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Abstract

A thorough understanding of the cognitive effects of corticosteroids is essential given their frequency of use. This meta-analysis
was conducted to investigate the effects of corticosteroids on the various domains of cognitive functioning, grouped by duration
of use. An electronic search of PsycInfo, Medline and Google Scholar was conducted for all journal articles published between
January 1990 and May 2018. Twenty six studies were included enabling calculation of standardised mean difference (SMD)
using a random effects model for the cognitive domains of divided attention, executive function, expressive language, immediate
memory, processing speed, recent memory, sustained attention, very long term memory and working memory. Results revealed
that corticosteroids had a modest, negative effect on executive function for acute users, recent memory for short term and chronic
users, and very long term memory for acute users. Corticosteroids had a small, significant, positive effect on expressive language

for short term users.
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Corticosteroids are synthetic analogues of the natural steroid
hormones produced by the adrenal cortex. They are a com-
monly prescribed class of drug used to suppress the immune
system and decrease inflammation (Judd et al., 2014), and
include medications such as hydrocortisone, dexamethasone
and prednisolone (Kusljic, Manias, & Gogos, 2016). Since
their discovery in the 1940’s, corticosteroids have become
one of the most widely used and effective treatments for var-
ious inflammatory and autoimmune disorders (Liu et al.,
2013), including respiratory, dermatologic, ophthalmologic,
rheumatologic, pulmonary, haematologic, and gastrointestinal
disorders (Ling, Perry, & Tsuang, 1981).

Despite their beneficial effects, use of corticosteroids has
been associated with a range of behavioural and cognitive side
effects including delirium, depression, mania, and psychosis
(Bhangle, Kramer, & Rosenstein, 2013; Brown, Khan, &
Nejtek, 1999). The terms ‘steroid psychosis’ (Freyne, 2005),
and more recently corticosteroid- induced neuropsychiatric
disturbances (CIPD, Bhangle et al., 2013) have been used to
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describe these diverse affective, behavioural, and cognitive
syndromes.

Corticosteroids act via the low-affinity glucocorticoid (GR)
and the high-affinity mineralocorticoid (MR) receptors
(Schwabe, Schéchinger, de Kloet, & Oitzl, 2010). These re-
ceptors are widely distributed throughout the brain (Belanoff,
Gross, Yager, & Schatzberg, 2001), with the highest concen-
trations of receptors found in the hypothalamus, pituitary, and
hippocampus (de Kloet, Vreugdenhil, Oitzl, & Joels, 1998).
There is some evidence to suggest that chronic exposure of
these brain regions to corticosteroids is associated with a va-
riety of neuroanatomical changes (Sapolsky, Krey, &
McEwen, 1985; Sapolsky, Krey, & McEwen, 2002).
Research using non-human primates, for example, suggests
that exogenous corticosteroid administration is associated
with changes in the hippocampus (Sapolsky, Uno, Rebert, &
Finch, 1990; Uno et al., 1994; Uno, Tarara, Else, Suleman, &
Sapolsky, 1989), however studies using human samples have
generated conflicting results. Some researchers have found no
change in hippocampal volume between short term corticoste-
roid users and controls (Scheel, Strohle, & Bruhn, 2010;
Tessner, Walker, Dhruv, Hochman, & Hamann, 2007).
However, Brown et al. (2013) reported a trend toward a de-
crease in hippocampal activation, and an associated decline in
memory with three days of hydrocortisone use. Brown et al.
(2015) more recently reported a significant reduction in total
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hippocampal volume compared with placebo following brief
hydrocortisone exposure.

Numerous case studies have also highlighted the dele-
terious effects of corticosteroids on cognition. Difficulties
with concentration, memory, working memory, and execu-
tive functioning skills have been reported in both adult
(Brown, 2009; Wolkowitz, Lupien, Bigler, Levin, &
Canick, 2004) and paediatric populations (Barnes &
Pedersen, 1993; Bender, Lerner, & Poland, 1991). In an
early study using a clinical sample, Rome and Braceland
(1952) investigated patients who were being treated with
Cortisone, Hydrocortisone and related substances for vari-
ous diseases. The authors reported that ‘thinking distur-
bances’ were a common symptom of corticosteroid therapy
in these patients. Later research also reported associations
between corticosteroid use and cognitive deficits across a
range of cognitive functions (Hall, Popkin, Stickney, &
Gardner, 1979; Keenan, Jacobson, Soleymani, &
Newcomer, 1995; Lupien, Gillin, & Hauger, 1999), with
a frequent finding being impairment of declarative memo-
ry. Studies have also highlighted the cognitive effects of
corticosteroids in healthy subjects, with memory difficul-
ties often being cited (Newcomer et al., 1999; Wolkowitz,
Reus, Weingartner, Thompson, & Breier, 1990).

However, the finding of cognitive impairment as a result
of corticosteroid use is not unequivocal. Some studies, in-
cluding animal studies, have failed to find significant ef-
fects of corticosteroids on cognition (Lupien et al., 1999),
while others have actually found evidence of
corticosteroid-induced memory enhancement (Buchanan
& Lovallo, 2001; Cottrell & Nakajima, 1977; Lupien
et al., 2002; Sandi, Loscertales, & Guaza, 1997; Sandi &
Rose, 1994).

Research has indicated that the duration of corticoste-
roid use may influence the presence or degree of associated
cognitive impairment in a time dependent manner (Joé€ls,
Pu, Wiegert, Oitzl, & Krugers, 2006). Evidence from a
range of studies demonstrates the detrimental effects of
corticosteroids on cognitive function across multiple time
frames, including acute (Beckwith, Petros, Scaglione, &
Nelson, 1986; Fehm-Wolfsdorf et al., 1993; Kirschbaum,
Wolf, May, Wippich, & Hellhammer, 1996; Lupien et al.,
1999), short term (Brown, 2009; Liu et al., 2013;
Newcomer, Craft, Hershey, Askins, & Bardgett, 1994;
Wolkowitz et al., 1990; Young, Sahakian, Robbins, &
Cowen, 1999), and chronic use (Keenan, Jacobson,
Soleymani, Mayes, & Yaldoo, 1996). These disturbances
appear to be dose-dependent (Warrington & Bostwick,
2006), and cumulative exposure to high levels of cortico-
steroids has been suggested to detrimentally effect cogni-
tion (Lupien et al., 2002). Positively, when cognitive def-
icits have been observed, they have been reported to be
reversible with discontinuation of corticosteroids (Brown

& Chandler, 2001; Wolkowitz, Reus, Canick, Levin, &
Lupien, 1997). However, other researchers have also re-
ported non-significant effects, or even positive effects,
across similar time frames (Denburg, Carbotte, &
Denburg, 1994; Henckens, van Wingen, Joéls, &
Fernandez, 2011). As such, while time-dependent actions
of corticosteroids may be an important predictor of poten-
tial cognitive side effects, this relationship is yet to be
clearly determined in the literature.

One attempt to summarise the disparate findings in the
literature was made by Het, Ramlow, and Wolf (2005) who
conducted a meta-analysis on the effects of cortisol treat-
ment. The researchers examined drug effects on memory
for acute users only. Their results revealed a variable pat-
tern of effects with significantly heterogeneous effect sizes.
Understanding the way in which corticosteroids may affect
memory is clearly clinically useful. However, given the
potential for these drugs to act on a range of brain regions,
including the prefrontal cortex (de Kloet, 1991), a compre-
hensive examination of the potential effects of corticoste-
roids on a range of cognitive domains is important.

The Current Study

Given the frequency with which corticosteroids are used, it
is important to provide a synthesis of the current evidence
in order to better enable clinicians and patients to make
informed decisions regarding the possible impact of these
drugs on cognitive functioning. While the data generated
from Randomised Controlled Trials (RCTs) is regarded as
one of the strongest levels of evidence, many researchers
agree that non-randomised studies (e.g., non-randomised
trials, longitudinal and cohort studies, and controlled be-
fore and after designs, etc.), are also important sources of
evidence and should be an integral part of assessing health
care interventions (for a review see Peinemann, Tushabe,
& Kleijnen, 2013). Although methodological heterogene-
ity certainly exists in the literature, the systematic explora-
tion of this heterogeneity presents opportunities to increase
the relevance of conclusions drawn from included studies,
and to enhance understanding of the evidence as a whole
(Lau, Ioannidis, & Schmid, 1998). As such, in order
to examine a wide evidence base, the current meta-
analysis included appropriate studies of various methodol-
ogies. The primary objective of this meta-analysis was to
investigate the effects of corticosteroids on cognition by
examining their effects across a range of cognitive do-
mains. Given that corticosteroids may differentially affect
cognition as a function of duration of use, the analysis
compared and contrasted the effects of corticosteroids on
cognition, based on duration of use.

@ Springer



290

Neuropsychol Rev (2019) 29:288-312

Method
Inclusion Criteria

Studies were included that examined the effect of corticoste-
roids on cognitive function in adults 18 years of age or older.
We included studies that examined healthy participants, or
those with other illnesses that required treatment with cortico-
steroid medication (e.g., asthma, ophthalmic diseases, rheu-
matic diseases etc.). Participants with psychiatric illnesses
such as PTSD or Major Depressive Disorder were excluded
given the range of cognitive deficits associated with these
disorders (Gil et al. 1990; Rock et al. 2014; Wagner et al.
2015).

Because the aim of the current review was to examine the
impact of corticosteroids on specific domains of cognitive
functioning, only studies that reported results for one or more
cognitive domain were included. Studies reporting only a sin-
gle global cognitive score or screening measure (e.g. MMSE
score) were excluded. Only those studies which employed
objective, standardised measures of cognitive function that
are widely used and referred to in either Lezak, Howieson,
Bigler, and Tranel (2012) or Strauss, Sherman, and Spreen
(2006) were included. Modified versions of tests were includ-
ed if they were reasonably comparable to the standardised test.

A range of study methodologies were included to ensure
that a breadth of information was available for interrogation
and possible inclusion in the meta-analysis. As noted by
Shrier et al. (2007), including a variety of study methodolo-
gies (both observational and randomised) in a meta-analysis is
advantageous in many situations and is becoming more com-
monplace, particularly with regard to intervention studies
(Cameron et al., 2015; Faber, Ravaud, Riveros, Perrodeau,
& Dechartres, 2016; Harvey & Taylor, 2010; Prado, Watt, &
Crowe, 2018). The inclusion of a range of methodologies also
allowed for investigation of potential moderator variables
when examining heterogeneous findings in the literature,
and sensitivity analyses were conducted to investigate poten-
tially disparate findings dependent on study design. As such,
randomised controlled trials, controlled before and after trials,
case controlled, and cohort studies were each eligible for
inclusion.

Search Strategy

An electronic search was conducted for all journal articles
published between January 1990 and May 2018 (last date of
search was the 15th of May 2018). We elected to exclude
studies published prior to 1990 in order to narrow the focus
of the analysis to reasonably contemporary works, while still
facilitating adequate breadth of potential studies for inclusion.
We searched for studies that reported findings from a study or
studies which investigated the effect of corticosteroid drugs on
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cognitive function published in PsycInfo, Medline and
Google Scholar using the following search terms:
beclomethasone, betamethasone, budesonide, corticosteroid,
cortisone, deflazacort, dexamethasone, fludrocortisone, glu-
cocorticoids, hydrocortisone, methylprednisolone, mineralo-
corticoids, prednisolone, prednisone, steroid, triamcinolone
combined with cogniti*, neuropsych*, psychomotor, learning,
memory, language, executive function, attention and social
cognition. The asterisk (i.e., the truncation symbol) allowed
for the inclusion of alternate word endings of the search term
(e.g., cogniti* yielded articles containing cognition or cogni-
tive). Searches were limited to human studies and English
language. The reference lists of previously conducted system-
atic reviews and meta-analyses examining corticosteroids and
cognitive function were also searched for relevant studies, as
were the reference lists of studies identified from the initial
electronic search.

Data Extraction and Statistical Analysis

Titles and abstracts of each of the articles identified in the
search process were screened based on the inclusion/
exclusion criteria outlined above. Full-text articles that passed
the screening process were assessed for eligibility for inclu-
sion in the quantitative analyses. Where there was uncertainty
regarding inclusion, consensus was reached via consultation
with the senior researcher (SC). Data, as outlined below, were
extracted using a standardised form. The following data were
extracted from each included study using a standardised form:
publication details (including, author(s), title, year, journal
name), study characteristics (study design, number of partici-
pants), participant characteristics (health status of participants
and control group, mean age, age range), drug characteristics
(drug type, dose, length of use), outcome measures (cognitive
tests used, cognitive domain assessed) and cognitive test re-
sults required for calculation of effect size (usually means and
standard deviations).

The primary outcome measure was the standardised mean
difference (SMD). Depending on study design, the effect size
indicated the difference between corticosteroid users and con-
trols, or the difference between pre-treatment and post-
treatment scores. When participants were assessed at several
time points, the longest time point from baseline (i.e. end
point) was used in the analysis. For RCTs, an effect size was
calculated using final cognitive scores for treated compared to
placebo (Higgins & Green, 2011). When large pre-treatment
differences in cognitive scores were identified, or if the treat-
ment and control groups were not comparable (e.g., treatment
group with potentially confounding illness compared to a
healthy control group), an effect size was calculated based
on change from baseline. For controlled before and after stud-
ies, uncontrolled pre post studies and cross over designs where
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participants acted as their own controls, the effect size was
calculated as change from baseline.

None of the included studies reported data on the variance
of pre and post test data. As recommended by the Cochrane
Handbook for Systematic Review of Interventions and others
(Follmann, Elliott, Suh, & Cutler, 1992), imputed correlation
coefficients of 0.50 were used to impute the change-from-
baseline standard deviation required to calculate an effect size.
Sensitivity analyses revealed that the imputation of marginally
lower (e.g., 0.2) or higher (e.g., 0.8) values did not significant-
ly alter the effect size or confidence intervals for these out-
comes. If mean and/or standard deviation values were not
reported, these were calculated based on reported confidence
intervals (CI) or p-values. If standard error was reported, this
was converted to standard deviation. Where insufficient data
was provided in the article to calculate an effect size, the
authors were contacted with a request to obtain the required
data. We contacted 17 authors for further information and of
these, two responded with data that could be used in the anal-
ysis (Buchanan & Lovallo, 2001; Otte et al., 2015).

In line with previous research (Het et al., 2005; Waljee
et al., 2017), studies were grouped according to duration of
drug use, with up to one day denoted as acute use, two to
30 days denoted as short term use, and greater that 31 days
use deemed chronic use. Each outcome (i.e., cognitive test
score) was allocated to one of the following cognitive do-
mains: immediate memory (i.e., learning), recent memory
(i.e., free recall, cued recall and recognition), very long term
memory (i.e., semantic and autobiographical), expressive lan-
guage (i.e. naming, word finding, fluency, grammar and syn-
tax), receptive language, sustained attention, divided atten-
tion, selective attention, processing speed, visual perception,
visuospatial/constructional skills, perceptual motor, working
memory or executive function. These cognitive domains are
based on the DSM-5 neurocognitive domains (APA,2013).
Cognitive tests were allocated to each cognitive domain based
on the primary cognitive function it was designed to measure,
or the domain that it is commonly used to measure in neuro-
psychological practice. Strauss et al. (2006) and Lezak et al.
(2012) were used as guides, and test allocation also conforms
to evidence-based practice guidelines developed by Daffner
et al. (2015). Final test allocation decisions were reviewed by
and agreed to by consensus of both authors.

To ensure that each study did not contribute more than one
effect size to the pooled effect, only one effect size per cogni-
tive domain was entered into the analysis. An exception to this
occurred if a single study examined more than one subgroup
or drug, in which case one effect size per subgroup was in-
cluded in the analysis. Because multiplicity of outcome data
was expected to occur in some studies, as recommended by
Tendal et al. (2009), a hierarchy of measurement instruments
was developed a priori that gave preference to neuropsycho-
logical tests most commonly in use. For studies that presented

data for more than one test per cognitive domain, a single test
per cognitive domain was selected based on this hierarchy.
Care was taken to ensure that the scores for a given test pro-
vided independent measures of performance. Thus, sub scores
and total scores from a test could not both be used in the
calculation of an effect size.

Effect sizes were calculated in a multi-stage process. The
first stage involved calculating effect sizes for each test that
was included from each individual study. In most cases, higher
cognitive test scores indicated better performance by the treat-
ment group (i.e., corticosteroid group) compared to the control
group (i.e., placebo group), or better performance after the
administration of corticosteroids in pre post studies.
Therefore, a positive effect size indicates that corticosteroid
drug users performed better than controls, or participant’s
scores improved following drug administration. In cases
where a higher score indicated poorer test performance than
a lower score (e.g., number of errors, timed tasks), the direc-
tion of the effect sizes for these scores were transformed so
that a positive effect size still indicated better performance in
the corticosteroid users.

The calculation of effect size for each outcome, pooling of
effect sizes and tests of heterogeneity were conducted using
the Comprehensive Meta-Analysis Software (CMA). Given
that the studies included in the meta-analyses differed in terms
of several variables (e.g., drug type, length of use, participant
characteristic etc.), a random effects model was used to calcu-
late the pooled effect for each cognitive domain. As noted by
Borenstein, Hedges, Higgins, and Rothstein (2010), the ran-
dom effects model is often the most appropriate model to use
in a quantitative synthesis of existing literature because the
fixed-effect model is based on the assumption that all studies
in the meta-analysis share a common (true) effect size.
Conversely, the random-effects model allows that the true
effect size may vary from study to study. Pooled effect sizes
were calculated separately for each cognitive domain, for
which there were two or more effect sizes. Homogeneity in
effect sizes was tested using the Q statistic (Chi®) for each
cognitive domain. Heterogeneity was quantified using the I?
statistic, where 25% = low, 50% = moderate, and 75% = high
heterogeneity (Higgin, Thompson, Decks, & Altman, 2003).
To explore heterogeneity, the effects of several moderator var-
iables were investigated including study design, length of drug
use, participant age and drug dose.

Risk of Bias

Risk of bias was assessed for all studies included in the
meta-analysis. The risk of bias tool used was developed by
the Cochrane Effective Practice and Organisation of Care
group (EPOC, 2015) and was selected as it is designed to
assess a range of study methodologies including RCTs,
non-randomised controlled trials (NRCTs) and controlled
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before and after (CBA) studies. The following nine stan-
dard criteria were used to assess the risk of bias for all
included studies: allocation sequence generation and con-
cealment, measurement and comparability of baseline
characteristics, incomplete (missing) data, blinding, con-
tamination and selective outcome reporting. Studies were
designated low risk for a given category if the authors
described protocols to protect against the risk of bias, or
if appropriate methods were used to mitigate the noted risk
(e.g., if the groups were found to be imbalanced at base-
line, but appropriate adjusted analysis was performed to
control for this, the studies were denoted low risk).
Studies were designated to be of high risk if the described
protocols were concerning for bias in a given domain. If in-
sufficient information was provided in the paper to determine
the risk of bias, the studies were denoted as unclear risk. Note
that all NRCTs were denoted as not applicable (NA) for allo-
cation sequence generation and concealment. As recommend-
ed by the Cochrane Review Handbook, a funnel plot was
created to assess for publication bias, sometimes referred to
as small sample bias, for all included studies. An Egger’s test
was used to quantitatively assess for plot asymmetry.

Results

The literature search of electronic databases yielded a total of
4619 potentially relevant articles (Fig. 1). An additional 64
records were identified through additional sources. Titles
and abstracts were screened, yielding a total of 163 articles
for full text review. Of these, 26 articles were included in the
meta-analysis.

The relevant demographic information for each study, in-
cluding the cognitive domains studied and the neuropsycho-
logical tests used to examine these domains, is presented in
Table 1. Overall, the analysis included 17 RCTs, four con-
trolled before and after studies, two cohort studies, and three
case controlled studies. The 26 studies included a total of 1991
treatment participants. The mean age across all included stud-
ies was 36.92 years.

As previously stated, pooled effect sizes were calculated
when two or more studies contributed an effect size to that
particular domain. Thus, pooled effect sizes were calculated
for the cognitive domains of divided attention, executive func-
tion, expressive language, immediate memory, processing
speed, recent memory, sustained attention, very long term

Additional records identified
through other sources

(n =64)
'

Fig. 1 Preferred Reporting Items g
for Systematic RCVICW.S and E Records identified through
Meta-Analyvses flow diagram of S database scarching
study selection g (n=4,619)
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Records screened and
duplicates removed
(n=4,683)

A

Abstracts reviewed
(n=774)

Records excluded
(n=611)

|

Full-text articles assessed
for eligibility
(n=163)

A4

[ Included ] [ Eligibility ] [

Studies included in meta-
analysis
(n=26)

Full-text articles excluded
(n=137)

e Insufficient data provided to calculate effect size (n =
23)

© Non standardized / modified tests used to assess
cognition (n = 58)

 Insufficient data provided on protocol / methodology /
results to determine eligibility for inclusion / conduct
ROB etc. (n=11)

 Clear potential confounding effect of other
medications or medical conditions (n = 4)

o Study methodology (e.g., case study, lacked
comparison group or baseline data etc.) (n =24)

* Did not examine effect of one of the target drugs on
cognition (n = 7)

© Did not report results for one or more cognitive
domain (i.e. only composite score provided) (n = 7)

e Data reported elsewhere / already included (n = 3)
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memory and working memory. Summary data for all studies
included in the meta-analysis is presented in Table 2.

In order to investigate whether the effects of corticosteroids
on cognition varied by duration of use, a subgroup analysis
was conducted which compared acute, short term and chronic
users for each cognitive domain.

Divided Attention

Eleven studies examined the effects of corticosteroid use on
divided attention (Ancelin et al., 2012; Brown, Vera, Frol,
Woolston, & Johnson, 2007; Brown et al., 2004; Brunner
et al., 2005; Hajek, Kopecek, Preiss, Alda, & Hoschl, 2006;
Montero-Lopez et al., 2016; Naber, Sand, & Heigl, 1996;
Newcomer et al., 1999; Otte et al., 2015; Vaz, Pradella-
Hallinan, Bueno, & Pompéia, 2011; Wolf et al., 2001). Of
these studies, five evaluated more than one subgroup, provid-
ing a total of 17 independent effect sizes to pool. As shown in
Fig. 2, overall, corticosteroids had a statistically non-
significant effect on divided attention (SMD =0.01, 95%
CI=-0.14 to 0.35, z= 0.17, p=0.86). Heterogeneity was
low, Tau?=0.15; Chi*=20.33, df=16 (p=0.21), I’ =
21.30%. Comparisons between duration of use revealed that
corticosteroids had statistically non-significant effects on di-
vided attention for acute, short term and chronic users (see
Fig. 2). The pooled effect sizes between these three groups
were not significantly different from each other, Chi®=1.21,
df=2 (p=0.55).

Executive Function

Four studies examined the effects of corticosteroid use on
executive function (Montero-Lopez et al., 2016; Vaz et al.,
2011; Wingenfeld, Wolf, Krieg, & Lautenbacher, 2011;
Young et al., 1999). As shown in Fig. 3, overall, corticoste-
roids had a statistically non-significant effect on executive
function (SMD =-0.26, 95% CI=-0.86 to 0.35, z=—0.84
p=0.40). Heterogeneity was moderate, Tau®=0.15; Chi®=
7.05, df=3 (p=0.07), ’=57.47%. Comparisons between
duration of use revealed that corticosteroids had statistically
non-significant effects on executive function for short term
and chronic users, however steroids had a small but statisti-
cally significant negative effect on executive function for
acute users (see Fig. 3). The pooled effect sizes between these
three groups were significantly different from each other,
Chi*=6.29, df=2 (p =0.04).

Expressive Language
Four studies examined the effects of corticosteroid use on
expressive language (Ancelin et al., 2012; Naber et al.,

1996; Newcomer et al., 1999; Vaz et al., 2011). Of these stud-
ies, two evaluated more than one subgroup, providing a total

@ Springer

of eight independent effect sizes to pool. As shown in Fig. 4,
overall, corticosteroids had a statistically non-significant ef-
fect on expressive language (SMD =0.18, 95% CI=-0.28 to
0.65, z= 0.77, p = 0.44). Heterogeneity was moderate, Tau® =
0.05; Chi*=19.46, df=7 (p=0.01), I>=64.02%.
Comparisons between duration of use revealed that cortico-
steroids had statistically non-significant effects on expressive
language for acute and chronic users, however steroids had a
small but statistically significant positive effect on expressive
language for short term users (see Fig. 4). The pooled effect
sizes between these three groups were significantly different
from each other, Chi® = 14.18, df=2 (p=<0.01).

Immediate Memory

Fifteen studies examined the effects of corticosteroid use on
immediate memory (Abercrombie, Kalin, Thurow,
Rosenkranz, & Davidson, 2003; Bremner et al., 2004; Brown,
Beard, Frol, & Rush, 2006; Ancelin et al., 2012; Brown et al.,
2013; Brown et al., 2007; Brown et al., 2004; Brunner et al.,
2005; Groch, Wilhelm, Lange, & Born, 2013; Hajek et al.,
2006; Naber et al., 1996; Newcomer et al., 1994; Vaz et al.,
2011; Wolf et al., 2001; Young et al., 1999). Of these studies,
four evaluated more than one subgroup providing a total of 22
independent effect sizes to pool. As shown in Fig. 5, overall,
corticosteroids had a statistically non-significant effect on im-
mediate memory (SMD =-0.12, 95% CI=—-0.26 to 0.04, z=
—1.50, p=0.13). Heterogeneity was low, Tau® = 0.04; Chi*=
38.14, df=21 (p=0.01), > =44.94%. Comparisons between
duration of use revealed that corticosteroids had statistically
non-significant effects on immediate memory for acute, short
term and chronic users (see Fig. 5). The pooled effect sizes
between these three groups were not significantly different from
each other, Chi? = 0.68, df=2 (p=0.71).

Processing Speed

Four studies examined the effects of corticosteroid use on
processing speed (Meieran, Reus, Webster, Shafton, &
Wolkowitz, 2004; Naber et al., 1996; Vaz et al., 2011;
Wolf et al., 2001) and investigated acute and short term
users only. Of these studies, one evaluated more than one
subgroup, providing a total of four independent effect
sizes to pool. As shown in Fig. 6, overall, corticosteroids
had a statistically non-significant effect on processing
speed (SMD =0.09, 95% CI=-0.34 to 0.50, z= 0.41,
p=0.68). Heterogeneity was low, Tau®=0.00; Chi’*=
2.55, df=3 (p=0.47), I*=0.00%. Comparisons between
duration of use revealed that corticosteroids had statisti-
cally non-significant effects on processing speed for acute
and short term users (see Fig. 6). The pooled effect sizes
between these two groups were not significantly different
from each other, Chi’ = 2.18, df=1 (p=0.14).
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Ejf: § 5‘:" Té E § Recent Memory
© m©o & S =
° % § % E é E‘;EE Twelve studies examined the effects of corticosteroid use on
@ % = 5 %: 2 an T & recent memory (Bremner et al., 2004; Brown et al., 2006;
f & | S gﬂu % fq‘; § 2 ; . Brown et al., 2007; Brown et al., 2004; Brunner et al., 2005;
§ é &8 Té aié Groch et al., 2013; Keenan et al., 1996; Naber et al., 1996;
—§ é = £ § ; 3 é = Newcomer et al., 1994; Otte et gl., 2015; Terfehr et al., 2011;
8 2 § *dé "§ f E % §§ E Wolf et al., 2001). Of these studies, f(?ur evaluated more than
a 8 é SAEEEN one subgroup, providing a total of 15 mdepepdent effect sizes
f g % 5’ % €m E' to pool. As shown in Fig. 7, overall, corticosteroids had a
° % E E ER é) E T statistically non-significant effect on recent memory
fela |SLE3EECE (SMD=—0.40, 95% CI=—091 10 0.1, 2= =1.53, p=0.13).
23| 8 Eﬁqﬂ; z g 5 B § 2 Heterogeneity was moderate, Tau” = 0.12; Chi” = 33.54, df=
2 g 2: £ = o g 14 (p=0.33), I* = 58.25%. Comparisons between duration of
E:; 5 "; Z 2 % = § use revealed that corticosteroids had a statistically non-
= E é A Z" g & Eﬂ g significant effect on recent memory for acute users, however
c‘n% 2 < E"E ; E; ;E“ :gf had small, significant negative effects on shsnt term and
) § E & S 2 = b E; B chronic users (see Fig. 7). The poole('i effect sizes between
SN E g % —z 2 : <5 these three groups were significantly different from each oth-
§°§2§ : §§§ er, Chi® = 12,51, df=2 (p=0.01).
££E2-5F¢%
a % gé éi; :C') EE Sustained Attention
E Hng2s
éﬂ i % i%é :5 g E“go Twelve studies examined the effects of corticosteroid use on
-'%D 2 'éﬁ = z TS, ":‘5 [; sustained attention (Ancelin et al., 2012; Breitk?erg etal.,2013;
@ —% ) %‘ E% % g Brown et al., 2004; Brunner et al., 2005; Hajek et al., 2006;
% 6 3 a é = § § [:D Keenan et al., 1996; Kuhlmann, Kirschbaum, & Wolf, 2005;
i - g 8 = 3 ; § E § Naber et al., 1996; Newcomer et al., 1994; Newcomt.ar etal.,
E g ﬁ = % gﬁfé ; E § 1999; Otte et al., 2015; Vazetal., 2011). Oftbese studies, four
EZe - gL EE evaluated more than one subgroup, prov1d.1ng a total of 18
5 < §§ %‘ ﬁ é § independent effect sizes to pool. As shown in Fig. 8, overall,
g Z gﬁ = a 5 % % corticosteroids had a statistically non-significant effect on
<Zt é E é’ éﬁ %‘“E : & > sustained attention (SMD =-0.03, 95% CI=-0.20 to 0.14,
~ é 209; 5 z ESE ;) z=-0.30, p=0.77). Heterogeneity was low, Tau’ = 0.02;
ﬁ £ i% EEs o’ Chi*=21.72, df=17 (p=0.20), 12:21.74%. Comparisons
g E 2 7 E‘J::, i = k| between duration of use revealed that cortlyostermds had sta-
5 SE€5 ~52 E e tistically non-significant effects on susta?ned attention for
E i g %5 E ;% g < acute, short term and chronic users (see Fig. 8). Thg pooled
3 —§ S:% g 52 g % E effect sizes between these three groups were not significantly
S § g § ¥ g E (7) § § different from each other, Chi?=2.02, df=2 (p=0.36).
- SEc2553%
E % E g é :50 2 ég i Very Long Term Memory
=2 w2 58+~ 8e
;f? § ?’3 E %é f g z Three studies examined the effects of corticosteroid use on
%5 %% § £y gﬁg % very long term memory (Buss, Wolf, Witt, & Hellharpmer,
% & = §D§ § S ‘i; é 2004; Otte et al., 2015; Schlosser et al., 2010) and 1nv§st1gated
= < é z %M;E = acute users only. Each study contributed one effect size, pro-
=) % %E S % é E 5] viding a total of three independent effect. sizes to .pogl. As
qé 52C j; g % E shown in Fig. 9, corticosteroids had a statistically significant
g 9 £ 7 'gé 5 S‘; '32 =) negative effect on very long term memory (SMD =-0.55,
= § ééggzgﬁ% 95% CI=-1.00 to —0.08, z=—22.31,p=0.02).
% z E'E E 8 % § *; % Heterogeneity was low, Tau® = 0.04; Chi®=2.60, df=2 p=
gl & SSEEZEAE 0.27), I = 23.00%.
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Study name

Group by Subgroup within stud@utcome

Length of Drug Use Categorical

Acute Otte et al., 2015 Healthy Divided Attention ~ 0.332 0.411  0.169 -0.474 1.137 0.807 0.420 i
Acute Vaz et al., 2011 NA Divided Attention  -0.326 0.450  0.203 -1.208 0.556 -0.724 0.469 i

Acute Wolf et al., 2001 Old Divided Attention ~ 0.639 0.437  0.191 -0.218 1.496 1.462 0.144 B
Acute Wolf et al., 2001 Young Divided Attention ~ 0.000 0.471  0.222 -0.924 0.924 0.000 1.000

Acute 0.178 0.234  0.055 -0.280 0.635 0.761 0.447

Chronic Ancelin et al., 2012 Men / Inhaled Divided Attention  -0.116 0.157  0.025 -0.423 0.191 -0.742 0.458

Chronic Ancelin et al., 2012 Men / Oral Divided Attention  -0.046 0.240  0.058 -0.517 0.425 -0.191 0.848

Chronic Ancelin et al., 2012 Women / Inhaled Divided Attention ~ 0.276 0.114  0.013 0.053 0.499 2427 0.015 =
Chronic Ancelin et al., 2012 Women / Oral Divided Attention ~ 0.011 0.167  0.028 -0.317 0.339 0.065 0.948

Chronic Brown et al., 2004 NA Divided Attention ~ 0.008 0.354  0.125 -0.687 0.702 0.022 0.982

Chronic Brown et al., 2007 NA Divided Attention  -1.134 0.622  0.387 -2.353 0.085 -1.823 0.068

Chronic Hajek et al., 2006 NA Divided Attention  -0.369 0.422  0.178 -1.195 0.458 -0.874 0.382

Chronic Montero-Lépez et al., 2018A Divided Attention  -0.503 0.242  0.058 -0.976 -0.029 -2.080 0.038 |l

Chronic -0.055 0.097  0.009 -0.246 0.135 -0.571 0.568

Short Term Brunner et al., 2005 Acute Optic Neuritis Divided Attention ~ 0.229 0.338  0.114 -0.433 0.890 0.677 0.498 —
Short Term Brunner et al., 2005 Multiple Sclerosis Divided Attention ~ 0.233 0.221  0.049 -0.200 0.667 1.055 0.291 =
Short Term Naber et al., 1996 Ocular Disease Divided Attention ~ 0.092 0.142  0.020 -0.185 0.370 0.653 0.514

Short Term Newcomer etal., 1999  High Dose Divided Attention  -0.290 0.343  0.118 -0.963 0.383 -0.845 0.398 =

Short Term Newcomer etal., 1999  Low Dose Divided Attention  -0.087 0.336  0.113 -0.744 0.571 -0.258 0.796

Short Term 0.074 0.131  0.017 -0.183 0.330 0.564 0.573

Overall 0.014 0.080  0.006 -0.143 0.170 0.172 0.863

Statistics for each study Std diff in means and 95% CI

Std diff Standard Lower Upper
in means error Variance limit limit Z-Valuep-Value

-1.00 -0.50 0.00 0.50 1.00

Favours Control Favours Drug

Fig. 2 Pooled effect (random effects model) for studies assessing the effects of corticosteroids on divided attention, grouped by duration of use. Note: CI,
confidence interval. Heterogeneity: Tau? = 0.15, Chi*=20.33, df = 16 (p = 0.45), I = 21.30%. Test for subgroup differences: Chi® = 1.21, df=2 (p = 0.55)

Working Memory

Nine studies examined the effects of corticosteroid use on
working memory (Breitberg et al., 2013; Brunner et al.,
2005; Hajek et al., 2006; Henckens et al., 2011; Kuhlmann
et al., 2005; Otte et al., 2015; Vaz et al., 2011; Wingenfeld
et al., 2011; Young et al., 1999). Of these studies, two evalu-
ated more than one subgroup, providing a total of 11 indepen-
dent effect sizes to pool. As shown in Fig. 10, overall, corti-
costeroids had a statistically non-significant effect on working
memory (SMD =0.18, 95% CI=—0.14 t0 0.51, z= 1.10, p=
0.27). Heterogeneity was low, Tau® = 0.09; Chi* = 17.83, df =
10 (p=0.06), I* = 43.91%. Comparisons between duration of
use revealed that corticosteroids had statistically non-
significant effects on working memory for acute, short term
and chronic users (see Fig. 10). The pooled effect sizes be-
tween these three groups were not significantly different from
each other, Chi*=1.36, df=2 (p=0.51).

Group by Study name Subgroup within study Outcome

Length of Drug Use Categorical

Acute Vazetal., 2011 NA Executive Function
Acute Wingenfeld etal., 2011 NA Executive Function
Acute

Chronic Montero-Lépez et al., 201NA Executive Function
Chronic

Short Term Young et al., 1999 NA Executive Function
Short Term

Overall

Additional Moderator Analyses

In order to investigate the potential impact of study design on the
overall pooled effect of corticosteroids on cognition, a meta-
analysis was carried out which pooled the effect sizes across all
cognitive domains. In order to ensure that each study did not
contribute more than one effect size per outcome, where one
study contributed more than one effect size (i.e., cognitive do-
main), the mean of those effect sizes was entered into the anal-
ysis. A subgroup analysis was then conducted comparing study
designs. The analysis revealed that overall, corticosteroids did
not have a statistically significant effect on this combined mea-
sure of cognitive function (SMD =—0.00, 95% CI=-0.20 to
0.03, z=—1.51, p=0.13). Heterogeneity was low, Tau? = 0.03;
Chi*=51.42, df=34 (p=0.03), I*=33.88%. Sixteen RCTs
were included. Of these, five evaluated more than one subgroup,
providing a total of 22 independent effect sizes to pool. The sub-
group analysis revealed that for RCTs, steroids did not have a

Statistics for each study Std diff in means and 95% CI

Std diff  Standard Lower Upper
in means error Variance  limit limit Z-Value p-Value
-1.164 0.484 0.234 -2.112 -0.217 -2.408 0.016 —

-0.636 0.362 0.131 -1.346 0.074  -1.755 0.079
-0.826 0.290 0.084 -1.394 -0.258  -2.848 0.004

0.088 0.238 0.057 -0.379 0.554 0.369 0.712
0.088 0.238 0.057 -0.379 0.554 0.369 0.712
-0.062 0.316 0.100 -0.681 0.558  -0.194 0.846 —
-0.062 0.316 0.100 -0.681 0.558 -0.194 0.846 sy
-0.258 0.309 0.095 -0.863 0347  -0.835 0.404

-1.00  -0.50 0.00 0.50 1.00

Favours Control  Favours Drug

Fig. 3 Pooled effect (random effects model) for studies assessing the effects of corticosteroids on executive function, grouped by duration of use. Note: CI,
confidence interval. Heterogeneity: Tau® = 0.15; Chi*=7.05, df =3 (p = 0.07), I = 57.47%. Test for subgroup differences: Chi®=6.29, df=2 (p =0.04)
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Group by Study name Subgroup within study Outcome Statistics for each study Std diff in means and 95% CI
LEARROEDmg See Categoricat Std diff ~ Standard Lower Upper
in means error Variance  limit limit Z-Value p-Value
Acute Vaz etal., 2011 NA Expressive Language  -0.154 0.448 0201 -1.031 0724 -0343  0.732 ! .'
Acute -0.154 0.449 0202 -1.035 0.727  -0.342 0.733 *—'
Chronic Ancelinetal.,2012 Men/ Inhaled Expressive Language 0.027 0.118 0.014 -0.205 0.259 0.227 0.820
Chronic Ancelin etal.,2012 Men/ Oral Expressive Language  0.193 0.198 0.039 -0.196 0.582 0.974 0.330
Chronic Ancelin etal., 2012 Women / Inhaled Expressive Language  -0.151 0.112 0.013 -0.371 0.068 -1.352 0.176 ——
Chronic Ancelin etal.,2012 Women / Oral Expressive Language  0.072 0.138 0.019 -0.199 0.343 0.523 0.601
Chronic -0.004 0.069 0.005 -0.139 0.131 -0.058 0.954
Short Term Newcomer et al., 199%igh Dose Expressive Language ~ 0.074 0.342 0.117 -0.596 0.743 0.215 0.829
Short Term Newcomer et al., 199%.0w Dose Expressive Language  0.680 0.345 0.119 0.004 1.356 1.972 0.049
Short Term Naber etal., 1996  Ocular Disease Expressive Language  0.601 0.154 0.024  0.299 0.902 3.909 0.000
Short Term 0.534 0.133 0.018 0.273  0.794 4.017 0.000
Overall 0.182 0.238 0.057 -0.284 0.648 0.766 0.444

Fig. 4 Pooled effect (random effects model) for studies assessing the
effects of corticosteroids on expressive language, grouped by duration
of use. Note: CI, confidence interval. Heterogeneity: Tau® = 0.05;

statistically significant effect on cognition (SMD =—0.07, 95%
CI=-0.23 to 0.10, z=-0.78, p=0.43). Two cohort studies
were included. Of these, one evaluated more than one subgroup,
providing a total of five independent effect sizes to pool. The
sub-group analysis revealed that for cohort studies, corticoste-
roids did not have a statistically significant effect on cognition
(SMD =-0.05, 95% CI=-0.28 to 0.18, z=—0.43, p=0.67).
Four CBA studies were included. Of these, one evaluated more
than one subgroup, providing a total of five independent effect
sizes to pool. The sub-group analysis revealed that for CBA’s,
Study name

Group by Subgroup within studyOQutcome

Length of Drug Use Categorical

Acute Abercrombie et al., 2003 20mg Immediate Memory
Acute Abercrombie et al., 2003 40mg Immediate Memory
Acute Grochetal., 2013 Fludrocortisone Immediate Memory
Acute Grochetal , 2013 Hydrocortisone Immediate Memory
Acute Vazetal, 2011 NA Immediate Memory
Acute Woff et al., 2001 Old Immediate Memory
Acute Wolf et al., 2001 Young Immediate Memory
Acute

Chronic Ancelin et al., 2012 Men / Inhaled Immediate Memory
Chronic Ancelin et al, 2012 Men / Oral Immediate Memory
Chronic Ancelin et al, 2012 ‘Women / Inhaled Immediate Memory
Chronic Ancelin et al., 2012 Women / Oral Immediate Memory
Chronic Brown et al., 2004 NA Immediate Memory
Chronic Brown et al, 2007 NA Immediate Memory
Chronic Hajek et al., 2006 NA Immediate Memory
Chronic

Short Term Bremner et al., 2004 Non-PTSD Immediate Memory
Short Term Brown et al., 2006 NA Immediate Memory
Short Term Brownetal, 2013 NA Immediate Memory
Short Term Brunner et al., 2005 Acute Optic Neuritis  Immediate Memory
Short Term Brunner et al., 2005 Multiple Sclerosis Immediate Memory
Short Term Naber et al., 1996 Ocular Disease Immediate Memory
Short Term Newcomer etal,, 1994 NA Immediate Memory
Short Term Young et al., 1999 NA Immediate Memory
Short Term

Overall

Fig. 5 Pooled effect (random effects model) for studies assessing the
effects of corticosteroids on immediate memory, grouped by duration of
use. Note: CI, confidence interval. Heterogeneity: Tau?=0.04, Chi®=

@ Springer

-1.00  -0.50 0.00 0.50 1.00

Favours Control  Favours Drug

Chi*=19.46, df=7 (p=0.01), 1*=64.02%. Test for subgroup
differences: Chi® = 14.18, df=2 (p=<0.01)

corticosteroids did not have a statistically significant effect on
cognition (SMD =-0.08,95% CI=-0.36t0 0.20,z=—0.58,p =
0.56). Two case controlled studies were included. Of these, one
evaluated more than one subgroup, providing a total of three
independent effect sizes to pool. The sub-group analysis revealed
that for case controlled studies, corticosteroids did not have a
statistically significant effect on cognition (SMD =-0.41, 95%
CI=-0.87 to 0.05, z=—1.76, p=0.08). Results from the four
included study designs were not significantly different from each
other, Chi* =2.07, df=3 (p = 0.56).

Statistics for each study Std diff in means and 95% CI

Std diff Standard Lower Upper

inmeans error Variance limit limit Z-Value p-Value

0281 0266 0071 -0241 0802 1054 0292 ——i——
0182 0263 0069 -0334 0698 0691 0490 et
20208 0355 0126 -0903 0487 -0587 0557 =

0274 0355 0126 -0423 0970 0770 0441 &
<0813 0465 0217 -1724 0099 -1746 0081 [k

10372 0430 0185 -1215 0471 -0.865 0387 s

20075 0472 0222 -1000 0849 -0.160 0.873

20018 0159 0025 -0330 0294 -0.113 0910

20130 0119 0014 -0363 0.103 -1094 0274

0042 0196 0039 -0342 0427 0216 0829

0140 0111 0012 -0.076 0357 1269 0.204

0096 0142 0020 -0.182 0373 0677 0498

0844 0370 0137 -1569 -0.120 -2284 0022 [elie—fum—

41386 0643 0413 -2647 -0126 -2156 0.031

20413 0425 0181 -1247 0420 -0972 0331 1z

20106 0121 0015 -0343 0131 -0874 0382 <
20152 0379 0144 -0896 0591 -0.402 0.688 -

20203 0184 0034 -0564 0159 -1098 0272 -1
20455 0271 0074 -098 0077 -1677 0094 [t

20260 0339 0115 -0924 0404 -0768 0443 =

<0.787 0250  0.062 -1277 -0298 -3.151 0.002 fefli—t—

0125 0142 0020 -0.153 0403 0880 0379 —til—
0836 0479 0229 -0.103 1775 1744 0.081 -
20178 0317 0100 -0.799 0443 -0561 0575 =

20184 0125 0016 -0429 0061 -1471 0.141

20115 0076 0006 -0264 0035 -1503 0.133 ’

-1.00 -0.50 0.00 050 1.00

Favours Control  Favours Drug

38.14, df=21 (p=0.01), I*=44.94%. Test for subgroup differences:
Chi’=0.68, df=2 (p=0.71)
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Group by Study name Subgroup within studyOutcome
Length of Drug Use Categorical

Acute Vazetal, 2011 NA Processing Speed
Acute Wolf et al., 2001 Old Processing Speed
Acute Wolf et al., 2001 Young Processing Speed
Acute

Short Term Naber et al., 1996 Ocular Disease Processing Speed
Short Term

Overall

Std diff Standard

Statistics for each study Std diff in means and 95% CI

Lower Upper

in means error Variance limit limit Z-Value p-Value
-0.399 0.452 0.204 -1.284 0.486 -0.883  0.377 (—h
-0.133 0.427 0.182 -0.969 0.704 -0.311 0.756 ' s
-0.016 0.471 0.222 -0.940 0.907 -0.035 0.972
-0.185 0.259 0.067 -0.693 0.323 -0.715  0.475 $
0.252 0.144 0.021 -0.030 0.534 1.755 0.079 -.-
0.252 0.144 0.021 -0.030 0.534 1755 0.079
0.087 0.212 0.045 -0.329 0.502 0.408  0.683 4

-1.00 -0.50 0.00 0.50 1.00

Favours Control  Favours Drug

Fig.6 Pooled effect (random effects model) for studies assessing the effects of corticosteroids on processing speed, grouped by duration of use. Note: CI,
confidence interval. Heterogeneity: Tau? = 0.00, Chi® =2.55, df=3 (p=047), > =0.00%. Test for subgroup differences: Chi’=2.18, df=1 (p=0.14)

As the analysis included studies with healthy partici-
pants, as well as some clinical groups (e.g., acute optic
neuritis, asthma, etc.), a meta-analysis was carried out
which pooled the effect sizes across all cognitive domains
and a subgroup analysis was then conducted comparing
healthy and clinical participant groups. The analysis re-
vealed that overall, corticosteroids did not have a statisti-
cally significant effect on either the clinical group
(SMD =-0.17, 95% CI=-0.42 to 0.07, z=-1.40, p=
0.16), or the healthy group (SMD=-0.06, 95% Cl=
—0.19 to 0.07, z=-0.94, p=0.54). Results revealed that
the clinical and healthy groups were not significantly dif-
ferent from each other, Chi® = 0.63, df=1 (p=0.43).

Given that the studies included in the meta-analysis inves-
tigated cognition in participants of varying ages, a random
effects meta-regression analysis was applied to estimate the
relationship between SMD and the mean age of participants in
each study. The meta-regression revealed that age was not
significantly related to the overall pooled effect size, Q-
Model was 4.55 with df=1 and p=0.33. A random effects
meta-regression analysis was also applied to estimate the re-
lationship between SMD and study year. Results revealed that
study year was not significantly related to the overall pooled
effect size, Q-Model was 0.08 with df=1 and p =0.78.

To investigate the potential impact of drug dose on the
overall pooled effect of corticosteroids on cognition, drug

Std diff Standard

Group by Study name Subgroup within study Qutcome
Length of Drug Use Categorical

in means
Acute Grochetal, 2013 Fhdrocortisone Recent Memory 0417
Acute Grochetal , 2013 Hydrocortisone Recent Memory 0.012
Acute Otte et al., 2015 Healthy Recent Memory 0.682
Acute Terfehr et al., 2011 Healthy Recent Memory  -0.250
Acute Wolfetal., 2001 Old Recent Memory 0.201
Acute Woff et al., 2001 Young Recent Memory  -0.052
Acute 0.082
Chronic Brownetal, 2004 NA Recent Memory  -0.772
Chronic Brown etal , 2007 NA Recent Memory  -0.918
Chronic Keenan et al., 1996 NA Recent Memory  -0.801
Chronic -0.808
Short Term Bremner etal, 2004  Non-PTSD Recent Memory  -0.662
Short Term Brown et al., 2006 NA Recent Memory  -0.656
Short Term Brunner et al., 2005 Acute Optic Neuritis ~ Recent Memory  -0.392
Short Term Brunner et al.. 2005 Multiple Sclerosis Recent Memory  -0.641
Short Term Naber et al., 1996 Ocular Disease Recent Memory  -0.667
Short Term Newcomer etal, 1994 NA Recent Memory 0.936
Short Term -0.522
Overall -0.397

Fig. 7 Pooled effect (random effects model) for studies assessing the
effects of corticosteroids on recent memory, grouped by duration of use.
Note: CI, confidence interval. Heterogeneity: Tau?=0.12, Chi® =33.54,

error
0.357
0.354
0.420
0.199
0.427
0.471
0.160
0.367
0.607
0.294
0.245
0.389
0.201
0.346
0.240
0.156
0.484
0.133
0.260

Statistics for each study

Variance
0.128
0.125
0.176
0.040
0.183
0.222
0.025
0.135
0.368
0.086
0.060
0.151
0.041
0.120
0.057
0.024
0.234
0.018
0.067

Lower
limit
-0.283
-0.681
-0.141
-0.640
-0.637
-0.976
-0.231
-1.491
-2.108
-1377
-1.288
-1.424
-1.051
-1.070
-1.111
-0.973
-0.012
-0.782
-0.906

Upper

limit
1.118
0.705
1.505
0.139
1.039
0.872
0.395
-0.052
0.271
-0.224
-0.328
0.101
-0.262
0.286
-0.172
-0.360
1.885
-0.262
0.112

df=14 (p=0.01), I*=58.25%.
1251, df=2 (p=0.01)

1.168
0.035
1.624
-1.260
0.470
-0.110
0.515
-2.101
-1513
-2.724
-3.298
-1.701
-3.260
-1.133
-2.676
-4.264
1.935
-3.939
-1.530

Std diff in means and 95% CI

Z-Value p-Value

0.243

0.972
0.104
0.208

0.639

0.913
0.607

0.036

0.130
0.006
0.001

0.089
0.001

0.257
0.007
0.000
0.053
0.000
0.126

-1.00  -0.50

Favours Control

Iy
It

.

=

0.00

0.50  1.00

Favours Drug

Test for subgroup differences: Chi® =
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Group by Study name Subgroup within studQutcome

Length of Drug Use Categorical

Std diff Standard

Lower

Statistics for each study

Upper

Std diff in means and 95% CI

Acute Breitberg et al., 2013 High Dose Sustained Attention
Acute Breitberg et al., 2013 Low Dose Sustained Attention
Acute Kuhlmann et al., 2005NA Sustained Attention
Acute Otte et al., 2015 Healthy Sustained Attention
Acute Vaz et al., 2011 NA Sustained Attention
Acute

Chronic Ancelin et al., 2012 Men / Inhaled Sustained Attention
Chronic Ancelin et al., 2012 Men / Oral Sustained Attention
Chronic Ancelin et al., 2012 Women / Inhaled Sustained Attention
Chronic Ancelin et al., 2012 Women / Oral Sustained Attention
Chronic Brown etal., 2004 NA Sustained Attention
Chronic Hajek etal., 2006 NA Sustained Attention
Chronic Keenan et al., 1996 NA Sustained Attention
Chronic

Short Term Brunner et al., 2005 Acute Optic Neuritis  Sustained Attention
Short Term Brunner et al., 2005 Multiple Sclerosis Sustained Attention
Short Term Naberetal., 1996  Ocular Disease Sustained Attention
Short Term Newcomer et al., 1994NA Sustained Attention
Short Term Newcomer et al., 199%High Dose Sustained Attention
Short Term Newcomer et al., 199Low Dose Sustained Attention
Short Term

Overall

Fig. 8 Pooled effect (random effects model) for studies assessing the
effects of corticosteroids on sustained attention, grouped by duration of
use. Note: CI, confidence interval. Heterogeneity: Tau?=0.02, Chi®=

doses were converted to prednisone equivalents (Meikle &
Tyler, 1977; Webb & Singer, 2005). A random effects meta-
regression analysis was then applied to estimate the relation-
ship between SMD and the mean drug dose administered to
participants in each study. Two studies were excluded from
this analysis as the specific type of corticosteroid drug used in
the study was not reported (Ancelin et al., 2012; Brown et al.,
2007). When drug dose was reported as mg/kg (Wolf et al.,
2001), the drug dose entered into the analysis was estimated
based on average adult weight statistics published by the
Australian Bureau of Statistics (ABS, 2012). The meta-
regression revealed that drug dose was not significantly relat-
ed to the overall pooled effect size, Q-Model was 0.39 with

Group by Study name Subgroup within studyOutcome

Length of Drug Use Categorical

Acute Buss et al., 2004 NA Very Long Term Memory
Acute Otte et al., 2015 Healthy Very Long Term Memory
Acute Schlosser et al., 2010 Healthy Very Long Term Memory
Acute

Overall

in means error Variance limit limit Z-Value p-Value
0.107 0.302 0.091 -0.484 0.699 0.355 0.723 —
-0.198 0.302 0.091 -0.791 0.394 -0.656 0.512 —
-0.367 0.357 0.127 -1.066 0.332 -1.029 0.303 &
0.000 0.408 0.167 -0.800 0.800 0.000 1.000 +
-0.883 0.468 0.219 -1.801 0.036 -1.884 0.060 |
-0.203 0.168 0.028 -0.533 0.127 -1.203  0.229
0.048 0.146 0.021 -0.238 0.333 0.326 0.744
0.087 0.219 0.048 -0.344 0.517 0.394 0.693
-0.137 0.132 0.017 -0.395 0.121 -1.040 0.298
0.016 0.172 0.030 -0.320 0.353 0.095 0.924
-0.270 0.356 0.127 -0.968 0.427 -0.760 0.447
1.513 0.598 0.357 0.341 2.684 2.531 0.011
-0.449 0.286 0.082 -1.011 0.112 -1.569 0.117 jm—f—t
-0.031 0.094 0.009 -0.215 0.153 -0.329 0.742
0.573 0.360 0.129 -0.132 1.278 1.592 0.111 i‘—j
0.006 0.218 0.048 -0.421 0.434 0.030 0.976
0.171 0.142 0.020 -0.109 0.450 1.197 0.231 -'.—
0.356 0.463 0.214 -0.551 1.264 0.769 0.442
-0.322 0.344 0.118 -0.996 0.351 -0.938 0.348 B
-0.208 0.336 0.113 -0.867 0.451 -0.619 0.536 =
0.090 0.120 0.014 -0.146 0.325 0.747 0.455
-0.026 0.087 0.008 -0.196 0.144 -0.297 0.766 :

-1.00 -0.50 0.00 0.50 1.00

Favours Control

21.72, df=17 (p=0.20), [*=21.74%. Test for subgroup differences:
Chi*=2.02, df=2 (p=0.36)

Favours Drug

df=1 and p=0.53. Only 6% of the variance in true effects

could be explained by dose alone, R? analog = 0.06.
Although duration of use was examined categorically
using sub-group analyses, in order to investigate possible
moderating effects of length of drug use on overall cog-
nitive function, a random effects meta-regression analysis
was applied to estimate the relationship between SMD
and the mean duration of use (in days) for each study.
The meta-regression revealed that duration of use was
not significantly related to the overall pooled effect size,
Q-Model was 1.94 with df=1 and p=0.16. Only 12% of
the variance in true effects could be explained by age
alone, R2 analog=0.12.
Statistics for each study Std diff in means and 95% CI

Std diff Standard Lower Upper

inmeans error Variance limit limit Z-Value p-Value
-0.752 0.241 0.058 -1225 -0279 -3.114 0.002 P
0.000 0.408 0.167 -0.800 0.800 0.000 1.000 —
-0.717 0.516 0266 -1728 0294 -1390 0.165
-0.545 0.236 0.056 -1.008 -0.083 -2313 0.021
-0.545 0.236 0.056 -1.008 -0.083 -2313 0.021
-1.00 -0.50 0.00 050 1.00

Favours Control ~ Favours Drug

Fig. 9 Pooled effect (random effects model) for studies assessing the effects of corticosteroids on very long term memory, grouped by duration of use.
Note: CI, confidence interval. Heterogeneity: Tau? =0.04, Chi* =2.60, df=2 (p=0.27), ?=23.00%
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Group by Study name Subgroup within studutcome
Length of Drug Use Categorical

Acute Breitberg et al., 2013 High Dose Working Memory
Acute Breitberg et al., 2013 Low Dose Working Memory
Acute Henckens et al., 2011 NA Working Memory
Acute Kuhlmann et al., 2005 NA Working Memory
Acute Otte et al., 2015 Healthy Working Memory
Acute Vaz et al., 2011 NA Working Memory
Acute Wingenfeld et al., 2011NA Working Memory

Acute

Chronic Hajek et al., 2006 NA Working Memory
Chronic

Short Term Brunner et al., 2005  Acute Optic Neuritis  Working Memory
Short Term Brunner et al., 2005  Multiple Sclerosis Working Memory
Short Term Young et al., 1999 NA Working Memory
Short Term

Overall

Statistics for each study Std diff in means and 95% CI

Std diff Standard Lower Upper
in means error Variance limit limit Z-Value p-Value

0082 0302 0091 -0.673 0.509 -0272 0.785 [ S —
0.000 0302  0.091 -0.591 0.591 0.000 1.000
1050 0315 0.099 0442 1.676 3362 0.001
0104 0354 0125 -0.798 0589 -0295 0.768
0600 0417 0174 -0218 1418 1438 0.151
0300 0450 0202 -1.181 0.582 -0.666 0.505
0000 0354  0.125 -0.693 0.693 0.000 1.000
0179 0182  0.033 -0.178 0.536 0983 0.326
0777 0466 0217 -0.136 1.691 1.669 0.095
0777 0571 0326 -0341 1.896 1362 0.173
0022 0333 0111 -0.632 0.675 0.066 0.948 -
0396 0227 0051 -0.048 0.840 1746 0.081
0382 0319 0102 -1.007 0244 -1.197 0231
0.049 0254  0.064 -0.448 0.546 0.192 0.847
0182 0165 0027 -0.142 0506 1.100 0271

.<+o
-1.00 -0.50 0.00 0.50 1.00

Favours Control Favours Drug

Fig. 10 Pooled effect (random effects model) for studies assessing the effects of corticosteroids on working memory, grouped by duration of use. Note: CI,
confidence interval. Heterogeneity: Tau® = 0.09, Chi® = 17.83, df = 10 (p = 0.06), I =43.91%. Test for subgroup differences: Chi* = 1.36, df=2 (p =0.51)

Bias of Included Studies

Assessment of bias is summarised in Table 3. None of the
included studies were found to present a high risk of bias for
sequence generation, sequence concealment, baseline out-
comes, incomplete outcome data or selective outcome
reporting; however several studies did present an unclear risk
for these categories. One study (Ancelin et al., 2012) was de-
noted a high risk of bias for blinding and contamination. One
study (Montero-Lopez et al., 2016) was denoted a high risk for
baseline characteristics. To compare the results of studies with
different risk profiles, a meta-analysis was carried out which
pooled the effect sizes across all cognitive domains and a sub-
group analysis was then conducted comparing studies classi-
fied as low, unclear or high risk. To facilitate grouping, a study
was categorised as high risk overall if one category in the risk
of bias analysis was denoted high risk. A study was categorised
as unclear risk of bias if more than one category for that study
was denoted as unclear risk. The remaining studies were classes
as low risk. The analysis revealed that overall, corticosteroids
did not have statistically significant effects for the high risk
(SMD =-0.01, 95% C1=-0.225 to 0.21, z=—0.08, p=
0.94), unclear risk (SMD =-0.08, 95% CI=-0.23 to 0.07,
z=-1.06, p=0.29) or low risk groups (SMD =-0.26, 95%
CI=-0.55 to 0.03, z=—1.74, p=0.08). Results revealed that
the low, unclear and high risk groups were not significantly
different from each other, Chi” = 1.85, df=2 (p = 0.40).

Small sample bias was assessed using a funnel plot as shown
in Fig. 11. Qualitative assessment of the funnel plot revealed no
obvious signs of publication bias. As recommended by the
Cochrane Review Handbook an Egger’s test was used to test
for funnel plot asymmetry and found the intercept (b) to be
—0.33, with a 95% confidence interval from —1.37 to 0.71, and
a one-tailed p value of 0.26, indicating the plot is symmetrical.

Discussion

This meta-analysis included 26 studies that examined the ef-
fects of corticosteroids on cognitive function. The studies in-
vestigated these effects using a range of participant groups and
durations of drug use. Sub-group analyses based on duration
of use revealed that corticosteroids had significant negative
effects on executive function for acute users, recent memory
for short term and chronic users, and very long term memory
for acute users. Corticosteroids had a significant positive ef-
fect on expressive language for short term users.
Corticosteroids had no significant effect on divided attention,
immediate memory, processing speed, sustained attention and
working memory. Heterogeneity varied across the cognitive
domains assessed, but generally fell within the low to moder-
ate ranges. Additional analyses of study design, duration of
use, drug dose and participant age did not reveal significant
relationships between these variables and the effects of corti-
costeroids on cognition.

The study found modest but significant negative effects of
corticosteroids on executive function, recent memory and very
long term memory. These findings align with the fact that the
brain regions which primarily subserve these functions; that is
the hippocampus, which is important for memory processing
(Young & Preskorn, 2013) and the prefrontal cortex
(Wolkowitz, Burke, Epel, & Reus, 2009), which is essential
for executive functions (Miller & Cohen, 2001), contain high
concentrations of corticosteroid receptors (McEwen, 2006).
Newcomer and colleagues (Newcomer et al., 1999) have sug-
gested that the negative effects of corticosteroids on these
functions may be related to disrupted glucose transport into
neurons in these regions. Also consistent with the current
finding of negative effects of corticosteroids on recent and
very long term memory, corticosteroid administration has
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Fig. 11 Funnel plot of all studies. Note: Std Diff, standardised difference

been associated with functional changes in several related
brain regions including decreased activity in the hippocampus
and reduced cerebral blood flow in the posterior medial tem-
poral lobe (De Quervain et al., 2003; Ganguli, Singh, Brar,
Carter, & Mintun, 2002; Judd et al., 2014).

In contrast to the negative effects on recent and long term
memory, the current data revealed no significant relationships
between immediate memory and corticosteroid use. This find-
ing may potentially be related to the two corticosteroid recep-
tor systems, and the way in which these systems interact dur-
ing memory formation. Although glucocorticoid receptors
(GR) have been reported to be generally inactive during the
acquisition phase of learning, these receptors promote the ef-
fects of corticosteroids on memory consolidation (Ferguson &
Sapolsky, 2007; Lupien & McEwen, 1997). Conversely, high
affinity mineralocorticoid receptors (MR) are thought to be
related to the initial phase of memory encoding (de Kloet,
Oitzl, & Joéls, 1999). Given that MR and GR have disparate
affinity for corticosteroids, differential involvement of these
receptors may underlie the disparate findings across measures
of immediate, recent and very long term memory (Schaaf, De
Kloet, & Vreugdenhil, 2000). Furthermore, previous research
has indicated that corticosteroids influence memory process-
ing in an inverted U-shaped relationship (Lupien & McEwen,
1997), with both low and high doses impairing memory con-
solidation, while moderate levels may improve consolidation
(Roozendaal, 2000). Overall, while the current findings tend
to support the theory that glucocorticoids can potentially im-
pair recent memory, more research is required to better eluci-
date the mechanism of actions on the different aspects of
memory formation (Jameison & Dinan, 2001).

A single positive effect was found for expressive language
for short term users. Little research to date has specifically

investigated the effects of corticosteroid use on language,
and given the small number of studies included in the current
analysis that examined this domain, the results should be
interpreted with caution. However, there are some case reports
of corticosteroids improving language function in children
who are treated with the drugs in the context of progressive
epileptic encephalopathies (Sinclair & Snyder, 2005), as well
as reports of corticosteroids improving language function in
children with pervasive developmental disorder (Stefanatos,
Grover, & Geller, 1995). Further investigation of the mecha-
nisms behind these effects is warranted to clarify the current
findings.

Corticosteroids were not found to have any significant ef-
fects on divided attention, processing speed, sustained atten-
tion, or working memory. While researchers have found neg-
ative effects of corticosteroids in these domains (Lupien et al.,
1999; Vaz et al., 2011), the effect sizes tend to be small and/or
the studies employed small samples; furthermore contrasting
findings of positive effects also exist (Henckens et al., 2011).
Thus, although the current data suggest that corticosteroids do
not influence these domains of cognition, further research that
robustly investigates these areas of functioning is worthwhile
to clarify the current findings.

The current data did not reveal a clear time dependent re-
lationship between corticosteroid use and cognitive deficits.
Although significant negative effects were found in several
cognitive domains, there was no clear differentiation of effects
across duration of use. However, these results should be
interpreted with caution given the small number of studies
available for inclusion per duration subgroup in some do-
mains. This restricted breadth of data for some cognitive do-
mains means that it is difficult to draw definitive conclusions
regarding potential time dependent differences. Further
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research that directly compares the cognitive effects of corti-
costeroids over time, particularly in short term and chronic
users, would be of value.

Moderator analyses did not reveal study year or participant
health status (healthy versus clinical groups) to be significant-
ly related to the overall effect of corticosteroids on cognition.
Similarly, meta-regression did not reveal age to be significant-
ly related to the overall effect of corticosteroids on cognition.
While these results appear to suggest that corticosteroids af-
fect cognition similarly across ages, it remains possible that
age and dose related factors may impact the relationship be-
tween corticosteroids and cognition at an individual level. It
should be noted that the meta-regression technique applied to
the current data is observational in nature and has been used to
relate the SMD to an averaged characteristic (i.e., mean age
per study) rather than individual level participant data, and as
such may be impacted by ecological bias. That is, as noted by
Petkova, Tarpey, Huang, and Deng (2013), the relationship
between the SMD and mean age may not be equal to the
relationship between the outcome and the covariate in the
individual studies.

Meta regression indicated that drug dose was not signifi-
cantly related to the overall effect of corticosteroids on cogni-
tion. This finding is surprising, given that medications with
cognitive side effects are frequently demonstrated to influence
cognitive functioning in a dose-dependent manner (Federico
et al., 2017; Mula, 2012; Newcomer et al., 1999; Warrington
& Bostwick, 2006). This finding is also inconsistent with pre-
vious research which has demonstrated the dose-dependent
effect of corticosteroids on a range of neuropsychiatric out-
comes, including psychiatric symptoms (Brown & Chandler,
2001), working memory function (Lupien et al., 1999), asso-
ciative learning (Brown, 2009) and memory (Beckwith et al.,
1986). It is possible that the studies included in the current
analysis did not include sufficient breadth of data to adequate-
ly compare dose-dependent effects on cognition, particularly
at low versus high doses. In addition, several included studies
did not clearly state the drug dose that was administered to
participants, or administered a dose that varied between par-
ticipants, further limiting the dose data available for interro-
gation. Additional research investigating the dose-dependent
effects of corticosteroids on cognitive functioning would be
worthwhile to clarify these findings.

Pragmatically, the current findings suggest that clinicians
and patients who require treatment with corticosteroids should
not be overly concerned that such treatment will necessarily
result in severe cognitive difficulties, particularly since there is
strong evidence to suggest that cognitive side effects of corti-
costeroids remit once treatment is ceased (Kenna, Poon, de los
Angeles, & Koran, 2011; Oliveri et al., 1998). When consid-
ering the way in which corticosteroid use may influence per-
formance in a neuropsychological assessment setting, the re-
sults from the current meta-analysis suggest that it would be
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pertinent for clinicians to enquire as to an individual’s use of
corticosteroids, and consider this in the context of poor mem-
ory, and to a lesser extent executive function, performance.
With that said, based on the magnitude of the effect sizes
found in the analysis, in general, the use of corticosteroid
medication is unlikely to lead to erroneous diagnostic conclu-
sions of cognitive impairment as a consequence of appropriate
therapeutic use of such drugs. Of note however, the current
findings are based on group data and when formulating opin-
ion at the individual patient level the integration of multiple
factors that modulate medication-induced neurocognitive ef-
fects, such as dose, chronicity of treatment, tolerance, age,
interactions with other medications, and other medical history
for the individual patient is important (Stein & Strickland,
1998).

Limitations

There are several limitations of this meta-analysis that should
be noted when considering the findings. Although a modera-
tor analysis was conducted using the available data which
revealed that drug dose was not significantly related to the
overall effect of corticosteroids on cognition, further detailed
investigation of this relationship is warranted to further ex-
plore and clarify this finding. Also, the results from a range
of studies with differing methodologies were pooled. While it
is acknowledged that the ‘gold standard’ of research is con-
sidered to be RCTs, there is currently insufficient literature of
this type to allow for detailed consideration of the effects of
corticosteroids on individual cognitive domains. Furthermore,
a sensitivity analysis which investigated the different types of
study designs included in the current analysis did not reveal
significantly different results between study types. Also, al-
though the current analysis was able to investigate several
different domains of cognition, in the case of executive func-
tion (for short term and chronic users), expressive language
(for acute users) and working memory (for chronic users)
there was only one study that contributed data to one sub-
group based on duration of use. Further investigation of these
domains would be worthwhile to generate sufficient data to
enable calculation of a pooled effect. In addition, many studies
were denoted as having an ‘unclear’ risk of bias for several
categories (see Table 3). This was mostly due to a lack of
detailed explanation regarding methodology in the published
papers, particularly regarding sequence generation and con-
cealment. This highlights the need for future researchers to
clearly detail study procedures to allow a comprehensive risk
of bias to be carried out.

Another limitation relates to the various cognitive tests that
were used to assess each cognitive domain. This is a common
problem when attempting to pool data on cognition due to the
lack of a standard, widely administered testing protocol.
Nevertheless, stringent inclusion criteria were employed
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which carefully considered the psychometric properties and
standardised administration of tests used in potential studies.
This was intended to increase the validity of the pooled effects
for each cognitive domain. Furthermore, while the allocation
of tests to cognitive domains were carefully considered and
based on relevant sources, many of the included tests require a
range of cognitive functions to be recruited in order to suc-
cessfully undertake the task. Also, there remains a lack of
consensus in the literature regarding the underlying constructs
some neuropsychological tests measure, which results in dif-
ferences in classification of some tests (Chaytor & Schmitter-
Edgecombe, 2003). As such, it is plausible that the
categorisation of tests to alternative cognitive domains may
impact the current findings.

Moderate heterogeneity was identified when pooling the
effects for executive function, expressive language and recent
memory. This may have been caused by the pooling of studies
that employed different methodologies, used different types of
corticosteroid drugs, and included studies with different dura-
tions of treatment as shown in Table 2. However, this hetero-
geneity was explored using moderation, regression and sensi-
tivity analyses in an attempt to clarify the extent that these
variables may have impacted upon the current findings.
Lastly, several closely related pharmacological agents were
used in the included studies, however previous research has
demonstrated that these have comparable effects. For example
when Cortisol and Dexamethasone were administered in iden-
tical experimental designs, similar results were found for both
agents (Newcomer et al., 1994; Newcomer et al., 1999).

Conclusions

The current meta-analysis investigated the effects of cortico-
steroids on various domains of cognitive functioning. Results
revealed that corticosteroids have a modest, negative effect on
executive function for acute users, recent memory for short
term and chronic users, and very long term memory for acute
users. Corticosteroids had a significant positive effect on ex-
pressive language for short term users.
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