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Abstract

Objectives: Interrupted Time Series (ITS) are a type of nonrandomized design commonly used to evaluate public health policy
interventions, and the impact of exposures, at the population level. Meta-analysis may be used to combine results from ITS across
studies (in the context of systematic reviews) or across sites within the same study. We aimed to examine the statistical approaches,
methods, and completeness of reporting in reviews that meta-analyze results from ITS.

Study Design and Settings: Eight electronic databases were searched to identify reviews (published 2000-2019) that meta-analyzed
at least two ITS. Characteristics of the included reviews, the statistical methods used to analyze the ITS and meta-analyze their results,
effect measures, and risk of bias assessment tools were extracted.

Results: Of the 4213 identified records, 54 reviews were included. Nearly all reviews (94%) used two-stage meta-analysis, most
commonly fitting a random effects model (69%). Among the 41 reviews that re-analyzed the ITS, linear regression (39%) and ARIMA
(20%) were most commonly used; 38% adjusted for autocorrelation. The most common effect measure meta-analyzed was an immediate
level-change (46/54). Reporting of the statistical methods and ITS characteristics was often incomplete.

Conclusion: Improvement is needed in the conduct and reporting of reviews that meta-analyze results from ITS. © 2022 The
Authors. Published by Elsevier Inc. This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/

by-nc-nd/4.0/)
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What is new?

Key findings

In our methodological review of 54 reviews that in-
cluded a meta-analysis of results from interrupted
time series (ITS), we found that:

* determining the key characteristics of included ITS
was frequently not possible (eg, time interval of
the datapoints, average number of datapoints per
series);

ITS were frequently re-analyzed for inclusion in
meta-analyses, and the majority of re-analysis mod-
els included level- and slope-change parameters
(i.e. segmented regression model). However, the en-
tire model structure, or if autocorrelation was ad-
justed for, could not commonly be determined; and,
the two-stage meta-analysis was the most com-
mon approach to combine results from multiple
ITS, however the heterogeneity variance estima-
tor and confidence interval method were frequently
not reported. Furthermore, an immediate level-
change was the most commonly meta-analyzed ef-
fect measure and, for the majority, was the only
effect measure used to evaluate the effects of the
interruption.

What this adds to what is known

» There have been a number of methodological re-
views examining meta-analysis methods for includ-
ing randomized and observation study designs, as
well as examining the characteristics of individual
ITS and their analysis. This review provides novel
methodological insight into meta-analyses including
ITS.

What is the implication, and what should change

now

* Improvements are needed in the reporting of
whether and how autocorrelation is accounted for
in the individual series, use of multiple effect
measures (reflecting both immediate and gradual
changes), and in the complete and accurate report-
ing of the analysis methods.

1. Introduction

Interrupted Time Series (ITS) are a type of nonrandom-
ized design commonly used to evaluate public health pol-
icy interventions, and the impact of exposures (eg, natural
disasters), at the population level; henceforth referred to as
an “interruption.” In an ITS, measurements on groups of
individuals are collected repeatedly both before and after
an interruption [1]. The period before the interruption can

be used to estimate the underlying time trend, which when
modeled correctly and projected into the postinterruption
period, provides a counterfactual for what would have oc-
curred in the absence of the interruption [2] (Fig. 1(A)). A
range of effect measures can then be calculated to charac-
terize both the short- and long-term effects of the interrup-
tion (eg, level-change and slope-change). Care is required
in selecting statistical methods to analyze time series data
that appropriately deal with features such as autocorrela-
tion (i.e. the propensity for data points closer in time to
be more similar than points further apart) and seasonality
[1,3-5].

Meta-analysis can be used to estimate a pooled effect
from separate ITS in the context of systematic reviews
(henceforth referred to as a “review of studies”) or “mul-
tiple series” within the same study (eg, regions within a
country) (henceforth referred to as a “primary study with
multiple series”). Two approaches for meta-analyzing re-
sults from ITS have been proposed [6]. These include the
standard two-stage approach, where effect estimates from
each ITS are first computed and then meta-analyzed (see
Fig. 1(B) for an example), and the one-stage approach,
where a single model including all series is fitted to si-
multaneously obtain the combined effect estimates [6].

The specific analytical decisions will be dictated by a
range of factors such as: whether raw time series data are
available (as would be the case in a “primary study with
multiple series,” or if the data could be extracted from
graphs or tables of the included ITS studies in a “review of
studies” [6-9]); the desired meta-analysis approach (one-
or two-stage); and, whether there is a need to re-analyze
the primary ITS studies. Re-analysis of ITS could be nec-
essary when, for example, autocorrelation has not been
accounted for in the original analysis (potentially leading
to estimates of standard errors that are too small) [10-13],
when the model structure in the original analysis is inap-
propriate [14], or when inconsistent effect measures have
been reported across the studies [14—-16]. These decisions
can lead to different analytical pathways as depicted in
Fig. 2(A).

In addition to the analytical decisions, an assessment of
the strengths and weaknesses in the design and conduct of
studies is an essential step for meta-analyses in the context
of systematic reviews [17]. Weaknesses in a study may
introduce bias, and the presence of such bias threatens the
validity of the meta-analysis results [18]. Tools and criteria
for assessing the risk of bias or methodological quality of
ITS studies are less well established than for other study
designs (eg, randomized trials).

To our knowledge, there have been no methodological
reviews examining the approaches and methods used to
meta-analyze effect estimates from ITS. In this review, we
therefore aimed to: (1) investigate whether reviewers re-
analyze the included ITS, and if so, what re-analysis meth-
ods are used; (2) what meta-analysis methods are used;
(3) what effect measures are used, and how completely



E. Korevaar et al./Journal of Clinical Epidemiology 145 (2022) 55-69 57
2 Beck 1990 Harcourt 1988 Poulin 1997
73
A 2 70
> 60-
i 50
5 40
o 304
€ 20
z 0 0
2 Joshi 1988
[
£ 250 ' 8000
z fosg : 6000-
P el
8 50 —Etesmepeerie— | 20007
g 0 | 04 2 :
Z 0 10 20 30 0 5 10 15 20 25 0 5 10 15 20
2 Beck 1987 Maayan 1989 Turner 1987
73
Q
2 goo ] i 1000 : x
' 100 : '
> ' 4 800 '
= 600 ] 80 ) '
I ! ! : ’
B Sl %01 \ 400 .
* 4 " - £l L
g 2004 [ — 20 . e 200 | G
a o) T o ' o =TT
= 0 5 10 15 0 2 4 6 8 0 5 10 15
Time (months)

Immediate level-change % Slope-change %
study (95% CI) Weight| study (95% CI) Weigh
Beck 1980 —L-' 028 (-595,651) 1021 Beck 1990 —-41— -0.48(-236,140) 584
Harcourt 1988 L 053(-1.04,210) 16 54 Harcourt 1988 % -0.19 (-0 46, 0.08) 30.28
Poulin 1997 —‘0— 202(-341,745) 11.33 Poulin 1997 1.37(-9.78,7.04) 035
Joshi 1988 I-O:- 3.94(1.45,6.43) 15.55 Joshi 1988 L 009 (-0.36, 0.54) 2623
Dwyer 1988 I -é-’— 7.76 (404, 11.48) 1385 Dwyer 1988 —i -0.40 (-1.30,0.50) 16.02
Tesoriero 1992 I e 9.86 (582, 13.90) 1338 Tesoriero 1992 —o,}- -0.51(-1.76,0.74) 10.78
Beck 1987 I ———— 10.06 (4.53, 15.59) 1.19 Beck 1987 [+ 1.82 (0.29, 3.35) 8.12
Maayan 1989 | ——— 12.63 (3.85, 21.61) 7.10 Maayan 1989 ——— ] 497 (-830,-164) 212
Tumer 1987 I 1314 (-1979,4607) 085 Turner 1987 ] 1.05(-8.71,10.81) 026
s B Ok p Eaben) ) O 549(237,860) 10000 |Overall DL (I*=51.3%, p = 0.037) (% 20,14 (0,64, 0.36) 100.00

: | : ; | '
-50 0 50 10 0 10

Fig. 1. (A) Nine interrupted time series (ITS) examining the effect of

mass media campaigns on the ordering of HIV tests [19]. The crosses

represent data points, the solid lines represent the pre- and post-interruption trend lines and the dashed line represents the counterfactual trend
line. The green dashed line indicates the time of the interruption, while the capped orange lines indicate the estimated immediate level-change.
(B) Forest plots depicting study-level and meta-analysis estimates of immediate level-change (left) and slope change (right).

the estimated meta-analyzed effects are reported; and (4)
in “reviews of studies,” what tools and domains are used
to assess the risks of bias or methodological quality of the
included ITS studies.

2. Review methods

The paper is structured as follows. In this section, we
briefly describe the review methods, with further details
available in the protocol [15] (deviations from our planned
methods are presented in Appendix A). In Section 3, we
present the results, structured according to Fig. 2(B), and
finally, in Section 4, we present the key findings and im-
plications for practice.

2.1. Eligibility criteria

The complete eligibility criteria are available in the pro-
tocol [15]. The inclusion criteria were:

1) a “review” that included at least two ITS which met the
review authors’ definition of an ITS design; and
2) included at least one meta-analysis of ITS.

Our definition of a “review” was very broad. It in-
cluded “systematic reviews” and “reviews of selected stud-
ies” (both referred to as a “review of studies”), and pri-
mary studies that combined ITS across sites within the
same study (ie, “primary study with multiple series”). We
opted for broad inclusion since our primary interest was in
the meta-analysis methods, which apply regardless of the
particular study design. For ease of description, we use
the term “review” in this paper to refer to both a “review
of studies” and a “primary study with multiple series”,
although we recognize that the latter are not technically
considered reviews.

In determining which included studies in a “review of
studies” were ITS, we used the review authors’ judgments
when these were available, irrespective of the design
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Fig. 2. (A) Depicts possible pathways arising from different analytical decisions. Green boxes represent the one-stage approach, orange and blue
boxes represent the two-stage meta-analysis approach. Pathways 1 to 3 represent “reviews of studies”. Pathways 4 and 5 represent “primary
studies with multiple series.” (B) Identifies the manuscript sections where the results for the pathways are reported.

features they had used to define an ITS (eg, number of

timepoints pre and post). In reviews that used broader

study labels, such as “quasi-experimental,” we applied the

following criteria to define a study as an ITS:

1) a clearly defined timepoint when the interruption oc-
curred; and,

2) at least three datapoints
interruption.

before and after the

2.2. Literature search

Our search strategy was informed by previous publi-
cations that have reviewed ITS studies [11,12,20], and
may be found in the supplementary material of the pro-
tocol [15]. Several databases were searched to capture
the broad range of disciplines that use the ITS design.
To capture reviews in health, we searched MEDLINE
(Ovid), EMBASE (Ovid), Campbell Systematic Reviews,
the Cochrane Database of Systematic Reviews (CDSR)
and 3ie. To capture economic reviews, we searched Econ-
Lit (EBSCOhost) and for psychology and education dis-
ciplines, we searched PsycINFO (Ovid) and ERIC (Pro-
Quest). The search was limited to the period January 1,
2000 to October 11, 2019 for all databases except CDSR
which was limited to January 1, 2000 to August 9, 2019.

2.3. Study selection

Citations identified from the searches were imported
into Endnote X8 [21] to remove duplicates, sorted by most
recent first, and screened against the eligibility criteria.

Abstracts and titles were screened independently and in
duplicate by two members of the review team (E.K., A.K.,
S.L.T., AB.F, and JEM.). Full-text articles of eligible
abstracts were retrieved, sorted by most recent first and
screened (independently and in duplicate by two members
of the review team) until the target sample size of 100 re-
views [15] was reached. Conflicts in screening decisions at
both stages were resolved via discussion among the review
team.

2.4. Comparison-outcome selection

Reviews may include several meta-analyses of ITS for
different comparisons and outcomes (eg, the impact of two
different policies to reduce drink-driving [eg, media cam-
paign or random roadside breath testing] on injury and
fatality rates). We examined the meta-analysis methods for
only one comparison-outcome per review (for which there
could be multiple meta-analyses of different effect mea-
sures) using the following hierarchy of rules:

The comparison-outcome with the largest number of
effect measures (eg, the comparison-outcome with meta-
analyses of level-change and slope-change estimates would
be selected ahead of a comparison-outcome with only a
meta-analysis of level-change estimates);

1) The comparison-outcome with the largest number of

ITS; or
2) The comparison-outcome that was first reported in the

abstract, then the methods section, then the results sec-

tion of the manuscript.
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Justification for this hierarchy is provided in the proto-
col [15]. The selected comparison-outcome was chosen by
a single reviewer (E.K.); any uncertainty in the selection of
the comparison-outcome was resolved through discussion
with the review team.

2.5. Data extraction

Data extraction was undertaken using Research Elec-
tronic Data Capture [22,23], with the list of items available
in Korevaar et al [15,24]. The review team independently
piloted data extraction on 10 reviews to uncover ambigu-
ity, identify missing items and test the logic of the form.
As a result, several items were added, removed or clar-
ified (see Appendix A). Data extraction was performed,
independently, for 41% (22/54) of reviews by two or more
authors (E.K. and A.K., S.L.T., A.B.F. or JEMM.) and by
one author (E.K.) for the remaining 59% (32/54) of re-
views. Inconsistencies or uncertainties in data extraction
were resolved via discussion between the data extractors
or through consultation with the review team.

2.6. Analysis

We summarized the characteristics of included reviews
with descriptive statistics using Stata 15.0 [25].

3. Results
3.1. Search results

The search identified 4,213 records, of which 339 were
eligible for full text screening. Of these, 285 records were
excluded, resulting in 54 included reviews (Fig. Al).

3.2. Characteristics of the included reviews

The 54 included reviews were published between 2005
and 2019 (Fig. A2), with publications steadily increasing
from 2014. The majority of reviews explored public health
interruptions (87%, 47/54), followed by crime (15%, 8/54)
[Table 1]. The interruptions were predominantly targeted
at the population level (63%, 34/54) [eg, state-wide leg-
islation] or organizational level (28%, 15/54) [eg, police
strategy]. The majority of included reviews were “reviews
of studies” (63%, 34/54) [Fig. 2(A), pathways 1-3], while
the remaining were “primary studies with multiple series”
(37%, 20/54) [pathways 4-5].

3.3. Characteristics of included meta-analyses and their
ITS

The median number of ITS for the selected comparison-
outcomes in all reviews was 12 (interquartile range [IQR]:
6-26) [Table 2]. In “reviews of studies”, the median num-
ber of studies was 5 (IQR: 3-7.5), with some studies con-
tributing multiple time series: median number of series 7

(IQR: 6-10. A range of outcome types were analyzed, with
the most common being proportion (31%j; 17/54) and count
(30%; 16/54) outcomes. The most common time interval
was monthly (31%; 17/54); but in 46% (25/54) of reviews,
the interval could not be determined. The average number
of datapoints in a series per meta-analysis had a median
of 48 (IQR: 23-157; N=31) across the reviews, with a
similar number of datapoints pre- and post-interruption.
The characteristics of the included meta-analyses varied
depending on the type of review, with “primary studies
with multiple series” including a larger number of series,
more commonly modeling count outcomes, and including
longer series, than “reviews of studies” (Table 2).

In “reviews of studies”, 65% (22/34) provided a defi-
nition of ITS; half of which used the criteria defined by
the Cochrane Effective Practice and Organisation of Care
(EPOC) Group [26]). In 44% (15/34) of “reviews of stud-
ies,” study designs other than ITS (eg, randomized trials)
were included in the meta-analysis.

3.4. Analysis methods

Of the 54 reviews, 51 (94%) performed a two-stage
meta-analysis (Fig. 2(A): pathways 1, 2, 4), and three per-
formed a one-stage meta-analysis (pathways 3, 5). These
approaches were implemented using a range of statistical
packages (Table 1). In this section, we first report analy-
sis details separated by approach (two-stage [Section 3.4.1]
and one-stage [Section 3.4.2]), followed by additional anal-
ysis issues (approaches for incorporating control series
[Section 3.4.3], investigation of heterogeneity and sensi-
tivity analysis [Section 3.4.4]), and methods for assess-
ing risk of bias in ITS and bias due to missing results
(Section 3.4.5).

3.4.1. Two-stage meta-analysis

Of the 51 reviews using a two-stage meta-analysis, in
41 (80%) the primary studies were (re-)analyzed (where
(re-)analysis includes both analysis in the “primary stud-
ies with multiple series” and re-analysis of ITS studies
in “reviews of studies” to calculate an effect estimate for
each study; Fig. 2(A) pathways 1, 4), in 8 (15%) the avail-
able effect estimates from the primary studies were used
(Fig. 2(A) pathway 2), and in 2 (5%), we could not deter-
mine which approach had been used.

Stage 1: (Re-)analysis of ITS or extraction of effect
estimates from primary studies

In reviews performing their own analysis of primary
data (n = 41), 23 were “reviews of studies” (Fig. 2(A)
pathway 1) and 18 were “primary studies with multiple se-
ries” (Fig. 2(A) pathway 4). In 61% (14/23) of “reviews of
studies”, a reason for re-analyzing the primary ITS studies
was given; the most frequently reported reason was to an-
alyze the study as an interrupted time series (79%, 11/14)
[eg, where the primary study may have been analyzed as
a before-after study] [Table 3]. In 46% (19/41) of reviews,
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Table 1. Characteristics of the included reviews

“Reviews of studies”
(N =34) n (%)

“Primary studies with multiple
series” (N = 20) n (%)

All reviews (N = 54)
n (%)

Discipline/Topic'

Interruption target

Interruption types'

Reported analysis
software

Public health
Crime
Economics
War
Psychology

Population
Organisation
Individual"!
Combination

Policy change

Practice change
Communication (campaign)
Exposure

Educational method
Policing strategy

Clinical intervention

RevMan

Stata

R

SAS

SPSS

Other

Mix!!

Can’t determine

30 (88) 17 (85) 47 (87)
4(12) 4 (20) 8 (15)
0(0) 3(15) 3(6)

0 (0) 1 (5) 1(2)
0(0) 1(5) 1(2)
15 (44) 19 (95) 34 (63)
14 (41) 1(5) 15 (28)
3(9) 0(0) 3(6)

2 (6) 0(0) 2 (4)
21 (62) 14 (70) 35 (65)
13 (38) 0(0) 13 (25)
6 (18) 2 (10) 8 (15)
2 (6) 6 (30) 8(15)
6 (18) 0(0) 6 (11)
3(8) 0(0) 3 (6)
3(9) 0 (0) 3 (6)
11 (41) 0(0) 11 (20)
3(9) 6 (30) 9(17)
2 (6) 3(15) 5(9)

0 (0) 2 (10) 2 (4)
1(3) 0(0) 1(2)
3(9) 0(0) 3(6)
13 (38) 4 (20) 17 (31)
13 5(25) 6(11)

I Multiple response options are possible — percentages sum to greater than 100%.
I Interruptions classified as 'individual-level interruption’ were treatments directed at an individual (eg, treatment with beta-blockers), however,
the measurements were still aggregated over units of time (eg, number of cardiac events each year).
I Reviews were classified as ‘mix’ if they used more than one software package for their analysis.

the model structure was reported. Most models included a
level-change (93%, 38/41), 51% included both a level and
slope-change (21/41), and for 37% (15/41) we could not
determine the entire model structure. The most common
statistical methods were linear regression (52%, 16/31),
Poisson regression (32%, 10/41) and ARIMA (20%, 8/41).
Autocorrelation and seasonality were adjusted for in 51%
(21/41) and 41% (17/41) of reviews respectively, and not
mentioned at all in 29% (12/41) and 44% (18/41) [Table 4].
Only one review adjusted for nonstationarity (2%).

In the majority of reviews that extracted available effect
estimates from the primary studies (Fig. 2(A): pathway 5),
details of acknowledgement or adjustment for autocorre-
lation and seasonality were reported (5/8, 62%), however
none mentioned non-stationarity (Table 4).

Stage 2: Meta-analysis

Seven types of effect measures were meta-analyzed
(Table 5). An immediate level-change was most com-
mon, in 84% of reviews (43/51), followed by long-term
level-change (24%, 12/51) and slope-change (19%, 10/51)
[Table 5, Table Al]. In 75% (38/51) of reviews, only one
type of effect measure was used, which was commonly
the immediate level-change (82%, 31/38). In reviews that
reported multiple effect measures, the most common com-
bination was an immediate level-change and slope-change
(62%, 8/13). Standardization of the effect estimates prior
to meta-analysis was reported in 31% of reviews (16/51)
[Table 5]. The standardization procedures varied, includ-
ing, for example, rescaling each series to the same unit of
time (eg, converting from weekly to monthly datapoints)
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“Reviews of studies” (N = 34) n

(%) or median (IQR)

“Primary studies with multiple series”
(N = 20) n (%) or median (IQR)

All reviews (N = 54) n (%)
or median (IQR)

Number of ITS studies 5(3.0-7.5) N/A
Number of ITS series 7 (6-10)" 17 (7 - 26.5) 12 (6 -26)
Considered control series'!
Yes 9 (26) 8 (40) 17 (31)
No 21 (62) 11 (55) 32 (59)
Can’t determine 4(12) 1(5) 5(9)
Outcome types "'
Proportion 15 (44) 2 (10) 17 (31)
Count 6 (18) 10 (50) 16 (30)
Rate 7 (21) 2 (10) 9(17)
Continuous 2 (6) 4 (20) 6 (11)
Combination 'V 2 (6) 0 2 (4)
Other 1(3) 2 (10) 3 (6)
Can’t determine 1(3) 1 (5) 2(4)
Time interval for datapoints
Days 0 3(15) 3 (6)
Weeks 0 3 (15) 3 (6)
Months 8 (24) 9 (45) 17 (31)
Years 4(12) 2 (10) 6(11)
Can't determine 22 (64) 3(15) 25 (46)
Average' number of datapoints per
series V!
Overall (N=16) (N=15) (N=31)

24 (14 - 33) 157 (48 - 312) 48 (23 - 157)
Preinterruption (N=14) (N=14) (N = 28)

12 (7 - 14) 70 (24 - 133) 23 (11 -90)
Postinterruption (N=14) (N=14) (N=28)

13 (9 -24) 38 (24 -87) 24 (13 -48)
Definition of ITS
Yes 22 (65) N/A N/A
Cochrane Effective Practice and 11 (50)
Organisation of Care criteria V! [26]
ITS have a clearly defined time point 6 (27)
The reviewers defined the number of 11 (50)
datapoints pre- and post-interruption
required by an ITS
No 12 (35) N/A N/A
Combined with other designs
Yes 15 (44) N/A N/A
No 19 (56) N/A N/A

ITS, Interrupted time series. IQR, interquartile range. N/A, not applicable.

I The number of included ITS studies could not be determined for two “reviews of studies,” thus N = 32 for “reviews of studies” and N = 52
for all reviews.

I Reviews were categorized as having ‘considered control series’ if the controls were mentioned in the methods or the results section, regardless
of whether the controls were used in a statistical comparison, a narrative comparison, or if the nature of use could not be determined.

I Multiple response options possible therefore percentages sum to greater than 100%.

V' Combination indicates where reviewers combined multiple data types (eg, combining studies using proportion and rate outcomes).

V The average number of datapoints were calculated across the series included in each review. These averages were then summarized across
the reviews using the median and IQR.

VI Series lengths (overall, pre- and post-interruption lengths) were not available in every review.

VIl Cochrane Effective Practice and Organisation of Care criteria2® defines an ITS study as one which has i) a clearly defined time point when
the interruption occurred, and ii) at least three datapoints before and after the interruption.
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Table 3. Characteristics of the model structure and statistical methods in reviews where primary studies were (re-) analyzed.

“Reviews of studies” “Primary studies with multiple All reviews (N = 41)

(N=23)n (%) series”(N = 18) n (%) n (%)
Reported a reason for (re-)analysis'
Yes 14 (61) N/A N/A
To analyse as an interrupted time series 11 (79)
To calculate the same effect measures across 5 (36)
studies
To adjust for autocorrelation 1(7)
Other 10 (71)
No 9 (39) N/A N/A
Model characteristics
Provided model structure
Yes 7 (30) 12 (67) 19 (46)
No 16 (70) 6 (33) 22 (54)
Included parameters
Level-change only 4(17) 1 (6) 5(12)
Level-change and slope-change 14 (61) 7 (39) 21 (51)
Included level, inclusion of slope could not be 3(13) 9 (50) 12 (29)
determined
Neither level nor slope could be determined 2(9) 1(6) 3(7)
Statistical method
ARIMA 2(9) 6 (33) 8 (20)
Non-ARIMA 19 (83) 12 (67) 31 (76)
Linear regression 13 (68) 3 (25) 16 (52)
Without adjustment for autocorrelation 0 (0) 1 (33) 1(6)
With adjustment for autocorrelation 8 (61) 0 (0) 8 (50)
Prais-Winsten 3(38) 0 (0) 3 (38)
Newey-West 1(13) 0(0) 1(13)
Cannot determine how autocorrelation was adjusted 4 (50) 0 (0) 4 (50)
for
Cannot determine if autocorrelation was adjusted 5 (38) 2 (66) 7 (44)
for
Poisson 1(4) 9 (75) 10 (32)
Without adjustment for autocorrelation 0 (0) 1(11) 1(10)
With adjustment for autocorrelation 1 (100) 3(33) 4 (40)
Included autoregressive lagged terms in their model 0 (0) 3 (100) 3(75)
Cannot determine how autocorrelation was adjusted 1 (100) 0 (0) 1 (25)
for
Cannot determine if autocorrelation was adjusted 0 (0) 5 (56) 5 (50)
for
Negative-binomial without adjustment for 1 (4) 0 (0) 1(3)
autocorrelation
Simple statistical test (i.e. t/z test) ! 4(17) 0 (0) 4 (13)
Can't determine 2 (9) 0 (0) 2 (5)

ARIMA: autoregressive integrated moving average, ITS: Interrupted time series

I Denominator includes “reviews of studies” performing a two-stage meta-analysis and a re-analysis of the included ITS studies (n = 23).
Multiple response options possible— percentages sum to greater than 100%.

Il Effect estimate (eg, odds ratio, risk ratio) calculated from comparing summary statistics in the post- to pre-interruption period (eg, odds
in the post-period to the odds in the preperiod)
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Table 4. Acknowledgement and adjustment for autocorrelation, seasonality and nonstationarity.

Method of obtaining first stage analysis data

Analysis feature mentioned hy

reviewers ! (N =41)
n (%)
Autocorrelation
Yes 28 (68)
No 12 (29)
Can’t determine 1(2)
Seasonality
Yes 23 (56)
No 18 (44)
Non-stationarity
Yes 1(2)
No 40 (98)
Analysis feature adjusted for by reviewers 'Y
Autocorrelation (N=41)
Yes 21 (51)
No 3(7)
Can’t determine 4 (10)
Seasonality (N=41)
Yes 17 (41)
No 4 (10)
Can’t determine 2(5)
Non-stationarity (N=41)
Yes 1(2)

(Re-)analysis of ITS data !

Extraction of effect estimates from
primary studies "

(N=28)

n (%)

5 (62)
3 (38)
0(0)

5 (62)
3(38)

0 (0)
8 (100)

N/A

N/A

N/A

I Reviews were categorised as having ‘mentioned’ the analysis feature if the feature was explicitly mentioned but may or may not have been
adjusted for (eg, “We assessed autocorrelation for each model by examining the plot of residuals and the partial autocorrelation function.”).

I (Re-)analysis of ITS data reflects pathways 1 and 4 (Fig. 2(A)).

I Extraction of effect estimates from primary studies reflects pathway 2 (Fig. 2(A)).
V' Reviews categorised as having ‘adjusted’ for the analysis feature, a subset of reviews that ‘mentioned’ the analysis feature, if they explicitly
stated that the feature was incorporated into the analysis (eg, “To control for autocorrelation, the first-order weekly lagged term of residuals

was included in the model.”).

or accounting for population denominators (eg, incidence
per 100,000).

Of the 51 reviews using two-stage meta-analysis, 50
used pairwise meta-analysis and one used network meta-
analysis. In 42 reviews (82%), meta-analysis of effect esti-
mates was used (with one fitted in a Bayesian framework),
in seven, other methods were used (most commonly calcu-
lating the median effect size and range (5/51, 10%)), and in
two we could not determine the method. Of the 42 reviews
using meta-analysis of effect estimates, the most common
meta-analysis model was the random effects (36/42, 86%)
[Table 5], with the fixed / common effect model used in
14% (6/42) of reviews. Half (27/51, 53%) provided a justi-
fication for their chosen meta-analysis model. Justifications
included using thresholds of heterogeneity/inconsistency to
decide between fixed effect or random effects (eg, ?>50%
would lead to use of random effects meta-analysis), “due

to heterogeneity”, or if studies varied by context and
approach.

In a random effects meta-analysis, the most commonly
used estimator of the heterogeneity variance (72) was
the DerSimonian and Laird method of moments estima-
tor (19/35, 54%), but in 40% (14/35) of the reviews, the
estimator could not be determined. The Wald type confi-
dence interval method was used most commonly (18/35,
51%), and in 15/35 (43%) the method used to estimate the
confidence interval could not be determined.

The calculated pooled effects were commonly reported
in text (38/51, 75%), forest plots (34/51, 67%) and tables
(25/51, 49%) [Table 5]. Other displays included bar graphs
and box plots. From the 51 included reviews, 82 meta-
analyses of effect measures were extracted, because one
comparison-outcome from a review could contribute mul-
tiple meta-analyses of different effect measures (eg, one
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Table 5. Effect measures meta-analysed, meta-analysis methods used, and reporting of justifications and heterogeneity

Effect measure ' “Reviews of studies” “Primary studies with multiple All reviews (N = 51)
(N = 33) n (%) series” (N = 18) n (%) n (%)
Level
Immediate level-change ' 26 (79) 17 (94) 43 (84)
Long-term level-change "V 9 (27) 3 (17) 12 24)
Slope
Change 8 (24) 2 (11) 10 (19)
Pre-interruption slope 103 317 4 (8)
Post-interruption slope 13 2 (11) 3 (6)
Area Under the Curve (AUC) 1 (3 0 (0) 1)
Standardization "
Yes 8 (24) 8 (44) 16 (31)
No 20 (61) 10 (56) 30 (59)
Can’t determine 5 (15) 0 (0) 5 (10)
Meta-analysis method
Meta-analysis of effect estimates 28 (85) 14 (78) 42 (82)
Random effects 25 (89) 11 (79) 36 (86)
Common effect / fixed effect 3 (11 32D 6 (14)
Other methods 5 (15) 2 (11) 7 (14)
Can’t determine 0 (0) 2 (11) 24
Provided a justification for chosen meta-analysis model
Yes 17 (52) 10 (56) 27 (53)
No 16 (48) 8 (44) 24 (47)
Heterogeneity variance estimator *' (N = 24) (N =11 (N = 35)
DerSimonian and Laird 17 (71) 2 (18) 19 (54)
REML 0 (0) 2 (18) 2 (6)
Can’t determine 7 (29) 7 (64) 14 (40)
Confidence interval method "' (N = 24) (N =11 (N=35)
Wald type 17 (71) 109 18 (51)
Hartung-Knapp 14 109 2 (6)
Can’t determine 6 (25) 9 (82) 15 (43)
Method of reporting the effect estimates ' (N =33) (N = 18) (N = 51)
Text 24 (73) 14 (78) 38 (75)
Forest plot 23 (70) 11 (61) 34 (67)
Tables 16 (48) 9 (50) 25 (49)
Other 4 (12) 2 (11) 6 (12)
Effect estimate confidence interval reported "' (N = 55) N = 27) N = 82)
Yes 51 (93) 25 (93) 76 (93)
No 4(7) 2 (7) 6 (7)
Report an estimate of heterogeneity/inconsistency (eg, (N = 55) N =27) N =82
72, 12y Vil
Yes 32 (58) 17 (63) 49 (60)
No 23 (42) 10 (37) 33 (40)

All reviews conducting a two-stage meta-analysis (N = 51).

I Multiple response options are possible — percentages sum to greater than 100%.

' Immediate level-change includes meta-analyses of level-changes with before-after analysis and meta-analyses of level-changes calculated
at the time of the interruption with segmented regression analysis.

I Effect measures were categorized as long-term level-changes where the effect of the interruption was evaluated at some time after the
interruption (ie, using a combination of the level-change and slope-change parameters).

V Two “reviews of studies” included more than one meta-analysis of a long-term level-change (ie, one included three meta-analyses of
long-term level changes, the other included eight), giving a total of 82 meta-analyses from the 51 outcome-comparison assessments.

V' Standardization includes, for example, rescaling each series to the same unit of time (eg, converting from weekly datapoints to monthly
datapoints), dividing by the standard error, or accounting for population denominators (eg, incidence per 100,000).

VI' Denominator includes reviews conducting random effects meta-analysis and excludes the one review conducting a Bayesian random effects
meta-analysis (N = 35).

VIl Denominator includes all meta-analyses extracted from the 51 reviews (N = 82).
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of level-change and one of slope-change). For these 82
meta-analyses, confidence intervals for the pooled effect
were almost always reported (93%, 76/82), however only
for 60% of meta-analyses was a measure of heterogeneity
reported (49/82) [Table 5].

3.4.2. One-stage meta-analysis

In the three reviews that used one-stage meta-analysis,
two were “primary studies with multiple series” (Fig. 2(A):
pathway 1), and one was a “review of studies” (pathway
3). The reviews used different regression models (linear,
negative binomial, logistic). All reviews included a param-
eter to capture the immediate effect of the interruption
(ie, level-change); none included a slope-change param-
eter. Two reviews included a fixed effect for each series
(to allow the intercept to vary across sites/studies), while
one review used a random intercept for each series. One
review mentioned and adjusted for autocorrelation in their
analysis, and one other mentioned but did not adjust for
autocorrelation. None of the three reviews mentioned sea-
sonality or nonstationarity.

3.4.3. Incorporation of control series

Of the included reviews, 31% considered control series
in their analysis (17/54), more than half did not (32/54,
59%) and for five reviews we could not determine whether
control series were used (9%; Table 2). Of those reviews
that considered controls (for at least some of their included
series), the most common approach was to use a unified
model (7/17, 41%; ie, a one-stage approach or to incor-
porate the control series in the first step of a two-stage
meta-analysis [eg, calculating an effect estimate adjusted
for any difference observed in a control series]).

3.4.4. Meta-regression, subgroup, and sensitivity analysis
In 57% (31/54) of reviews, an investigation of hetero-
geneity was conducted using meta-regression (22%, 12/54)
or subgroup analysis (28/54, 52%); in most reviews, these
investigations were noted as planned (Table 6). A sensitiv-
ity analysis was conducted in 56% of reviews (30/54). Ex-
amples included examination of whether the results were
robust to the fitted ITS model (eg, fixing the slopes across
series vs. allowing these to vary) and to the meta-analysis
method (eg, fixed effect vs. random effects meta-analysis).
Reported reasons for failing to conduct the planned sen-
sitivity analyses included few studies, “heterogeneity of
included studies” or “short nature of the time series.”

3.4.5. Methods for assessing risk of bias and bias due to
missing results

In “reviews of studies” (Fig. 2(A): pathways 1-3),
nearly all assessed the risk of bias or methodological qual-
ity of the included ITS (33/34, 97%; Table A2). The most
commonly used tool was the Cochrane EPOC tool [26],
which was used in 55% (19/34) reviews. The EPOC tool
addresses the domains: intervention independent of other

changes, prespecification of the intervention shape (includ-
ing defined time point for the intervention and shape of
the intervention effect), likelihood of the intervention af-
fecting data collection, knowledge of the allocated inter-
ventions adequately prevented during the study, incomplete
outcome data, selective outcome reporting, and other fac-
tors (including, for example, whether seasonality may ex-
plain observed effects) [27].

In 65% (22/34) of reviews, methods used to assess the
presence of reporting bias were planned or undertaken.
The most commonly used methods included funnel plots
(10/13, 77%) and tests for funnel plot asymmetry (8/13,
62%). The most common reason reported for not complet-
ing the planned assessment for reporting bias was that the
number of included effect estimates in the meta-analysis
were too few.

4. Discussion

Our methodological review provides insights into: the
characteristics of 54 reviews that include ITS, their series
and their meta-analyses; the statistical and review methods;
and the completeness of reporting. We found that while
ITS may be included to address particular review questions
(eg, where randomization is not possible, such as when
examining the effects of war), there was a large degree
of diversity in the statistical methods used to (re-)analyze
individual series, meta-analyze results across series, and in
how completely the methods and results were reported. We
now consider these aspects.

4.1. Analysis of ITS

In many systematic reviews, reviewers are restricted to
the aggregate-level summary statistics or effect estimates
reported in the study publications. In ITS studies, graphs
of time series data are commonly presented [16], provid-
ing an opportunity for reviewers to extract the data and
undertake a re-analysis. Re-analyses can be valuable for
overcoming limitations in the original analysis (eg, not al-
lowing for autocorrelation) and to allow for a consistent
effect measure to be calculated for each study for meta-
analysis [15,16]. In our review, we found that re-analysis
was common in “reviews of studies,” with the most com-
monly noted reason being to analyze the data as inter-
rupted time series, when in the original study, this may
not have been the case. In the majority of re-analyses,
the fitted models included variables representing functions
of time, with the most common parameterization includ-
ing variables for level- and slope-change (ie, segmented
regression model); although, we could not determine the
model structure in more than a third of reviews.

A notable percentage of reviews did not report using
a statistical method that adjusted for autocorrelation, or
we could not determine if there was adjustment. Further-
more, in reviews where the effects were extracted from
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Table 6. The number and percentage of reviews that planned and/or conducted meta-regression, subgroup and sensitivity analyses.

“Reviews of studies”  “Primary studies with multiple  All reviews (N = 54)

(N = 34)n (%) series” (N = 20) n (%) n (%)
Meta-regression analysis
Planned' 5 (15) 9 (45) 14 (26)
Conducted 3(9) 9 (45) 12 (22)
Not conducted 2 (6) 0 (0) 2 (4)
Not planned 29 (85) 11 (55) 40 (74)
Conducted 0(0) 0 (0) 0 (0)
Not conducted 29 (8b) 11 (55) 40 (74)
Subgroup analysis
Planned' 22 (65) 13 (65) 35 (65)
Conducted 14 (41) 12 (60) 26 (48)
Not conducted 8 (24) 1 (5) 9 (17)
Not planned 12 (35) 7 (35) 19 (35)
Conducted 1(3) 1 (5) 2(4)
Not conducted 11 (32) 6 (30) 17 (31)
Sensitivity analysis
Planned' 16 (47) 16 (80) 32 (59)
Conducted 11 (32) 16 (80) 27 (50)
Not conducted 5 (15) 0 (0) 5(9)
Not planned 18 (53) 4 (20) 22 (41)
Conducted 3(9) 0 (0) 3 (6)
Not conducted 15 (44) 4 (20) 19 (35)

I'A meta-regression, subgroup or sensitivity analysis was considered to be ‘planned’ if the authors explicitly stated the analysis in their
methods section, or indicated that they had intended to conduct the analysis.

the primary studies (Fig. 2(A): pathway 2), the issue of
autocorrelation was mentioned in less than two thirds of
the reviews. Failing to account for autocorrelation in the
analysis of ITS has been previously identified in method-
ological reviews of ITS studies, which have identified that
autocorrelation was not considered in between 34% and
45% of included ITS [9,11,12,28,29]. The implications of
not accounting for autocorrelation may be amplified in the
context of meta-analysis where multiple unadjusted series
may contribute to the meta-analytic effect having a confi-
dence interval that is too narrow. However, the impact is
likely to depend on the length of the series of the included
ITS. This is because statistical methods that attempt to ad-
just for autocorrelation have been shown to outperform
ordinary least squares for series with more than 12 data
points [5]. Furthermore, the impact may differ by review
type, given the series lengths of the included ITS were
generally longer in “primary studies with multiple series”
than in “reviews of studies” (potentially due to adminis-
trative databases being used more frequently in the former
review type).

4.2. Meta-analysis

When undertaking a two-stage meta-analysis of ITS,
decisions must be made regarding the choice of effect

measure(s). For ITS, multiple effect measures are often
available, which characterize the effects of the interruption
differently. We found that most of the included reviews
using two-stage meta-analysis combined the immediate
level-change, and for the majority, this was the only effect
measure used (Table 3). While the immediate level-change
is important for understanding the interruption’s immediate
impact, presented in isolation, it provides an incomplete
picture. For example, the same immediate level-change
could be observed in two ITS, but with very different
long-term effects (as illustrated in Fig. A3), and thus with
different consequences for policy decisions. Therefore,
using multiple effect measures, or those that integrate level
and slope changes (eg, long-term level-change), is recom-
mended for providing a more complete understanding.
Reviews using two-stage meta-analysis, most com-
monly fit the random effects model. This was perhaps to
be expected, particularly in “reviews of studies,” where
reviewers might expect diversity in characteristics (eg,
populations) across studies, potentially leading to statisti-
cal heterogeneity. Consistent with other studies examining
random effects methods, the DerSimonian and Laird het-
erogeneity variance estimator was dominant, along with
the Wald-type confidence interval for the pooled effect
[30-32]. In the presence of a small number of studies, as
we observed in the “reviews of studies,” these methods
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often yield confidence interval coverage less than the
nominal 95% [33-35].

4.3. Reporting

Complete reporting of characteristics of the primary ITS
studies, the statistical methods used to (re-)analyze the ITS
and meta-analyze their results, are critical for reproducibil-
ity [36,37], and enabling the assessment of whether ap-
propriate and consistent analysis methods have been used.
While the performance of statistical methods for analyz-
ing individual ITS is importantly dependent on the series
length [5,38], in more than half of the reviews the length
of the included series could not be determined, aligning
with previous research [9].

4.4. Strengths and limitations

This review follows a pre-specified protocol, detailing
the systematic review methods [15]. The search of a range
of disciplines enabled retrieval of reviews from health, eco-
nomics, psychology and education. However, our search
strategy has not been validated, so the sensitivity of the
strategy is unknown. In particular, our search may have
missed identifying studies that undertake a one-stage anal-
ysis, where the terms “pooled” or “meta-analysis” were
not noted in the abstract. This may, in part, explain the
small number of reviews of such studies.

We extracted information from the reviews, but not the
primary publications of included ITS. Therefore, our abil-
ity to assess the methods used was hindered by incom-
plete reporting in the reviews. This may have led to an
incomplete catalogue of the methods being used (partic-
ularly for the (re-)analysis of ITS), as well as under- or
over-estimation of the percentage of reviews using partic-
ular methods.

4.5. What this review adds to what is already known

Methodological reviews examining and providing guid-
ance for meta-analysis methods have focused on reviews
including RCTs and observational study designs, but we
are unaware of any that have specifically focused on re-
views including ITS [7,30,39-42]. Therefore, our review
provides novel insight into the meta-analysis methods, ef-
fect measures, and completeness of reporting for this de-
sign, as well as other review methods (eg, risk of bias).

Furthermore, our review provides characteristics of the
included ITS, and the methods review authors have used to
(re-)analyze them. There have been a number of method-
ological reviews examining the characteristics and analy-
sis methods of primary ITS studies [9,11,12,28,29]. The
characteristics of the ITS and methods of analysis in the
present review were generally consistent with the findings
from these other methodological reviews, including the se-
ries length, time interval between datapoints, use of linear

regression as the most common statistical method for ITS
analysis, model structure and acknowledgement of auto-
correlation.

4.6. Implications of this research

For those conducting and reporting ITS studies, com-
plete and accurate reporting of the analysis methods (in-
cluding details of any adjustments [eg, for autocorrelation,
seasonality], model structure, estimation method) and re-
sults (ie, clearly describing the effect measure, effect es-
timate and measure of precision) is critical, not only for
readers to be able to fully interpret the findings, but also for
the study findings to be incorporated into meta-analyses.
Furthermore, provision of the time series data is recom-
mended, as this provides greater opportunity for reviewers
to include the study in a meta-analysis, for example, by ap-
plying consistent ITS analysis methods across the included
series.

Similarly, for those undertaking reviews of ITS, com-
plete and accurate reporting of the analysis methods (at
both the ITS and meta-analysis levels) and results is nec-
essary for readers to fully interpret the findings and assess
their validity. In reviews that meta-analyze the reported ef-
fects from the primary studies, reporting the analysis meth-
ods used in the primary studies is important, as is noting
when they cannot be determined. Furthermore, we recom-
mend that reviewers use multiple effect measures, or effect
measures that integrate changes in level and slope.

5. Conclusions

Reviews examining the effects of interruptions targeted
at populations may meta-analyze results from interrupted
time series. Our review provides novel insight into the sta-
tistical and review methods, and reporting in such reviews.
We found a large diversity in the statistical methods used
to (re-)analyze individual series and meta-analyze results
across series, and in how completely the methods and re-
sults were reported. More attention should be given to ad-
justing for autocorrelation in the individual series, use of
multiple effect measures, and in the complete and accurate
reporting of the analysis methods.

Supplementary materials

Supplementary material associated with this article can
be found, in the online version, at doi:10.1016/].jclinepi.
2022.01.010.
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