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Abstract:

Background:

Post-operative cognitive dysfunction (POCD) occurs frequently after major surgery. Hypertension is well-established as a risk factor
for age-related cognitive impairment, but it is unclear whether or not it also increases the risk of POCD.

Objective:

To evaluate the role of hypertension in POCD risk in a systematic review and meta-analysis.

Method:

PubMed, Ovid SP and the Cochrane Database of Systematic Reviews were searched for longitudinal studies of adults undergoing
surgery with reporting of hypertension, blood pressure and/or anti-hypertensive treatment associations with POCD as relative risks or
odds ratios. Fixed-effects meta-analyses were performed using Review Manager (version 5.3).

Results:

Twenty-four studies on 4317 patients (mean age 63 years) were included. None of the studies had set out to assess hypertension as a
risk factor for POCD. Hypertension was used as a categorical predictor throughout and only 2 studies adjusted for potential
confounders. Across all 24 studies, hypertension was not significantly associated with POCD risk (RR 1.01; 95% CI 0.93, 1.09;
p=0.82), though among 8 studies with >75% males, we found hypertension associations with a 27% increased risk of POCD (RR
1.27,95% CI 1.07, 1.49; p=0.005).

Conclusion:

Our findings do not support the hypothesis that hypertension is a risk factor for POCD. However, since none of the studies included
in our analysis were hypothesis-driven and most did not adjust for potential confounders, further systematic investigations are needed
to evaluate the role of hypertension in the epidemiology of POCD.
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INTRODUCTION

Post-operative cognitive dysfunction (POCD) occurs frequently after major surgery [1]. It is broadly defined as an
impairment of a patient’s cognitive functioning relative to their pre-surgery cognitive status [2]. POCD is considered
transient [2] but may remain detectable for months and years after surgery [3]. In patients with persistent POCD, it is
known to negatively impact on everyday life tasks [4], quality of life [5], subjective memory performance [6],
emotional symptoms [7], and may predict more severe health consequences such as dementia and premature mortality
[2, 8, 9]. Both the prevalence of hypertension and the likelihood of major surgery increase with advanced age [10 - 13].
Indeed, hypertension is extremely common across the Western world, with approximately 30% of adults affected in the
US [14], and it is a well-established risk factor for cognitive impairment in older ages [15]. Yet, it is entirely unclear,
whether or not patients with hypertension are also at increased risk of POCD. A role of hypertension as a risk factor for
POCD is plausible on the basis that it increases the risk of post-operative delirium (POD) [16], which itself is strongly
linked to POCD. Further, as part of the metabolic syndrome, hypertension often occurs in people with diabetes or
obesity [17], which both have recently been identified as potential risk factors for POCD [18, 19], and it is common in
surgical patients [6, 20]. Hypertension is potentially modifiable by using relatively cost-effective measures, including
modification of diet and lifestyle or drug-treatment [21]. Therefore, any association of hypertension with risk of POCD
would have far-reaching implications for risk assessment in surgical patients and — potentially — for prevention of
POCD. The objective of our study was therefore to conduct a systematic review and meta-analysis on epidemiological
studies of hypertension, blood pressure and anti-hypertensive treatment prior to surgery and risk of POCD.

MATERIALS AND METHODS

Systematic Search Strategy

The PubMed, Ovid SP and Cochrane Database of Systematic Reviews were searched from their respective inception
to 25" April 2016. Titles and abstracts were searched for the following terms: (((blood pressure OR systolic OR
diastolic OR antihypertens* OR hypertens*))) AND ((post-operative cognit* OR postoperative cognit* OR POCD) OR
((surgery OR operation) AND (cognit OR intelligence OR MMSE OR Mini Mental OR dementia OR Alzheim* OR
mild cognitive impairment OR MCI))). All titles and abstracts of articles that remained following removal of duplicates
were screened against inclusion criteria by one investigator (IF). If they were deemed to potentially match inclusion
criteria or if they appeared to have data on both hypertension and POCD (e.g., adjusted analyses of POCD for
hypertension), full texts were accessed. Reference lists of any review articles identified in the search and of included
studies were screened for further original articles that also entered the full text review stage. The search adhered to
MOOSE [22] and PRISMA [23] guidelines, and was registered on the PROSPERO database (Registration No.
CRD42016038236).

Study Selection

We included studies that fulfilled all of the following criteria: i) prospective study of any design ii) sample of human
adults (=18 years old) undergoing surgery iii) full text in English language iv) ascertainment of blood pressure,
hypertension and/or antihypertensive treatment prior to surgery v) reporting of these exposure variables with risk of
POCD as relative risks (RR) or odds ratios (both taken as RR for the purpose of the present analysis, as odds ratios and
RR are close to identical in assessments of rare outcomes [24]) or in a form that allowed calculation of RR.

Any type of surgery, any definition of POCD and any length of follow-up qualified for inclusion. Use of the term
‘POCD’ was not required. Studies on post-operative delirium, on hypotension or on blood pressure during surgery or in
the post-operative period were not considered. Corresponding authors were contacted for any essential unreported
information unless previous contact had been unsuccessful. That way, unpublished data were obtained for one article
[25]. If an article lacking essential unreported information was suspected of duplicate reporting of another article that
provided sufficient detail, the latter was selected for inclusion.

Data Extraction

For each article, RR statistics on the respective longest follow-up period were extracted. Preference was given to
fully adjusted multivariate models unless no adjustment was made. Data were tabulated for separate meta-analysis of
each predictor as appropriate.

For one study which compared patients who had “improved” versus “not improved” on cognitive tests, “not
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improved” was used to represent POCD for the purpose of the present analysis [26]. For another that assessed three
levels of cognitive change, “severe deterioration” was considered as POCD and contrasted with “no deterioration” and
“mild deterioration” [27]. Another study compared various levels of cognitive impairment and we equated “major
decline” with POCD [28]. Finally, one study assessed improvement in cognitive function after 1 year in a sample of
patients who all were classified to suffer from POCD at 6-week follow-up [6]. “No improvement” was taken to
represent POCD for that study. We included one study in which baseline cognitive assessment was performed after
rather than prior to surgery in a small proportion (18%) of patients [28].

For two studies, the originally reported upper limits of the 95% confidence intervals of their estimates were
implausible, and for the purpose of the present analysis were calculated on the basis of the respective lower limit [29,
30].

Data Synthesis

Extracted statistical data were entered into Review Manager (version 5.3; the Cochrane Collaboration) to calculate
summary estimates in inverse variance fixed-effects models. Statistical heterogeneity was indexed by I and publication
bias was evaluated through visual inspection of funnel plots and Egger’s regression analysis [31]. Multiple fixed-effects
meta-regression analyses explored differences between subgroups of studies. Specifically, studies were compared
according to follow-up period (<1 month versus >1 month), sample size (<100 versus >100), mean sample age (<65
years versus >65 years), surgery type (cardiac; non-cardiac; mixed surgery type) and sex (<75% males versus >75%
males). All cut-points for subgroup analyses were selected a priori to obtain around equally sized groups of studies
without any pre-specified hypotheses. For example, for “sex”, the cut-point was selected on the basis that studies of
POCD are often skewed toward inclusion of a greater proportion of males, because many studies focus on cardiac
surgery which is more common in males than females [32]. We therefore expected a cut-point at 75% males to result in
two around equally sized groups of studies. Meta-regression was performed using SAS Enterprise Guide (version 4.3).

Quality Assessment

Both cohort and trial studies were scored by one investigator (IF) on the 22-item STROBE checklist of cohort
studies [33], as all analyses on hypertension and POCD were observational in essence. No exclusion was applied based
on STROBE scores.

RESULTS

Study Characteristics

The search yielded N=200 articles in PubMed, N=115 articles in Ovid SP and N=2 articles in the Cochrane
Database. Following removal of duplicates, N=299 articles remained for screening (Fig. 1).

At this stage, 259 articles were excluded most commonly due to focusing on unrelated research topics including
delirium, intra- or post-operative blood pressure or animal studies, or due to reporting of cognitive function as an
exclusion criterion. Thus, full texts of 40 articles were accessed. Six articles qualified for inclusion of which 3 were
excluded [34 - 36] due to suspected duplicate reporting of other articles with more complete reporting [9, 30, 37].
Twelve articles that addressed the research question were excluded due to failing to formally meet inclusion criteria but
were considered qualitatively in sensitivity analyses. One article on cognitive symptoms following shunt surgery in
hydrocephalus was excluded despite formally meeting inclusion criteria due to the neurosurgical nature of the surgery
[38]. Screening of reference lists and an independent search identified 22 further relevant studies of which 21 met
inclusion criteria. Overall, 24 articles were included [6, 9, 25 - 30, 37, 39 - 53].
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N=200 articles N=115 articles N=2 articles in
in PubMed in Ovid SP Cochrane
> N=299 unique articles I(—
R N=259 not on research
question
\
N= 40 articles obtained for
assessment of full texts against
inclusion criteria
N=18 not on research
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. S but did not meet inclusion
N=22 articles identified criteria (for N=5, due to
from reference lists/ in ” insufficient statistical detail)
independent search
N=5 relevant reviews
N=3 duplicate reporting
Y
N=24 were included in review
Fig. (1). Flow chart of systematic search.
Table 1. Summary of included studies.
Author, Total N [N Male Type of Mean |Follow-up|Cognitive Definition/ |Hypertension |Adjustment |Original STROBE
year, enrolled|completed surgery, age + measurement incidence of [exposure variables reporting of |score
location in study |follow-up anesthesia SD or POCD exposure
median association
I1Q) with POCD
as
descriptive
data and/or
RR (95%
CI)
Kelly et al. |41 35 66% Carotid end- 62+8 |[4t08 12 neuro-psychological |“Not Hypertension not|None 8/16 (50.0%) [13/22
(1980) arterectomy weeks tests improved” defined. “improved”
USA General “Improved” defined as |used as POCD|Hypertension in had
anesthesia improvement on >1 test|and compared |n=21/35 (60.0%) hypertension.
with no deterioration  [with of patients. 13/19
on any other, or “improved” in (68.4%) “not
improvement on >2 present improved”
tests with deterioration |analysis. had
on <I other test POCD in hypertension.
n=19/35
(54.3%).
Smith et al. [381 319 81%"° CABG 40% 1 month |9 neuro-psychological [POCD Hypertension not|None RR 1.0 (0.58, [19/22
(2000) General >65 tests defined as defined. 1.72)
North anesthesia years” decline of Hypertension in
America >20% on>2 [n=227/381
of tests. (59.6%) of
POCD in patients”
n=69/319
(21.6%).
Di Carlo 123 110 71% CABG or intra- [64+9 |6 months |4 neuro-psychological |“Severe Hypertension not|Education, [RR 5.33 19/22
et al. (2001) cardiac surgery tests; MMSE. deterioration” [defined. partial (1.03, 27.64)
Italy General Rating by 2 used as POCD|Hypertension in |pressure of
anesthesia neuropsychologists as  |and compared [n=60/110 carbon
“unchanged/improved”,|with (54.5%) of dioxide (only
“mild deterioration”,  |“unchanged” [patients. significant
“severe deterioration” |in present predictors
analysis. retained in
POCD in final model
n=10/110 along with
(9.1%). hypertension)
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(Table 1) contd.....
Author, Total N [N Male Type of Mean |Follow-up|Cognitive Definition/ [Hypertension |Adjustment |Original STROBE
year, enrolled|completed surgery, age £ measurement incidence of [exposure variables reporting of |score
location in study [follow-up anesthesia SD or POCD exposure
median association
(1Q) with POCD
as
descriptive
data and/or
RR (95%
CI
Suksompong |110 110 76% CABG 62+8 [3to5 Thai Mental State POCD Hypertension not[None RR 3.75 14/22
et al. (2002) General days Exam defined as defined. (1.10, 11.53)
Thailand anesthesia decline of >1 [Prevalence of
SD on hypertension not
cognitive test. [reported.
POCD in
n=20/110
(18.2%).
Swaminathan|625 282 1% CABG 61 +10|6 weeks |4 factors of cognitive  [POCD Hypertension not|None 68/112 19/22
et al. (2002) domains derived from 7|defined as defined. (60.7%)° with
USA neuro-psychological decline of Hypertension in POCD have
tests >1SD on any |n=173/282 hypertension.
of the 4 (61.3%) of 105/170
cognitive patients. (61.8%)°
domains. without
POCD in POCD have
n=112/282 hypertension.
(39.7%).
Kadoi & 95 88 80% CABG 62+ 116 months |5 neuro-psychological |Definition of |Hypertension not{None RR 1.5(0.9, [11/22
Goto (2006) General tests; MMSE POCD defined. 1.8)
Japan anesthesia unclear. Hypertension in
POCD in n=49/88 (55.7%)
n=24/88 of patients.
(27.3%).
Bitsch et al. |100 96 29% Hip fracture POCD |7 days MMSE “Major Hypertension not{None 7/17 (41.2%) [20/22
(2006) Regional and/or |group: “Major decline” decline” used |[defined. with “major
Denmark general 86 (77 defined as decline of ~ |as POCD in  |Hypertension in decline” have
anesthesia — 85) >50% on MMSE. present n=36/96 (37.5%) hypertension.
No analysis. of patients. 29/79
POCD POCD in (36.7%)
group: n=17/96 without
81 (83 (17.7%). “major
—93) Note that for decline” have
n=17/96 hypertension.
(17.7%),
baseline
assessment
was in “early
postoperative”
phase.
Babaetal. 218 218 70% CABG 71+£6 |7 days 4 neuro-psychological [POCD Hypertension None. 30/39 16/22
(2007) General tests defined as defined as (76.9%) with
Japan anesthesia decline of “history of POCD have
>20% on >3 |hypertension hypertension.
tests. with anti- 140/179
POCD in hypertensive (78.2%)
n=39/218 medication”. without
(17.9%). Hypertension in POCD have
n=170/218 hypertension.
(78.0%) of
patients.
Kochetal. |24 22 41%° Knee/hip 74+ 6" [3 months |11 neuro-psychological [POCD Hypertension not|None 8/10 (80.0%) [14/22
(2007) replace-ment tests defined as defined. with POCD
USA surgery decline of Hypertension in have
Spinal/general >20% on>2  [n=14/22 (63.6%) hypertension.
anesthesia tests. of patients. 6/12 (50.0%)
POCD in without
n=10/22 POCD have
(45.5%). hypertension.
Mathew 677 513 71% CABG 61 +10|6 weeks |4 factors of cognitive [POCD Hypertension not|None 113/183 1922
et al. (2007) Anesthesia domains derived from 5|defined as >1 |defined. (61.8%) with
USA unreported neuropsychological SD change on |Hypertension in POCD have
tests >1 of the 4 n=317/513 hypertension.
factor scores. [(61.8%) of 204/330
POCD in patients. (61.8%)
n=152/443 without
(34.3%). POCD have
hypertension.
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(Table 1) contd.....
Author, Total N [N Male Type of Mean |Follow-up|Cognitive Definition/ [Hypertension |Adjustment |Original STROBE
year, enrolled|completed surgery, age £ measurement incidence of [exposure variables reporting of |score
location in study [follow-up anesthesia SD or POCD exposure
median association
(IQ) with POCD
as
descriptive
data and/or
RR (95%
fol))
Hongetal. 103 100 38% Valvular heart |53 + 117 days MMSE, TMT-A, POCD Hypertension not{None 1/23 (4.3%) |17/22
(2008) surgery Grooved Pegboard defined as defined. with POCD
South Korea General “Impairment” defined |impairment |Hypertension in have
anesthesia as: MMSE: decline >3 |on >1 of 3 n=24/100 hypertension.
points; TMT- tests. (24.0%) of 23/77
A/Grooved Pegboard: |POCD in patients. (29.9%)
>20% increase in time |n=23/100 without
(23.0%). POCD have
hypertension
Wilson et al. |22° 21¢ 76% Carotid end- 698 |1day 5 neuro-psychological |POCD Hypertension None 21/33 16/22
(2008) arterectomy tests. defined as defined (63.6%) with
USA General For each test, total deficit  [as systolic blood POCD have
anesthesia calculation of RCI" score >2 SD  |pressure >140 hypertension’.
RCI scores used to mean change |mmHg or use of 97/153
derive ‘total deficit in total deficit [anti-hypertensive (63.4%)
score’ according to score of medication. without
point system (score control group. [Hypertension in POCD have
range 0-6 for each test). |[POCD in n=17/21 (81.0%) hypertension*
Total deficit score n=6/21 of patients. (based on
summed across tests.  [(28.6%). report on
Control group n=20. N=186)
Slater et al.  |265 240 84% CABG 65 +10|3 months |5 neuro-psychological |POCD Hypertension not|None 116/143 20/22
(2009) Anesthesia tests; MMSE defined as >1 |defined. (81.1%) with
USA unreported SD decline on |Hypertension in POCD have
>1 tests. n=188/240 hypertension.
POCD in (78.3%) of 72/97
n=143/240 patients. (74.2%)
(59.6%). without
POCD have
hypertension.
Dieleman 281 240 3% CABG 61+9 |5 years 10 neuro-psychological [POCD Hypertension not[None 23/82 17/22
et al. (2009) Anesthesia tests. defined as defined. (28.0%) with
Netherlands unreported For each test, composite Hypertension in POCD have
calculation of RCI" and [RCI <-1.96  |n=93/240 hypertension.
composite RCI. and/or RCI <- ((38.8%) of 62/158
Control groupn=112  [-1.96 in >2 patients. (39.2%)
tests, or without
diagnosis of POCD have
dementia or hypertension.
stroke during RR 1.04°
follow-up. (p=0.89)
POCD in
n=82/240
(34.2%).
Norkiene 127 127 81% CABG 607 |7t09 6 neuro-psychological |POCD Hypertension not{None 61/68 15/22
et al. (2010) Anesthesia days tests; MMSE defined as >1 |defined. (89.7%) with
Lithuania unreported SD decline on |Hypertension in POCD have
>2 tests. n=115/127 hypertension.
POCD in (90.6%) of 54/59
n=59/127 patients (91.5%)
(46.5%). without
POCD have
hypertension.
Kadoi et al. {129 124 80% CABG 61+5 |7days 5 neuro-psychological |POCD Hypertension not|Age, carbon |RR 1.4 (1.0, [13/22
(2011a) General tests; MMSE defined as defined. dioxide 1.8)
Japan anesthesia decline of >1 [Hypertension in |reactivity,
SD on >2 of 6 [n=90/124 jugular
tests. (72.6%) of venous
POCD in patients. oxygen
n=30/124 saturation,
(24.2%). diabetic
retinopathy,
insulin
therapy
Medietal. 120 120 72% Radio- 56 + 103 months |8 neuro-psychological |POCD Hypertension not(None RR 0.5 (0.18, |15/22
(2013) frequency tests to calculate RCI". [defined as defined. 1.6)
Australia ablation RCI summed across RCI <-1.96 on|Hypertension in
for atrial tests and divided by SD |>2 tests n=49/120
fibrillation of RCI sum of controls |and/or (40.8%) of
General to obtain composite composite patients.
anesthesia RCIL RCI <-1.96.
Control group n=30.  [POCD in
n=15/120
(12.5%).
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(Table 1) contd.....
Author, Total N [N Male Type of Mean |Follow-up|Cognitive Definition/ [Hypertension |Adjustment |Original STROBE
year, enrolled|completed surgery, age £ measurement incidence of [exposure variables reporting of |score
location in study [follow-up anesthesia SD or POCD exposure
median association
(1Q) with POCD
as
descriptive
data and/or
RR (95%
CI
Plaschke 139 117 76% CABG 69 +8 |3 months |6 neuro-psychological |POCD Hypertension not{None 30/30 19/22
et al. (2013) Anesthesia tests with 12 outcome |defined as defined. (100.0%)
Germany unreported variables used to RCI >1.96 on [Hypertension in with POCD
calculate RCI". >2 tests n=116/117 had
RCI summed across and/or (99.1%) of hypertension.
tests and divided by SD [composite patients. 86/87
of RCI sum of controls [RCI>1.96. (98.9%)
to obtain composite POCD in without
RCL n=30/117 POCD had
Control group n=34.  [(25.6%). hypertension.
Xu et al. 182 176 53% Non-coronary [42+19|3to5 MMSE. POCD Hypertension not(None 6/58 (10.3%) |14/22
(2013) bypass surgery days Calculation of RCI*. defined as defined. with POCD
China (cardiac and Control group n=16.  |RCI=1. Hypertension in have
non-cardiac POCD in n=25/176 hypertension.
surgery) n=58/176 (14.2%) of 19/118
General (33.0%). patients. (16.1%)
anesthesia without
POCD have
hypertension.
Fontes et al. |281 229 69% CABG, valve or|67 = 10 |1 year 4 factors of cognitive  |“No cognitive |Hypertension not{None 69/103 18/22
(2013) CABG + valve domains derived from 5|recovery” defined. (67.0%) with
USA Anesthesia neuro-psychological  |used as POCD|Hypertension in “cognitive
unreported tests. in present n=160/229 recovery”
Mean of 4 factor scores |analysis. (69.9%) of have
used to derive POCD in patients. hypertension.
“composite cognitive  |n=126/229 91/126
index score” (CCI). (55.0%). (72.2%)
“Cognitive recovery” without
defined as CClI at 1 “cognitive
year > CCI at baseline. recovery”
Analysis sample have
included only patients hypertension.
who showed initial
decline between
baseline and 6-week
follow-up.
Joudietal. |171 171 Unreported. [Off-pump 64+ 101 day MMSE Unclear Hypertension notNone 80/129 13/22
(2014) CABG definition of |defined. (61.9%) with
Iran General POCD. Hypertension in POCD have
anesthesia POCD in n=115/171 hypertension.
n=129/171 (67.3%) of 35/42
(75.4%). patients. (83.7%)
without
POCD have
hypertension.
Zhu et al. 313 205 51% Total hip 75+ 6 |7 days MMSE POCD Hypertension not(None 29/56 15/22
(2014) replacement defined as >1 |defined. (51.8%) with
China surgery SD decline on |Hypertension in POCD have
Spinal or MMSE. n=100/205 hypertension.
general POCD in (48.8%) of 71/149
anesthesia n=56 (27.3%).|patients. (47.7%)
without
POCD have
hypertension.
Heyer et al. 1662 585 65% Carotid end- 34.4% |1 day Unclear number of POCD Hypertension not{None 84/145 17/22
(2015) arterectomy >75 neuro-psychological defined as >2 |[defined. (57.9%) with
USA General years tests of 4 cognitive SD worse Hypertension in POCD have
anesthesia old domains. performance [n=338/585 hypertension.
Calculation of RCI". on >2 (57.8%) of 254/440
Control group n=156. [cognitive patients. (57.7%)
domains without
and/or >1.5 POCD have
SD worse hypertension.
performance
onall 4
cognitive
domains.
POCD in
n=145/585
(24.8%).
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(Table 1) contd.....
Author, Total N [N Male Type of Mean |Follow-up|Cognitive Definition/ [Hypertension |Adjustment |Original STROBE
year, enrolled|completed surgery, age £ measurement incidence of [exposure variables reporting of |score
location in study [follow-up anesthesia SD or POCD exposure
median association
[100)] with POCD
as
descriptive
data and/or
RR (95%
CI
Shoair et al. |69 69 33% Noncardiac 71+5 |3 months |5 neuro-psychological |POCD Hypertension None 5/11 (45.5%) [19/22
(2015)° surgery. tests defined RCI  [defined by with POCD
Regional and/or Calculation of RCI* <1.96 on>2 |combination of have
general RCI summed across tests and/or  [self-report and hypertension.
anesthesia tests and divided by SD |composite |verification on 33/58
of RCI sum of controls |RCI <1.96. basis of medical (56.9%)
to obtain composite POCD in records. without
RCI. n=11/69 Hypertension in POCD have
Control group n=54. (15.9%) n=38/69 (55.1%) hypertension.
of patients.

All data refer to analysis sample that completed follow-up, unless otherwise indicated. CABG, coronary artery bypass grafting; CI, confidence
interval; 1Q, interquartile range; MMSE, Mini Mental State Examination; RCI, reliable change index; RR, relative risk; SD, standard deviation;
STROBE, Strengthening the Reporting of Observational Studies in Epidemiology; TMT-A, Trail-Making Test A.

‘formula for Reliable Change Index (RCI; often referred to as ‘z-score’ in original publication): RCI = (change score of patient group — change score
of control group)/SD of change score of control group.

*based on total sample enrolled into study (data on analysis sample completing follow-up unreported).

‘original reporting. Discrepancy with calculated RR for meta-analysis assumed due to unreported N missing (leading to total N in analyses being
different to the ones reported in original article).

‘total N uncertain on basis of article.

‘unpublished data.

Publication dates spanned 1980 to 2015 and studies originated in Europe, North America, Asia and Australia (Table
1). Analysis samples included a total of 4317 patients. Sample characteristics and study designs were heterogeneous.
Mean age (where reported) ranged from 42 to 75 years (mean 63 + 7 years). Samples included between 29% and 81%
males (where reported) though 19 of 24 studies included more males than females. Patients were followed up for
between 1 day and 5 years after surgery (median 36 days, interquartile range 7 to 90 days). Procedures included cardiac
(N=16), non-cardiac (N=7) and mixed (N=1) types of surgery.

All articles were on hypertension rather than systolic or diastolic blood pressures as linear measures. In the majority
of studies (n=21), we found no information on how hypertension was defined or assessed. In 1 study, it was defined as
systolic blood pressure >140 mmHg or use of anti-hypertensive treatment [41], and in another as use of anti-
hypertensive medication though it is unclear whether or not blood pressure readings were additionally considered [49].
One study determined hypertension from self-report which was verified using medical records [25]. Among all 24
articles, only 2 explicitly referred to arterial hypertension [6, 47] but we assume that all evaluated arterial rather than
other forms of hypertension. Where reported, hypertension was present in between 14% of patients in a study of
relatively young Asian patients (mean age 42 years [50]) and 99% of patients in an older German sample (mean age 69
years [6]). The Mini Mental State Examination (or national equivalent) was administered in 5 studies [28, 29, 50, 52,
53]; all other studies used more detailed neuropsychological tests. Definition of POCD varied. In 6 studies, it was based
on cognitive change relative to a non-surgical control group. POCD occurred in between 9% [27] and 75% [52] of
patients. Statistical analyses of hypertension associations with POCD risk were adjusted for sociodemographic and
clinical covariates in only 2 of the 24 studies [27, 37]; all of the remaining analyses reported unadjusted RR statistics or
descriptive data that allowed calculation of univariate RR.

Findings of Included Studies and Meta-Analysis: Hypertension

All included studies were on hypertension and so were entered into a single meta-analysis (Fig. 2). Overall, there
was no association between hypertension and risk of POCD (RR 1.01; 95% CI 0.93, 1.09; p=0.82). This risk estimate
represents a largely unadjusted relationship of hypertension with POCD as only 2 studies applied statistical adjustment
[27, 37]. The finding was similar when the analysis was repeated using a random-effects model (RR 1.06; 95% CI 0.94,
1.19; p=0.34). Statistical heterogeneity between studies was low to moderate (chi’ (23)=35.68; p=0.04; I’=36%) with no
evidence of publication bias (Fig. 3; Egger’s regression analysis, p=0.129).
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Risk Ratio Risk Ratio
Study or Subgroup  log[Risk Ratio] SE Weight 1V, Fixed, 95% CI Year IV, Fixed, 95% CI
Kelly et al. 0,3677 0,3529 1,3% 1,441[0,72,2,88] 1980 B
Di Carlo et al. 1,6726 0,8402 0,2% 5,33[1,03, 27,64] 2001 >
Smith et al. 0 02779 2,2% 1,00[0,58, 1,72] 2001 D
Swaminathan et al. -0,0266 0,1499 7,4% 0,97 (0,73, 1,31] 2002 -1
Suksompong et al. 1,3207 0,6271 0,4% 3,75[1,10, 12,80] 2002 ’
Bitsch et al. 0,1542 0,4454 0,8% 1,17[0,49, 2,79] 2006
Kadoi & Goto 0,4055 0,2606 2,5% 1,50[0,90, 2,50] 2006 T
Mathew et al. -0,0019 0,122 11,2% 1,00[0,79, 1,27] 2007 -
Koch et al. 0,8267 0,6547 0,4% 2,29[0,63, 8,25] 2007
Wilson et al. 0,0084 0,3283 1,5% 1,01[0,53, 1,92] 2007
Hong et al. -1,9384 0,9953 0,2% 0,14[0,02, 1,01] 2008 *
Slater et al. 0,1726 0,1453 7,9% 1,19[0,89, 1,58] 2009 T
Dieleman et al. 0,0275 0,1825 5,0% 1,03[0,72,1,47] 2009 A
Norkiene et al. 0,1195 0,3557 1,3% 1,13[0,56, 2,26] 2010 ]
Kadoi et al. 0,3226 0,1465 7,8% 1,38[1,04,1,84] 2011 -
Medi et al. -0,6152 0,5663 0,5% 0,54[0,18, 1,64] 2013
Plaschke et al. 0,0418 12346  0,1% 1,04[0,09,11,72] 2013 ¢ >
Baba et al. -0,0606 0,3431 1,4% 0,94 [0,48, 1,84] 2013 —
Xu et al. -0,3611 0,3732 1,2% 0,70[0,34, 1,45] 2013 L R
Fontes et al. 0,1144 0,1372 8,8% 1,12[0,86, 1,47] 2013 T
Joudi et al. -0,2294 0,0797 26,2% 0,80[0,68, 0,93] 2014 -
Zhu et al. 0,1202 0,228 3,2% 1,13[0,72,1,76] 2014 -1
Shoair et al. -0,3859 0,5551 0,5% 0,68[0,23,2,02] 2015
Heyer et al. 0,0063 0,1459  7,8% 1,01[0,76, 1,34] 2015 -
Total (95% CI) 100,0% 1,01 [0,93, 1,09] ?
Heterogeneity: Chi? = 35,68, df = 23 (P = 0,04); I> = 36% f f f J f t
Test for overall effect: Z = 0,22 (P = 0,82) 0.1 0.2 ; 0.5 ! 2 S 10
’ ’ Reduced risk of POCD Increased risk of POCD

Fig. (2). Forest plot of meta-analysis on hypertension and POCD risk.
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Fig. (3). Funnel plot of meta-analysis on hypertension and POCD risk.

Subgroup Analyses and Meta-Regression: Hypertension

Results of subgroup analyses are summarized in Fig. (4). Associations of hypertension with risk of POCD were
statistically non-significant in all subgroups of studies based on follow-up period (<1 month, RR 0.94, 95% CI 0.85,
1.05;>1 month RR 1.09, 95% CI 0.97, 1.23; meta-regression p=0.099), sample size (<100, RR 1.21, 95% CI 0.90, 1.63;
>100, RR 0.99, 95% CI 0.92, 1.08; meta-regression p=0.216), mean sample age (<65 years, RR 0.99, 95% CI 0.90,
1.09; >65 years, RR 1.09, 95% CI 0.90, 1.34; meta-regression p=0.387) and type of surgery (cardiac, RR 1.00, 95% CI
0.92, 1.09; non-cardiac RR 1.08, 95% CI 0.88, 1.32; mixed RR 0.70, 95% CI 0.34, 1.45; meta-regression p=0.303 to
p=0.521). However, when analyses were restricted to 8 studies with >75% males, hypertension was overall associated
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with a 27% increased risk of POCD (RR 1.27, 95% CI 1.07, 1.49; p=0.005). Of these, a single study applied statistical
adjustment for sociodemographic and clinical covariates [37] so that the pooled estimate is largely unadjusted. Studies
on <75% males revealed no association of hypertension with POCD (RR 1.03, 0.92, 1.15). The difference in risk
estimates between these two groups of studies (<75% males versus >75% males) approached statistical significance
(meta-regression p=0.052; Fig. 4).

 Follow-up <1 month (N=12) (RR 0.94, 95% C10.85, 1.05) .t =0.099
Follow-up >1 month (N=12) (RR 1.09, 95% CI 0.97, 1.23)

Sample size >100 (N=17) (RR 0.99, 95% CI 0.92, 1.08) «}

B =0.216
Sample size <100 (N=7) (RR 1.21, 95% CI 0.90, 1.63) le P
Sample age* >65 years (N=7) (RR 1.09, 95% CI 0.90, 1.34) IS

Cc =0.387
Sample age* <65 years (N=14) (RR 0.99, 95% CI 0.90, 1.09) + P
Cardiac surgery (N=16) (RR 1.00, 95% CI 0.92, 1.09) 4 } 0.521

p=L.

DNon-cardiac surgery (N=7) (RR 1.08, 95% CI 0.88, 1.32) 1> »=0.349
Mixed surgery type (N=1) (RR 0.70, 95% CI 0.34, 1.45) et }p:0'303
>75% males** (N=8) (RR 1.27, 95% Cl 1.07, 1.49) -

E p=0.052
<75% males** (N=15) (RR 1.03, 95% CI1 0.92, 1.15) »

FPooled (N=24) (RR 1.01, 95% C1 0.93,1.09) R o

0.1 0.2 0.5 2 5 10

Reduced risk of POCD Increased risk of POCD

Fig. (4). Analyses of subgroups of studies according to A) follow-up, B) sample size, C) mean sample age, D) surgery type and E)
proportion of males, and F) overall pooled effects.

*data missing for N=3 studies.

**data missing for N=1 study.

Qualitative Summary of Relevant Excluded Studies

Several studies strictly failed to meet inclusion criteria but may supplement our analyses. Five studies were on
hypertension and POCD but were excluded due to lack of statistical detail [8, 54 - 57]. Here, hypertension associations
with POCD were described in narrative form only [54 - 57], or descriptive data were insufficient to calculate RR [8]. Of
these studies, all except one [56] found no association of hypertension with POCD. Other studies that failed to meet
inclusion criteria on the basis of study design revealed more mixed evidence. In one imaging study, hypertension was
unrelated to changes in the P300 component reflective of cognitive processing across surgery [58]. An analysis of
hospital records showed interaction effects of hypertension with exposure to surgery in prediction of dementia diagnosis
[59]; another reported no such evidence [60]. Three studies on continuous cognitive change reported null or marginal
findings [61, 62] or detrimental effects [63] of hypertension. Finally, one study that did not differentiate between POCD
and POD reported a lower risk of these outcomes in patients with hypertension [64].

DISCUSSION

Here, we set out to combine the current epidemiological evidence on associations of pre-surgery hypertension,
blood pressure and anti-hypertensive treatment with risk of post-operative cognitive dysfunction (POCD). All included
articles were on hypertension and overall, we found little evidence of an association with POCD. However, all studies
were of exploratory nature, and only 2 studies adjusted for potential confounders and, therefore, our meta-analysis does
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not rule out a (potentially causal) relationship. In subgroup analyses, we also found that among studies with proportion
of males >75%, hypertension statistically significantly increased the risk of POCD by 27%. The finding warrants
confirmation but may support hypertension as a contributing factor to POCD risk in a sub-set of patients.

There is a great deal of interest in hypertension as a cognitive risk factor due to high prevalence in the general [14],
older [11], and in surgical populations [6, 20], and because it is modifiable. Anti-hypertensive treatment has been linked
to a reduced risk of age-related cognitive impairment [65], though a Cochrane review of randomized controlled trials —
which help shed light on the issue of causality — found that the overall evidence on anti-hypertensive treatment and risk
of cognitive impairment was inconclusive [66].

A number of candidate contributors to reports of blood pressure links with cognitive risk [15, 67] have been
identified and complex interplays among a range, or all, are likely. Fifty percent of patients with hypertension are
affected by insulin resistance which impairs cognitive function directly for instance through alterations in cerebral blood
flow, as well as indirectly through associated inflammatory response [68]. Disease of the cerebral vasculature as the
basis of the increased risk of cognitive impairment seen in people with hypertension [69] finds support in reports of a
reduced risk of cerebral infarction following improved blood pressure control [70]. In line with a now well-established
vascular component of Alzheimer’s disease [68, 71], hypertension is further associated with deposition of the beta
amyloid peptide [72]. Recently, low beta amyloid in cerebrospinal fluid (indicative of pre-clinical early stages of
Alzheimer’s disease neuropathology) has also been linked to the development of POCD [73]. On the basis of that type
of evidence, the present null finding across all included studies is surprising, but may be due to a number of factors.
Statistical power was limited by high prevalence of hypertension in some studies (e.g., 99% [6]). We further suspect
ascertainment bias. Patients with poor health may not have undergone as detailed blood pressure assessment as healthier
patients so that hypertension remained undetected. At the same time, these patients may have been prone to POCD.
Definition of hypertension was rarely specified, and as is common in the research literature [41, 49, 74] likely often
included the criterion “use of anti-hypertensive treatment”. This is despite uncertainty on its relationship with risk of
age-related cognitive impairment per se [65, 75] and a lack of knowledge of its relationship with POCD. Hypertension
could also have been well-controlled for years in patients on anti-hypertensive treatment. Finally, normotensive patients
may have suffered from white-coat [76] and anxiety-induced hypertension due to scheduled surgery [77]. Overall, any
actual underlying links of blood pressure with POCD risk may have been eliminated by such “dilution” of
“hypertension” groups.

None of these explanations could reasonably account for reports of associations of hypertension with age-related
cognitive impairment [15, 67, 78] and POD [16], however. All studies of hypertension would be equally affected. We
therefore have to consider the possibility that our finding is not due to bias but reflects some difference of (potentially
sex-specific) hypertension links with POCD versus other forms of impairment. This would be consistent for instance
with associations of hypertension with risk of stroke [69] but mixed results for post-operative stroke in particular [79,
80].

We are unable to determine this on the basis of our results. From a clinical perspective, our findings indicate that
hypertension at the time of presenting for surgery provides little information on the cognitive risk of a patient. However,
the exploratory nature of the studies included here has to be considered. None set out to assess hypertension and risk of
POCD. Only 2 of 24 included studies applied statistical adjustment, and these 2 built large statistical models without
any pre-specified hypotheses. Thus, our finding should be seen as preliminary pending evaluation in further
epidemiological studies targeted at the research question. With sex as a potential risk modifier, male and female
samples would ideally be investigated separately. Blood pressure readings and use of anti-hypertensive medication
(leading to normalization of blood pressure) should also be considered separately and studies should attempt to capture
samples that include hypertensive and hypertension-free patients at equal proportion. The role of cognitive reserve,
which predicts both late-life hypertension [81] and POCD [82], as well as potential interaction effects of hypertension
with intraoperative blood pressure control warrant evaluation. Finally, frailty, which is related to blood pressure control
[83], may be an important concept to recognize in cognitive epidemiology [84] including that of POCD.

A number of limitations must be considered. POCD definition was heterogeneous across studies and definitions of
hypertension were generally lacked. Thus, we are unable to tease out the influence of blood pressure versus anti-
hypertensive treatment on POCD risk. Statistical analyses in the primary studies were rarely adjusted for potential
confounders. For sex in particular, the present analysis indicated that hypertension associations with POCD may be
limited to samples that include a large proportion of males. Therefore, an influence of confounding by factors such as
sex on our pooled estimates is likely. We performed several statistical tests in stratified analyses, which introduced risk
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of type I error; thus, these subgroup results are to be interpreted cautiously.

We conclude that current research studies do not support the hypothesis that hypertension is a risk factor for POCD;
however, these studies had not set out to investigate the risk associated with hypertension and rarely considered
potential confounding factors in their analyses. Adequately designed studies are urgently needed to elucidate the
definitive role of hypertension in the epidemiology of POCD.
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