistic and the two‐dimensional time‐time scan statistic in the context of the MS‐PRISM 
Influenza Vaccines and Pregnancy Outcomes study with a case‐time‐control design. The simulation study 

. For each risk region, we considered 25 settings with varying sample size and effect 

ൌହܴ,ൌସܴ,ൌଶܴ, 
ൌ଺ܴ, 

was designed to examine the association between influenza vaccination and an adverse pregnancy
ൌଵܴoutcome SAB while mimicking the empirical study. We considered seven risk regions:

ሼ ሼ ሽ ሼ ሽ൑ 28ଶ1 ൑ ܶሽ൑ 84  ଵܶ43 ൑ሼൌଷܴ,൑ 49  ଵܶ15 ൑ ሽ൑ 35  ଵܶെ28 ൑ 
൑ଵܶ43 ൑ሼൌ଻ܴ, and ሽ൑ 28  ଶ൑ 49 & 1 ൑ ܶ  ଵܶ15 ൑ ሼሽ൑ 28  ଶ൑ 35 & 1 ൑ ܶ  ଵܶെ28 ൑ ሼ 

ሽ൑ 28  ଶܶ84	&	1 ൑ 
size. 

, bias and 95% CIs ீ݌We considered multiple performance metrics including sensitivity, specificity, 
coverage probability and width of the effect measure estimator ߠ෠. Specificity and 95% CIs width do not 
differ much between the scan statistics and across risk regions. Both scan statistics have better 

dimensional temporal scan statistic has ‐. In general, the one ∗ߠand/or larger ܰperformance with larger 
based risk ‐ଵܶthan the three ସܴbased risk region‐ଶܶbetter or similar performance in detecting the 

whose performance ଷܴandଵܴtends to perform better than ଶܴ,ଷܴ, and ଶܴ,ଵܴregions. Among 
comparison varies across settings and performance metrics. Among the three two‐dimensional risk 

. It seems that other than the ହܴhave comparable performance and are better than ଻ܴand଺ܴregions, 
key factors of sample size and effect size, the scan statistics perform better when the true risk region 
overlaps greatly with the plausible region and also overlaps greatly with the gestational period with high 
baseline incidence of SAB. In other words, a larger proportion of exposure‐attributed cases and a bigger 
contrast between cases and controls would allow the scan statistics to better detect the true risk region. 
The overlap with the gestational period with high baseline incidence of SAB may seem counter‐intuitive 
as higher baseline risk typically leads to less contrast. In our simulation experiments, we fix the total 
number of cases and the OR, therefore a higher baseline incidence means a larger number of exposure‐
attributed cases (i.e., a larger effective sample size). 

In summary, this project has i) successfully demonstrated the feasibility of the two‐dimensional time‐
time scan statistic as a novel application of the space‐time scan statistic, and ii) systematically examined 
the performance of the one‐dimensional temporal scan statistic and the two‐dimensional time‐time 
scan statistic in various settings to guide future implementation. These statistics could potentially be of 
great use for detecting increased risks of pregnancy adverse events for which the pathophysiology is not 
well understood, making it difficult to appropriately define risk intervals. Studying vaccine safety during 
pregnancy is particularly complex because the risk of a vaccine‐related event could be affected by both 
temporal proximity to vaccination and gestational age at vaccination. The scan statistics do require a 
reasonably large sample size to be able to detect the risk region with good accuracy. For instance, with 
an ߠ∗ ൌ logሺ3ሻ, to achieve an 80% sensitivity, we need between 50 and 100 matched pairs for the one‐
dimensional risk regions and between 200 and 500 matched pairs for the two‐dimensional risk regions 
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. The number of SAB cases chart ହܴ . An even larger sample size is required for the risk region ଻ܴ and଺ܴ 
reviewed in the PRISM SAB protocol is limited, so the power of the scan statistics may be limited in that 
setting. However, the temporal scan could theoretically be better powered in future analysis of larger 
sample sizes—for example one that uses the temporal scan initially on automated data only to screen 
for potential risk intervals, and proceeds to chart review of outcomes and gestational age based on 
those data; or alternatively another independent study to confirm these results. We do not recommend 
relying solely on scan statistics to detect the risk region. Instead, the detected cluster from applying the 
scan statistics to automated data shall be used as supplementary information to existing evidence and 
clinical knowledge to help refine the specification of the risk region. 

The simulation study has several limitations. First of all, we did not assess the impact of the study design 
(i.e., the use of live‐births as potential controls) on the performance of scan statistics. Secondly, we did 
not assess the impact of control to case ratio. In a subset of settings we considered higher matching 
ratios such as 4 controls per case and observed limited gains in performance improvement with more 
controls. However, due to time constraints we did not systematically examine its impact across all 

the better, but ீ݌ , the smaller ீ݌ settings. Thirdly, we did not develop a rule to calibrate the value of 
how small is small enough? Fourthly, we did not consider population heterogeneity across Data Partners 
and with gestational age and other risk factors, and did not assess their impact on the performance of 
the scan statistics. Finally, we did not assess the robustness of the scan statistics when there is residual 
confounding such as cases and controls do not have the same baseline vaccination rates. These are all 
very interesting questions that this workgroup did not get to study due to time constraints. These are all 
very interesting questions that are not in the scope of this study. These are great topics for future 
methodology work. 
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VII. TABLES AND FIGURES
 

Table 1. Performance of the one‐dimensional temporal scan statistic on cluster detection, with the
ሽ൑ 35  ଵܶ െ28 ൑ሼൌ૚ࡾtrue risk region 

N 
Sensitivity Specificity 

,ܠܘ൫ࣂ∗൯ ∗ࣂࡳ࢖ ܍ Median Robust 
se 

Median Robust 
se 

25 0,1 0.109 0.116 1 0.057 0.544 

25 0.69,2 0.156 0.232 1 0 0.435 

25 1.10,3 0.219 0.429 1 0 0.399 

25 1.61,5 0.406 0.533 1 0 0.374 

25 2.30,10 0.813 0.44 1 0 0.346 

50 0,1 0.063 0.081 1 0.043 0.487 

50 0.69,2 0.125 0.278 1 0 0.42 

50 1.10,3 0.305 0.591 1 0 0.356 

50 1.61,5 0.844 0.486 1 0 0.332 

50 2.30,10 0.938 0.116 1 0 0.2 

100 0,1 0.047 0.069 1 0.036 0.444 

100 0.69,2 0.141 0.533 1 0 0.386 

100 1.10,3 0.828 0.568 1 0 0.32 

100 1.61,5 0.961 0.093 1 0 0.172 

100 2.30,10 0.984 0.035 1 0 0.054 

200 0,1 0.016 0.046 1 0.029 0.432 

200 0.69,2 0.656 0.637 1 0 0.372 

200 1.10,3 0.969 0.081 1 0 0.165 

200 1.61,5 0.984 0.035 1 0 0.049 

200 2.30,10 1 0.012 1 0 0.018 

500 0,1 0.016 0.035 0.99 0.029 0.408 

500 0.69,2 0.969 0.093 1 0 0.174 

500 1.10,3 0.984 0.023 1 0 0.033 

500 1.61,5 1 0.012 1 0 0.008 

500 2.30,10 1 0 1 0 0.004 

	 N: number of matched pairs in each of the two datasets for cluster detection and effect 

estimation respectively 

	 Robust se: robust standard error which is defined as inter‐quartile range (IQR)/1.345 
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Bias of ࣂ

Table 2. Performance of the one‐dimensional temporal scan statistic on effect estimation, with the
ሽ൑ 35  ଵܶ െ28 ൑ሼൌ૚ࡾtrue risk region 

N ࣂ∗ ൯∗ࣂ൫ܠܘ,  ܍

#sim with 
valid effect 
estimates 

෡ 95% CI 
Median Median/ࣂ∗ Robust 

se 
Coverage 
probability 

Median 
width 

25 0,1 1413 0 . 0.83 0.992 3.578 

25 0.69,2 1554  ‐0.539  ‐0.778 0.727 0.945 3.28 

25 1.10,3 1623  ‐0.693  ‐0.631 0.679 0.87 3.201 

25 1.61,5 1714  ‐0.916  ‐0.569 0.929 0.73 3.099 

25 2.30,10 1671  ‐1.12  ‐0.488 0.893 0.651 3.036 

50 0,1 1623 0 . 0.679 0.988 3.201 

50 0.69,2 1763  ‐0.47  ‐0.678 0.679 0.911 2.63 

50 1.10,3 1855  ‐0.588  ‐0.535 0.727 0.809 2.263 

50 1.61,5 1919  ‐0.629  ‐0.391 0.694 0.708 2.167 

50 2.30,10 1903  ‐0.598  ‐0.26 0.787 0.71 2.413 

100 0,1 1769 0 . 0.601 0.979 2.772 

100 0.69,2 1893  ‐0.379  ‐0.547 0.469 0.863 1.761 

100 1.10,3 1962  ‐0.405  ‐0.369 0.514 0.752 1.426 

100 1.61,5 1992  ‐0.31  ‐0.193 0.532 0.758 1.536 

100 2.30,10 1980  ‐0.248  ‐0.108 0.587 0.82 1.857 

200 0,1 1861 0 . 0.514 0.978 2.4 

200 0.69,2 1959  ‐0.279  ‐0.402 0.378 0.789 0.978 

200 1.10,3 1991  ‐0.191  ‐0.174 0.337 0.788 1 

200 1.61,5 2000  ‐0.148  ‐0.092 0.342 0.834 1.125 

200 2.30,10 1999  ‐0.118  ‐0.051 0.419 0.89 1.378 

500 0,1 1927 0 . 0.401 0.967 1.859 

500 0.69,2 1999  ‐0.117  ‐0.169 0.198 0.794 0.592 

500 1.10,3 2000  ‐0.069  ‐0.063 0.189 0.881 0.648 

500 1.61,5 2000  ‐0.049  ‐0.03 0.202 0.912 0.738 

500 2.30,10 2000  ‐0.024  ‐0.01 0.244 0.934 0.901 

	 N: number of matched pairs in each of the two datasets for cluster detection and effect 

estimation respectively 

	 Robust se: robust standard error which is defined as inter‐quartile range (IQR)/1.345 
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ሽ
Table 3. Performance of the one‐dimensional temporal scan statistic on cluster detection, with the

൑ 49  ଵܶ 15 ൑ሼൌ૛ࡾtrue risk region 

N 
Sensitivity Specificity 

,ܠܘ൫ࣂ∗൯ ∗ࣂࡳ࢖ ܍ Median Robust 
se 

Median Robust 
se 

25 0,1 0 0.191 0.947 0.067 0.617 

25 0.69,2 0.286 0.445 0.977 0.067 0.612 

25 1.10,3 0.486 0.508 0.985 0.072 0.523 

25 1.61,5 0.771 0.424 0.992 0.061 0.422 

25 2.30,10 0.886 0.191 1 0.042 0.33 

50 0,1 0 0.106 0.962 0.05 0.514 

50 0.69,2 0.286 0.561 0.985 0.061 0.554 

50 1.10,3 0.743 0.53 0.992 0.05 0.456 

50 1.61,5 0.914 0.212 0.992 0.045 0.364 

50 2.30,10 0.971 0.085 1 0.022 0.197 

100 0,1 0 0.085 0.977 0.039 0.453 

100 0.69,2 0.543 0.614 0.992 0.045 0.499 

100 1.10,3 0.943 0.212 0.992 0.045 0.366 

100 1.61,5 0.971 0.064 0.992 0.022 0.189 

100 2.30,10 1 0.042 1 0.011 0.085 

200 0,1 0 0.042 0.985 0.033 0.425 

200 0.69,2 0.886 0.381 0.992 0.045 0.418 

200 1.10,3 0.971 0.064 0.992 0.028 0.209 

200 1.61,5 1 0.021 1 0.011 0.08 

200 2.30,10 1 0.021 1 0.006 0.033 

500 0,1 0 0.021 0.985 0.028 0.411 

500 0.69,2 0.971 0.064 0.992 0.028 0.197 

500 1.10,3 1 0.021 1 0.011 0.059 

500 1.61,5 1 0 1 0.006 0.022 

500 2.30,10 1 0 1 0 0.006 

	 N: number of matched pairs in each of the two datasets for cluster detection and effect 

estimation respectively 

	 Robust se: robust standard error which is defined as inter‐quartile range (IQR)/1.345 
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Bias of ࣂ
ሽ

Table 4: Performance of the one‐dimensional temporal scan statistic on effect estimation, with the
൑ 49  ଵܶ 15 ൑ሼൌ૛ࡾtrue risk region 

N ࣂ∗ ൯∗ࣂ൫ܠܘ,  ܍

#sim with 
valid effect 
estimates 

෡ 95% CI 
Median Median/ࣂ∗ Robust 

se 
Coverage 
probability 

Median 
width 

25 0,1 1447 0 . 0.757 0.991 3.578 

25 0.69,2 1571  ‐0.405  ‐0.585 0.679 0.95 3.201 

25 1.10,3 1702  ‐0.405  ‐0.369 0.814 0.91 3.064 

25 1.61,5 1737  ‐0.511  ‐0.317 0.679 0.873 2.994 

25 2.30,10 1659  ‐0.511  ‐0.222 0.814 0.843 3.036 

50 0,1 1619 0 . 0.601 0.981 3.201 

50 0.69,2 1788  ‐0.288  ‐0.415 0.592 0.931 2.295 

50 1.10,3 1909  ‐0.336  ‐0.306 0.554 0.887 1.982 

50 1.61,5 1957  ‐0.31  ‐0.193 0.584 0.861 1.982 

50 2.30,10 1922  ‐0.266  ‐0.115 0.643 0.888 2.381 

100 0,1 1769 0 . 0.601 0.979 2.772 

100 0.69,2 1915  ‐0.208  ‐0.3 0.43 0.92 1.41 

100 1.10,3 1987  ‐0.194  ‐0.177 0.366 0.885 1.299 

100 1.61,5 2000  ‐0.157  ‐0.098 0.401 0.881 1.397 

100 2.30,10 1995  ‐0.124  ‐0.054 0.465 0.92 1.688 

200 0,1 1845 0 . 0.573 0.975 2.457 

200 0.69,2 1983  ‐0.147  ‐0.212 0.275 0.883 0.878 

200 1.10,3 1999  ‐0.113  ‐0.103 0.254 0.885 0.895 

200 1.61,5 2000  ‐0.073  ‐0.045 0.275 0.921 0.992 

200 2.30,10 2000  ‐0.051  ‐0.022 0.329 0.928 1.237 

500 0,1 1931 0 . 0.419 0.972 1.905 

500 0.69,2 2000  ‐0.074  ‐0.107 0.152 0.884 0.536 

500 1.10,3 2000  ‐0.05  ‐0.045 0.159 0.922 0.563 

500 1.61,5 2000  ‐0.026  ‐0.016 0.164 0.943 0.633 

500 2.30,10 2000  ‐0.004  ‐0.002 0.209 0.947 0.789 

	 N: number of matched pairs in each of the two datasets for cluster detection and effect 

estimation respectively 

	 Robust se: robust standard error which is defined as inter‐quartile range (IQR)/1.345 
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ሽ
Table 5: Performance of the one‐dimensional temporal scan statistic on cluster detection, with the

൑ 84  ଵܶ 43 ൑ሼൌ૜ࡾtrue risk region 

N 
Sensitivity Specificity 

,ܠܘ൫ࣂ∗൯ ∗ࣂࡳ࢖ ܍ Median Robust 
se 

Median Robust 
se 

25 0,1 0 0.106 0.937 0.059 0.62 

25 0.69,2 0.143 0.318 0.96 0.071 0.695 

25 1.10,3 0.31 0.424 0.984 0.059 0.655 

25 1.61,5 0.524 0.424 1 0.047 0.553 

25 2.30,10 0.786 0.3 1 0.035 0.415 

50 0,1 0 0.071 0.96 0.041 0.546 

50 0.69,2 0.167 0.335 0.976 0.041 0.619 

50 1.10,3 0.405 0.477 0.992 0.041 0.602 

50 1.61,5 0.786 0.371 1 0.035 0.458 

50 2.30,10 0.905 0.141 1 0.024 0.289 

100 0,1 0 0.071 0.976 0.035 0.481 

100 0.69,2 0.214 0.477 0.992 0.029 0.59 

100 1.10,3 0.69 0.477 1 0.035 0.509 

100 1.61,5 0.929 0.159 0.992 0.029 0.299 

100 2.30,10 0.976 0.071 1 0.018 0.18 

200 0,1 0 0.053 0.984 0.029 0.445 

200 0.69,2 0.548 0.591 0.992 0.029 0.553 

200 1.10,3 0.905 0.221 0.992 0.029 0.343 

200 1.61,5 0.976 0.071 0.992 0.018 0.174 

200 2.30,10 1 0.035 1 0.012 0.089 

500 0,1 0 0.035 0.984 0.035 0.44 

500 0.69,2 0.905 0.229 0.992 0.029 0.362 

500 1.10,3 0.976 0.071 0.992 0.018 0.174 

500 1.61,5 1 0.035 1 0.006 0.083 

500 2.30,10 1 0.018 1 0.006 0.03 

	 N: number of matched pairs in each of the two datasets for cluster detection and effect 

estimation respectively 

	 Robust se: robust standard error which is defined as inter‐quartile range (IQR)/1.345 

Mini‐Sentinel Methods  ‐ 19 ‐ Evaluation of Scan Statistics for Assessing 
Vaccine Safety in Pregnancy 



 
   
 

 
 

      <<Title of Report>>            
       

                           
       

 
 
 

 
 

 

   
   

 

         

     
 

 
 

 
 

               

           

           

           

           

               

           

           

           

           

               

           

           

           

           

               

           

           

           

           

               

           

           

           

           

                                

   

                        

   

Bias of ࣂ
ሽ

Table 6. Performance of the one‐dimensional temporal scan statistic on effect estimation, with the
൑ 84  ଵܶ 43 ൑ሼൌ૜ࡾtrue risk region 

N ࣂ∗ ൯∗ࣂ൫ܠܘ,  ܍

#sim with 
valid effect 
estimates 

෡ 95% CI 
Median Median/ࣂ∗ Robust 

se 
Coverage 
probability 

Median 
width 

25 0,1 1432 0 . 0.715 0.995 3.578 

25 0.69,2 1450  ‐0.693  ‐1 0.814 0.932 3.395 

25 1.10,3 1514  ‐0.588  ‐0.535 0.814 0.892 3.395 

25 1.61,5 1585  ‐0.511  ‐0.317 0.893 0.844 3.201 

25 2.30,10 1478  ‐0.613  ‐0.266 0.814 0.852 3.201 

50 0,1 1616 0 . 0.649 0.989 3.201 

50 0.69,2 1695  ‐0.431  ‐0.621 0.649 0.919 2.994 

50 1.10,3 1837  ‐0.405  ‐0.369 0.649 0.874 2.479 

50 1.61,5 1891  ‐0.288  ‐0.179 0.617 0.864 2.263 

50 2.30,10 1866  ‐0.266  ‐0.115 0.62 0.896 2.435 

100 0,1 1767 0 . 0.601 0.975 2.772 

100 0.69,2 1875  ‐0.266  ‐0.383 0.578 0.898 2.087 

100 1.10,3 1939  ‐0.216  ‐0.197 0.459 0.87 1.532 

100 1.61,5 1995  ‐0.143  ‐0.089 0.418 0.886 1.532 

100 2.30,10 1991  ‐0.128  ‐0.056 0.485 0.923 1.837 

200 0,1 1845 0 . 0.573 0.975 2.457 

200 0.69,2 1970  ‐0.182  ‐0.263 0.375 0.869 1.097 

200 1.10,3 1998  ‐0.143  ‐0.13 0.293 0.884 1.003 

200 1.61,5 2000  ‐0.086  ‐0.053 0.294 0.927 1.079 

200 2.30,10 2000  ‐0.056  ‐0.024 0.348 0.941 1.303 

500 0,1 1912 0 . 0.412 0.965 1.762 

500 0.69,2 1999  ‐0.078  ‐0.112 0.181 0.889 0.618 

500 1.10,3 2000  ‐0.057  ‐0.052 0.17 0.917 0.628 

500 1.61,5 2000  ‐0.034  ‐0.021 0.191 0.937 0.686 

500 2.30,10 2000  ‐0.02  ‐0.009 0.206 0.947 0.825 

	 N: number of matched pairs in each of the two datasets for cluster detection and effect 

estimation respectively 

	 Robust se: robust standard error which is defined as inter‐quartile range (IQR)/1.345 
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Table 7. Performance of the one‐dimensional temporal scan statistic on cluster detection, with the 
true risk region ࡾ૝ ൌ ሼ1 ൑ ଶܶ ൑ 28ሽ 

N 
Sensitivity Specificity 

,ܠܘ൫ࣂ∗൯ ∗ࣂࡳ࢖ ܍ Median Robust 
se 

Median Robust 
se 

25 0,1 0 0.159 0.95 0.085 0.536 

25 0.69,2 0.25 0.344 1 0.053 0.396 

25 1.10,3 0.393 0.45 1 0.026 0.255 

25 1.61,5 0.75 0.424 1 0.016 0.16 

25 2.30,10 0.893 0.212 1 0.005 0.118 

50 0,1 0 0.106 0.964 0.058 0.472 

50 0.69,2 0.179 0.397 1 0.032 0.331 

50 1.10,3 0.679 0.53 1 0.016 0.195 

50 1.61,5 0.893 0.185 1 0.005 0.126 

50 2.30,10 0.964 0.079 1 0.005 0.063 

100 0,1 0 0.053 0.971 0.04 0.433 

100 0.69,2 0.393 0.556 1 0.016 0.263 

100 1.10,3 0.893 0.265 1 0.011 0.142 

100 1.61,5 0.964 0.079 1 0.005 0.063 

100 2.30,10 1 0.026 1 0.005 0.023 

200 0,1 0 0.026 0.979 0.032 0.391 

200 0.69,2 0.821 0.424 1 0.011 0.183 

200 1.10,3 0.964 0.079 1 0.005 0.077 

200 1.61,5 1 0.026 1 0.005 0.022 

200 2.30,10 1 0 1 0 0.011 

500 0,1 0 0.026 0.986 0.032 0.397 

500 0.69,2 0.964 0.079 1 0.005 0.08 

500 1.10,3 1 0.026 1 0 0.02 

500 1.61,5 1 0 1 0 0.006 

500 2.30,10 1 0 1 0 0.003 

	 N: number of matched pairs in each of the two datasets for cluster detection and effect 

estimation respectively 

	 Robust se: robust standard error which is defined as inter‐quartile range (IQR)/1.345 
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N ࣂ∗ ൯∗ࣂ൫ܠܘ,  ܍

#sim with 
valid effect 
estimates 

෡ 95% CI 
Median Median/ࣂ∗ Robust 

se 
Coverage 
probability 

Median 
width 

25 0,1 1437 0 . 0.794 0.993 3.578 

25 0.69,2 1529  ‐0.405  ‐0.585 0.679 0.944 3.28 

25 1.10,3 1625  ‐0.405  ‐0.369 0.814 0.903 3.143 

25 1.61,5 1726  ‐0.431  ‐0.268 0.75 0.879 3.013 

25 2.30,10 1623  ‐0.511  ‐0.222 0.814 0.863 3.013 

50 0,1 1658 0 . 0.679 0.991 3.201 

50 0.69,2 1739  ‐0.288  ‐0.415 0.628 0.931 2.705 

50 1.10,3 1880  ‐0.288  ‐0.262 0.592 0.894 2.024 

50 1.61,5 1955  ‐0.223  ‐0.139 0.565 0.889 1.994 

50 2.30,10 1910  ‐0.143  ‐0.062 0.626 0.914 2.381 

100 0,1 1795 0 . 0.601 0.986 2.863 

100 0.69,2 1908  ‐0.223  ‐0.322 0.467 0.923 1.561 

100 1.10,3 1986  ‐0.15  ‐0.136 0.368 0.903 1.315 

100 1.61,5 1999  ‐0.118  ‐0.073 0.374 0.912 1.376 

100 2.30,10 1994  ‐0.069  ‐0.03 0.471 0.935 1.683 

200 0,1 1862 0 . 0.573 0.97 2.4 

200 0.69,2 1979  ‐0.111  ‐0.16 0.282 0.907 0.894 

200 1.10,3 1999  ‐0.084  ‐0.076 0.238 0.919 0.89 

200 1.61,5 2000  ‐0.048  ‐0.03 0.256 0.94 0.98 

200 2.30,10 2000  ‐0.033  ‐0.014 0.307 0.95 1.193 

500 0,1 1930 0 . 0.381 0.968 1.762 

500 0.69,2 2000  ‐0.048  ‐0.07 0.149 0.911 0.539 

500 1.10,3 2000  ‐0.026  ‐0.023 0.149 0.934 0.561 

500 1.61,5 2000  ‐0.013  ‐0.008 0.171 0.95 0.623 

500 2.30,10 2000 0 0 0.196 0.953 0.765 

Table 8. Performance of the one‐dimensional temporal scan statistic on effect estimation, with the 
true risk region ࡾ૝ ൌ ሼ1 ൑ ଶܶ ൑ 28ሽ 

Bias of ࣂ

	 N: number of matched pairs in each of the two datasets for cluster detection and effect 

estimation respectively 

	 Robust se: robust standard error which is defined as inter‐quartile range (IQR)/1.345 
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N 
Sensitivity Specificity 

,ܠܘ൫ࣂ∗൯ ∗ࣂࡳ࢖ ܍ Sens Spec Sens Spec Median Robust 
se 

Median Robust 
se 

25 0,1 0.238 1 0 0.814 0 0.089 0.948 0.039 0.53 

25 0.69,2 0.222 1 0.214 0.843 0 0.232 0.951 0.04 0.518 

25 1.10,3 0.222 0.981 0.357 0.871 0.197 0.329 0.957 0.038 0.453 

25 1.61,5 0.238 0.971 0.5 0.9 0.352 0.365 0.963 0.041 0.322 

25 2.30,10 0.254 0.971 0.607 0.929 0.512 0.318 0.968 0.044 0.184 

50 0,1 0.206 1 0 0.85 0 0.022 0.962 0.028 0.552 

50 0.69,2 0.206 1 0.214 0.871 0 0.219 0.965 0.03 0.497 

50 1.10,3 0.206 0.99 0.357 0.886 0.192 0.325 0.967 0.032 0.436 

50 1.61,5 0.238 0.981 0.5 0.943 0.389 0.31 0.973 0.035 0.262 

50 2.30,10 0.27 0.981 0.643 0.975 0.612 0.299 0.98 0.038 0.106 

100 0,1 0.159 1 0 0.879 0 0 0.975 0.019 0.638 

100 0.69,2 0.175 0.99 0.214 0.907 0 0.183 0.976 0.022 0.507 

100 1.10,3 0.206 1 0.357 0.929 0.192 0.305 0.98 0.023 0.407 

100 1.61,5 0.238 1 0.536 0.971 0.414 0.345 0.985 0.031 0.207 

100 2.30,10 0.302 1 0.75 0.993 0.744 0.239 0.99 0.031 0.063 

200 0,1 0.127 1 0 0.907 0 0 0.984 0.014 0.811 

200 0.69,2 0.159 1 0.179 0.929 0 0.168 0.986 0.016 0.572 

200 1.10,3 0.19 1 0.393 0.975 0.219 0.372 0.988 0.019 0.365 

200 1.61,5 0.286 1 0.679 0.993 0.645 0.332 0.995 0.018 0.106 

200 2.30,10 0.349 1 0.857 1 0.842 0.124 0.998 0.011 0.031 

500 0,1 0.079 1 0 0.936 0 0 0.992 0.008 0.737 

500 0.69,2 0.159 1 0.25 0.971 0.099 0.278 0.992 0.012 0.493 

500 1.10,3 0.286 1 0.679 0.993 0.666 0.356 0.996 0.013 0.155 

500 1.61,5 0.365 1 0.857 1 0.889 0.121 0.998 0.005 0.031 

500 2.30,10 0.397 1 0.964 1 0.963 0.055 1 0.002 0.007 

Table 9. Performance of the two‐dimensional time‐time scan statistic on cluster detection, with the
ሽ൑ 28  ଶܶ൑ 35 & 1 ൑  ଵܶെ28 ൑ሼൌ૞ࡾtrue risk region 

 ૛ࢀ ૚ࢀ

	 N: number of matched pairs in each of the two datasets for cluster detection and effect 

estimation respectively 

	 Robust se: robust standard error which is defined as inter‐quartile range (IQR)/1.345 
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N ࣂ∗ ൯∗ࣂ൫ܠܘ,  ܍

#sim with 
valid effect 
estimates 

෡ 95% CI 
Median Median/ࣂ∗ Robust 

se 
Coverage 
probability 

Median 
width 

25 0,1 1451 0 . 1.028 0.998 3.92 

25 0.69,2 1437  ‐0.693  ‐1 0.893 0.96 3.92 

25 1.10,3 1493  ‐1.1  ‐1 0.814 0.849 3.92 

25 1.61,5 1489  ‐1.2  ‐0.748 0.679 0.708 3.578 

25 2.30,10 1498  ‐1.49  ‐0.648 0.862 0.598 3.578 

50 0,1 1770 0 . 0.794 0.992 3.201 

50 0.69,2 1742  ‐0.693  ‐1 0.814 0.909 3.201 

50 1.10,3 1729  ‐0.847  ‐0.771 0.679 0.761 2.994 

50 1.61,5 1792  ‐0.916  ‐0.569 0.814 0.642 2.863 

50 2.30,10 1786  ‐1.1  ‐0.477 0.75 0.587 2.654 

100 0,1 1853 0 . 0.636 0.979 2.772 

100 0.69,2 1889  ‐0.588  ‐0.848 0.66 0.854 2.705 

100 1.10,3 1880  ‐0.762  ‐0.694 0.641 0.718 2.53 

100 1.61,5 1927  ‐0.836  ‐0.52 0.645 0.59 2.235 

100 2.30,10 1953  ‐0.815  ‐0.354 0.685 0.572 1.975 

200 0,1 1950 0 . 0.601 0.971 2.4 

200 0.69,2 1953  ‐0.575  ‐0.83 0.592 0.799 2.295 

200 1.10,3 1964  ‐0.657  ‐0.598 0.628 0.665 2.029 

200 1.61,5 1993  ‐0.545  ‐0.338 0.544 0.619 1.518 

200 2.30,10 1999  ‐0.464  ‐0.202 0.532 0.659 1.504 

500 0,1 1978 0 . 0.514 0.972 2.181 

500 0.69,2 1992  ‐0.431  ‐0.621 0.414 0.737 1.761 

500 1.10,3 1998  ‐0.329  ‐0.299 0.378 0.659 0.953 

500 1.61,5 2000  ‐0.233  ‐0.145 0.299 0.746 0.915 

500 2.30,10 2000  ‐0.159  ‐0.069 0.306 0.839 1.017 

Table 10. Performance of the two‐dimensional time‐time scan statistic on effect estimation , with the
ሽ൑ 28  ଶܶ൑ 35 & 1 ൑  ଵܶെ28 ൑ሼൌ૞ࡾtrue risk region 
Bias of ࣂ

	 N: number of matched pairs in each of the two datasets for cluster detection and effect 

estimation respectively 

	 Robust se: robust standard error which is defined as inter‐quartile range (IQR)/1.345 
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N 
Sensitivity Specificity 

,ܠܘ൫ࣂ∗൯ ∗ࣂࡳ࢖ ܍ Sens Spec Sens Spec Median Robust 
se 

Median Robust 
se 

25 0,1 0.229 0.895 0 0.829 0 0.143 0.952 0.039 0.523 

25 0.69,2 0.371 0.917 0.393 0.871 0.173 0.299 0.96 0.039 0.453 

25 1.10,3 0.457 0.94 0.5 0.914 0.281 0.302 0.967 0.04 0.338 

25 1.61,5 0.543 0.977 0.643 0.964 0.39 0.287 0.975 0.042 0.188 

25 2.30,10 0.686 0.992 0.786 0.986 0.594 0.31 0.978 0.047 0.103 

50 0,1 0.2 0.91 0 0.85 0 0.096 0.963 0.029 0.508 

50 0.69,2 0.343 0.94 0.393 0.9 0.177 0.258 0.972 0.034 0.418 

50 1.10,3 0.486 0.955 0.536 0.95 0.281 0.268 0.975 0.034 0.28 

50 1.61,5 0.629 0.985 0.714 0.986 0.463 0.339 0.982 0.039 0.131 

50 2.30,10 0.8 0.992 0.893 1 0.786 0.252 0.982 0.046 0.062 

100 0,1 0.143 0.925 0 0.879 0 0.051 0.975 0.021 0.576 

100 0.69,2 0.343 0.962 0.357 0.943 0.152 0.22 0.981 0.027 0.39 

100 1.10,3 0.514 0.985 0.607 0.986 0.287 0.352 0.987 0.029 0.209 

100 1.61,5 0.771 0.985 0.857 0.993 0.723 0.368 0.986 0.036 0.094 

100 2.30,10 0.886 0.992 0.964 1 0.899 0.114 0.987 0.039 0.038 

200 0,1 0.086 0.94 0 0.907 0 0.027 0.984 0.014 0.721 

200 0.69,2 0.357 0.977 0.357 0.979 0.132 0.245 0.989 0.021 0.363 

200 1.10,3 0.686 0.992 0.786 0.993 0.581 0.474 0.99 0.028 0.145 

200 1.61,5 0.886 0.992 0.964 1 0.881 0.139 0.989 0.031 0.057 

200 2.30,10 0.943 1 1 1 0.955 0.066 0.996 0.014 0.012 

500 0,1 0.057 0.955 0 0.936 0 0 0.991 0.01 0.741 

500 0.69,2 0.6 0.992 0.679 0.993 0.4 0.53 0.993 0.019 0.233 

500 1.10,3 0.886 0.992 0.964 1 0.881 0.139 0.993 0.02 0.057 

500 1.61,5 0.971 1 1 1 0.96 0.056 0.998 0.006 0.011 

500 2.30,10 1 1 1 1 0.99 0.022 1 0.002 0.003 

Table 11. Performance of the two‐dimensional time‐time scan statistic on cluster detection, with the 
ሽ൑ 28  ଶܶ൑ 49 & 1 ൑  ଵܶ15 ൑ሼൌ૟ࡾtrue risk region 

 ૛ࢀ ૚ࢀ

	 N: number of matched pairs in each of the two datasets for cluster detection and effect 

estimation respectively 

	 Robust se: robust standard error which is defined as inter‐quartile range (IQR)/1.345 
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Bias of ࣂ
ሽ

Table 12. Performance of the two‐dimensional time‐time scan statistic on OR estimation, with the 
൑ 28  ଶܶ൑ 49 & 1 ൑  ଵܶ15 ൑ሼൌ૟ࡾtrue risk region 

N ࣂ∗ ൯∗ࣂ൫ܠܘ,  ܍

#sim with 
valid effect 
estimates 

෡ 95% CI 
Median Median/ࣂ∗ Robust 

se 
Coverage 
probability 

Median 
width 

25 0,1 1424 0 . 0.679 0.998 3.92 

25 0.69,2 1485  ‐0.693  ‐1 0.814 0.949 3.578 

25 1.10,3 1488  ‐0.762  ‐0.694 0.845 0.876 3.578 

25 1.61,5 1550  ‐0.916  ‐0.569 0.814 0.785 3.395 

25 2.30,10 1522  ‐1.05  ‐0.456 0.814 0.73 3.28 

50 0,1 1745 0 . 0.757 0.989 3.28 

50 0.69,2 1768  ‐0.511  ‐0.737 0.727 0.907 2.994 

50 1.10,3 1805  ‐0.693  ‐0.631 0.679 0.824 2.772 

50 1.61,5 1845  ‐0.654  ‐0.406 0.649 0.763 2.53 

50 2.30,10 1889  ‐0.734  ‐0.319 0.679 0.711 2.435 

100 0,1 1891 0 . 0.641 0.979 2.772 

100 0.69,2 1922  ‐0.47  ‐0.678 0.679 0.856 2.479 

100 1.10,3 1939  ‐0.511  ‐0.465 0.592 0.775 2.147 

100 1.61,5 1973  ‐0.511  ‐0.317 0.514 0.715 1.676 

100 2.30,10 1992  ‐0.487  ‐0.212 0.526 0.722 1.722 

200 0,1 1950 0 . 0.601 0.978 2.4 

200 0.69,2 1950  ‐0.405  ‐0.585 0.459 0.826 2.095 

200 1.10,3 1990  ‐0.405  ‐0.369 0.416 0.722 1.233 

200 1.61,5 2000  ‐0.364  ‐0.226 0.365 0.686 1.123 

200 2.30,10 2000  ‐0.274  ‐0.119 0.424 0.759 1.309 

500 0,1 1978 0 . 0.514 0.967 2.18 

500 0.69,2 1994  ‐0.269  ‐0.388 0.319 0.745 0.884 

500 1.10,3 2000  ‐0.22  ‐0.2 0.255 0.675 0.7 

500 1.61,5 2000  ‐0.126  ‐0.079 0.241 0.805 0.746 

500 2.30,10 2000  ‐0.074  ‐0.032 0.25 0.898 0.879 

	 N: number of matched pairs in each of the two datasets for cluster detection and effect 

estimation respectively 

	 Robust se: robust standard error which is defined as inter‐quartile range (IQR)/1.345 
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N 
Sensitivity Specificity 

,ܠܘ൫ࣂ∗൯ ∗ࣂࡳ࢖ ܍ Sens Spec Sens Spec Median Robust 
se 

Median Robust 
se 

25 0,1 0 0.865 0 0.829 0 0.096 0.951 0.04 0.534 

25 0.69,2 0.286 0.897 0.393 0.907 0.143 0.265 0.964 0.04 0.462 

25 1.10,3 0.452 0.929 0.571 0.971 0.255 0.344 0.974 0.039 0.365 

25 1.61,5 0.619 0.976 0.679 1 0.372 0.292 0.987 0.032 0.2 

25 2.30,10 0.81 0.992 0.821 1 0.571 0.318 0.993 0.025 0.096 

50 0,1 0 0.881 0 0.85 0 0.048 0.962 0.028 0.518 

50 0.69,2 0.31 0.921 0.429 0.929 0.162 0.252 0.974 0.03 0.4 

50 1.10,3 0.5 0.968 0.589 1 0.276 0.261 0.985 0.028 0.277 

50 1.61,5 0.762 0.984 0.786 1 0.476 0.365 0.99 0.027 0.116 

50 2.30,10 0.905 0.984 0.929 1 0.767 0.279 0.99 0.029 0.063 

100 0,1 0 0.897 0 0.879 0 0.038 0.975 0.019 0.578 

100 0.69,2 0.357 0.944 0.393 0.979 0.155 0.228 0.984 0.022 0.354 

100 1.10,3 0.667 0.976 0.679 1 0.327 0.385 0.989 0.025 0.164 

100 1.61,5 0.929 0.976 0.929 1 0.786 0.318 0.985 0.034 0.075 

100 2.30,10 0.976 0.984 0.964 1 0.918 0.141 0.987 0.03 0.034 

200 0,1 0 0.921 0 0.907 0 0.022 0.984 0.013 0.744 

200 0.69,2 0.405 0.968 0.464 1 0.155 0.269 0.991 0.018 0.29 

200 1.10,3 0.881 0.976 0.857 1 0.702 0.402 0.988 0.03 0.1 

200 1.61,5 0.976 0.976 0.964 1 0.929 0.141 0.987 0.031 0.047 

200 2.30,10 1 0.992 1 1 0.964 0.069 0.992 0.021 0.012 

500 0,1 0 0.944 0 0.943 0 0.009 0.992 0.008 0.716 

500 0.69,2 0.833 0.976 0.821 1 0.582 0.541 0.991 0.03 0.149 

500 1.10,3 0.976 0.976 0.964 1 0.929 0.111 0.987 0.03 0.035 

500 1.61,5 1 0.992 1 1 0.976 0.053 0.993 0.014 0.009 

500 2.30,10 1 0.992 1 1 1 0.026 0.996 0.008 0.003 

Table 13. Performance of the two‐dimensional time‐time scan statistic on cluster detection, with the 
ሽ൑ 28  ଶܶ൑ 84 & 1 ൑  ଵܶ43 ൑ሼൌૠࡾtrue risk region 

 ૛ࢀ ૚ࢀ

	 N: number of matched pairs in each of the two datasets for cluster detection and effect 

estimation respectively 

	 Robust se: robust standard error which is defined as inter‐quartile range (IQR)/1.345 
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Bias of ࣂ
ሽ

Table 14. Performance of the two‐dimensional time‐time scan statistic on effect estimation, with the 
൑ 28  ଶܶ൑ 84 & 1 ൑  ଵܶ43 ൑ሼൌૠࡾtrue risk region 

N ࣂ∗ ൯∗ࣂ൫ܠܘ,  ܍

#sim with 
valid effect 
estimates 

෡ 95% CI 
Median Median/ࣂ∗ Robust 

se 
Coverage 
probability 

Median 
width 

25 0,1 1471 0 . 0.893 0.999 3.92 

25 0.69,2 1438  ‐0.693  ‐1 0.814 0.949 3.92 

25 1.10,3 1444  ‐0.693  ‐0.631 0.814 0.885 3.92 

25 1.61,5 1459  ‐0.916  ‐0.569 1.028 0.833 3.578 

25 2.30,10 1349  ‐0.799  ‐0.347 0.679 0.835 3.92 

50 0,1 1734 0 . 0.757 0.99 3.201 

50 0.69,2 1751  ‐0.511  ‐0.737 0.763 0.922 3.201 

50 1.10,3 1768  ‐0.405  ‐0.369 0.814 0.868 2.977 

50 1.61,5 1836  ‐0.511  ‐0.317 0.679 0.835 2.553 

50 2.30,10 1829  ‐0.405  ‐0.176 0.645 0.861 2.466 

100 0,1 1893 0 . 0.649 0.984 2.772 

100 0.69,2 1909  ‐0.388  ‐0.559 0.613 0.894 2.553 

100 1.10,3 1934  ‐0.351  ‐0.32 0.55 0.852 2.063 

100 1.61,5 1979  ‐0.28  ‐0.174 0.446 0.872 1.636 

100 2.30,10 1996  ‐0.203  ‐0.088 0.499 0.88 1.846 

200 0,1 1947 0 . 0.601 0.976 2.479 

200 0.69,2 1969  ‐0.288  ‐0.415 0.534 0.858 2.024 

200 1.10,3 1994  ‐0.216  ‐0.197 0.353 0.845 1.141 

200 1.61,5 2000  ‐0.184  ‐0.114 0.308 0.862 1.109 

200 2.30,10 2000  ‐0.147  ‐0.064 0.366 0.875 1.3 

500 0,1 1971 0 . 0.527 0.966 2.181 

500 0.69,2 1997  ‐0.158  ‐0.227 0.249 0.857 0.748 

500 1.10,3 2000  ‐0.115  ‐0.105 0.194 0.855 0.663 

500 1.61,5 2000  ‐0.082  ‐0.051 0.193 0.881 0.707 

500 2.30,10 2000  ‐0.059  ‐0.026 0.223 0.915 0.839 

	 N: number of matched pairs in each of the two datasets for cluster detection and effect 

estimation respectively 

	 Robust se: robust standard error which is defined as inter‐quartile range (IQR)/1.345 
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IX. APPENDIX 

eTable 1. Weekly SAB rates per 1000 woman‐week 
Week Days post LMP Weekly rate (per 1000 woman‐weeks)* 

6 36‐42 21.05 
7 43‐49 28.59 
8 50‐56 34.62 
9 57‐63 28.55 
10 64‐70 21.88 
11 71‐77 23.96 
12 78‐84 21.76 
13 85‐91 11.55 
14 92‐98 8.15 
15 99‐105 7.05 
16 105‐112 1.18 
17 113‐119 1.18 
18 120‐126 1.18 
19 127‐133 2.38 
20 132‐140 1.2 
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