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ABSTRACT
Introduction:The cognitive side-effects ofmedication are common, but often overlooked in practice, andnot routinely considered
in interventional trials or post-market surveillance. The cognitive footprint of a medication seeks to quantify the impact of its
cognitive effects based on magnitude, duration, and interaction with other factors, evaluated across the exposed population.
Methods: Bayesian multivariable regression analysis of retrospective population-based cross-sectional cohorts.
Results:We replicate positive and negative cognitive effects of commonly used medications in UK Biobank, and extend observed
associations to two additional cohorts, the EPIC Norfolk, and the Caerphilly Prospective Cohort. We quantify the resultant
cumulative impact at the population level given known patterns of prescribing and compare it with exemplar common diseases.
Conclusion:The cognitive side-effects of commonly used drugsmayhave significant impact at the population level. Consideration
should be given to a routine structured assessment of cognition in interventional trials and post-market surveillance.

1 Introduction

Cognition is plausibly influenced by multiple modifiable factors
that can be targeted by public policy interventions, with the dual
aims ofmaximizing cognitive resources and reducing inequalities
across the population(Beddington et al. 2008; Bradley and Cor-
wyn 2002; Capron and Duyme 1989; Clifford et al. 2016; Clouston
et al. 2012; Duncan andMagnusson 2012; Falck et al. 2017; Fan and
Wong 2019; Farah 2017; Hanushek and Woessmann 2008; Huang
et al. 2012; Hunt et al. 2020; Lees and Hopkins 2013; Lehert et al.
2015; Lupien et al. 2009; Phillips C. 2017; Topiwala and Ebmeier
2018). To identify safe and effective interventions, it is important
to ascertain the impact that each potentially modifiable factor
has on cognition at a societal level. The ‘cognitive footprint’ of
a considered factor aims to quantify short and long term effects
by estimating both the magnitude and duration of effects on

cognition, with sensitivity to the clinical, sociodemographic and
cultural contexts (Rossor and Knapp 2015; Cullen et al. 2017).

The impact of medication has been relatively under-investigated,
especially for medications that do not primarily target the central
nervous system (CNS) (Nevado-Holgado et al. 2016). Medication
use is especially frequent in older people (Payne et al. 2014;
Moriarty et al. 2015), where chronic disorders and multiple
long-term conditions combine with heightened sensitivity to
drug side-effects. The prevalence of older adults in the United
States prescribed at least three medications with established
negative effects on cognition increased by 300%between 2000 and
2016; furthermore, the use of these medications was associated
with significant impairment on cognitive tests in a nation-
wide representative sample (Do and Schnittker 2020). Those
authors conjectured that cognitive effects receive little attention
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TABLE 1 Description of cognitive variables in the three cohorts (UK Biobank, EPIC Norfolk, CaPS), indicating the cognitive tests fromwhich they
are produce and the cognitive domains probed by those tests. Cells shaded in grey correspond to cognitive tests that were run for the first time in the
second follow-up visit (instance 2) of the UK Biobank cohort, on a much smaller sample than baseline tests: Analyses for these tests are reported in the
Supporting Information.

Cognitive domain UK Biobank EPIC Norfolk CaPS

Speed of processing RT (reaction time): mean
time to correctly identify if a
pair of cards was matched.

Simple processing speed:
Simple-VST: mean reaction
time of the simple visual

sensitivity test.

CRT (choice reaction time):
decision speed task.

Complex processing speed
(and visual deficits):

Complex-VST: mean
reaction time of the complex

visual sensitivity test.
Verbal/numerical reasoning FI: fluid intelligence score (13

questions of
verbal/numerical reasoning).

AH4 - Part 1: Alice Heim
Group ability test. Part 1 is
formed by 65 questions
assessing verbal and

mathematical reasoning.
Abstract nonverbal reasoning MPC: matrix pattern

completion (select an
element that best fits an
incomplete pattern).

Premorbid IQ NART: National adult
reading test.

NART: National adult
reading test.

Global cognitive
function—detection of
cognitive impairment

SF-EMSE: Short form of the
extended mental state Exam.

CAMCOG: Cambridge
cognitive Examination.

Clinical test covering a broad
range of cognitive skills and

functions.
MMSE: Mini-mental state

exam.
MMSE: Mini-Mental State

Exam.
Memory Verbal memory

PWL (paired words
associated learning).

Verbal episodic memory
HVLT: Hopkins verbal

learning test.

Immediate recall
IMM-R

Rivermead behavioral
memory test: recalling prose

details.
Delayed recall
DEL-R

Rivermead behavioral
memory test: recalling prose

details.
Prompted recall
PROMPT-R

Rivermead behavioral
memory test: recalling prose

details.
Incidental memory
INCID-M: recall a list of
names that were read in

another context.

(Continues)
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TABLE 1 (Continued)

Cognitive domain UK Biobank EPIC Norfolk CaPS

Short-term visual memory
PaMa (errors in a
pairs-matching test).

Non-verbal episodic
memory

CANTAB-PAL: paired
associate learning test from

the Cambridge
Neuropsychological Test

Battery.
Numeric memory
NM (maximum number of
digits recalled in a sequence).
Prospective memory
PM (correct recall of an
earlier instruction).

Prospective memory
PM (correct recall of an
earlier instruction).

Prospective memory
PM (correct recall of an
earlier instruction).

Attention LCT-ACC: Accuracy score in
the letter cancellation task

(MRC-CFAS).
Visual processing SDS: symbol-digit

substitution (linking symbols
and digits according to a

provided key).
Strategic planning TR: tower rearranging

(re-arrange hoops around a
peg to form a different color
pattern in the least number of

steps).
Cognitive
flexibility/executive
functioning

TMT: trail-making test
(sequentially follow a trail).

because of misattribution to age-related decline. In addition to
prescription medications, use of over-the-counter products and
dietary supplements is common, often without adequate medical
justification (Fulton and Allen 2005; Payne 2016). Conversely,
some medications may have a positive effect on cognition, either
as temporary enhancers of performance (Husain and Mehta
2011), or in primary prevention or modification of the course of
neurodegeneration (Corbett, Williams, and Ballard 2013). Even a
small effect size may have significant impact at the population
level if the medication is taken by many people or for a long time.

In this study we aimed to extend the analysis of Nevado-
Holgado et al. (2016) of medication use in UK Biobank within
a Bayesian modeling framework, facilitating the interpretation
of null findings and quantification of population-level effects,
and to validate our results in two other smaller cohorts, EPIC
Norfolk and Caerphilly Prospective Cohort (CaPS). We employed
a cognitive footprint framework, accounting for sociodemo-
graphic variables, medical history and relevantmodifiable factors
of cognition, and considering the overall impact in relation
to the frequency of use of each medication in a naturalistic
sample.

2 Methods

UK Biobank (Allen et al. 2012; Sudlow et al. 2015) is a UK-wide,
ongoing observational cohort composed of 502,492 participants
recruited between April 2007 and July 2010, with baseline
ages ranging from 37 to 73 years (mean 56.5). Data were
collected at baseline (instance 0, 2007–2010) and in three sub-
sequent follow-up visits. Cognitive variables are summarized in
Table 2.

EPIC Norfolk (Hayat et al. 2014), part of the wider European
Prospective Investigation of Cancer, recruited 25,639 participants
aged between 40 and 79 years at enrolment. Data were collected
in five waves, but cognitive tests were performed only in wave 3
(2004–2011), on a subset of 8623 participants.

TheCaerphilly Prospective Study (CaPS) (“Caerphilly, and Speed-
well collaborative heart disease studies. The Caerphilly, and
Speedwell Collaborative Group,” 1984) enrolled 2959 male vol-
unteers between 45–59 years old between 1979 and 1983, with
five data-collecting waves in total; cognitive assessments were
performed from wave 3 (1989–1993) to wave 5 (2002–2004).
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FIGURE 1 Cognitive footprint of medication according to results from UK Biobank cohort, on the following domains and outcomes: processing
speed (reaction time -RT-) and verbal/numerical reasoning (fluid intelligence -FI score-). For each cognitive outcome, the leftward panel presents
medications classified according to the last level of the Anatomical Therapeutic Classification (ATC level 5: chemical substances, e.g., ‘ibuprofen’), while
the rightward panel groups medications according to the ATC level 4 (pharmacological subgroups, e.g., propionic acid derivatives). Note than while
the ATC codes are official, the accompanying terms may have been abbreviated (e.g., ‘tertiary anticholinergics’ for ‘anticholinergics with tertiary amino
group’). The cognitive footprint of a medication on a specific cognitive outcome represents the estimated effect of medication use in the UK population
(ages 40 to 70), according to the individual effect estimated by modelling UK Biobank data and assuming UK-wide prevalence of consumption is the
same as in the cohort. Units are Z-scores of the distribution of the cognitive outcome score (RT, FI) across UK Biobank participants. Error bars represent
95% credible intervals. Only medications with over 50% credibility for a non-zero effect are presented in the graph (i.e., the 50% credible intervals of the
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corresponding regression coefficient do not contain zero). Negative values and red colour indicate the medication is associated to worse cognitive score,
while positive values indicate association to better score. The dashed vertical bars represent the cognitive footprint of other covariates in the model or
potential interventions (demographic, medical or environmental conditions, etc.). For instance, the cognitive footprint of multiple sclerosis is calculated
as the individual effect of the disease according to the model presented in the same graph (e.g., ATC level 5-medications and RT), multiplied by the
estimated prevalence of the condition in the UK population (ages 40 - 70), extrapolated from the prevalence in the UK Biobank cohort. The cognitive
footprint of a hypothetical intervention consisting on reducing air pollution by a certain amount is calculated according to the individual effect of the
condition (pollution in this case) according to the model, if it was applied to the entire UK population by the amount indicated (e.g., 1 mcg/m3 NO2).
Abbreviations: Non-ster.: non-steroidal; antiinflamm: anti-inflammatory; antirheum: antirheumatic; ACE: angiotensin-converting enzyme; NSAID:
non-steroidal anti-inflammatory drugs; inh.: inhibitors; (semi)synth.: (semi)synthetic; ARB: angiotensin II receptor blockers; SSRI: selective serotonin
reuptake inhibitors; freq.: frequency; aggreg.: aggregation; excl.: excluding; nsMRI: non-selective monoamine reuptake inhibitors.

Cognitive performance was measured by a different set of tests
for each of the three cohorts, with only partial overlap (Table 1).
All numeric variables were normalized, and sign reversed if
needed, so that a larger score consistently indicated better
performance.

Cognition is a multi-faced ability that nonetheless shows strong
correlations across distinct facets. For the UK Biobank cohort,
the first component of a principal component analysis (PCA) of
different cognitive tests was therefore employed as a summary
measure for underlying cognition (PCA-cognition), in addition to
models of each individual test. Further detail on all variables and
operations performed on them before inclusion in the models is
reported in the Supporting Information.

Medications are naturally heterogeneous but exhibit common-
alities arising from shared chemical and biological properties
that permit therapeutic domain-level analysis. All medications
were coded according to the last two levels of the anatomical
therapeutic chemical (ATC) classification system, i.e., level 5
(chemical substances, e.g., M01AE01: ibuprofen) and 4 (pharma-
cological subgroups, e.g., M01AE: propionic acid non-steroidal
anti-inflammatory drugs). The association between medication
and cognition was modeled separately for these two descriptive
levels.

Isolating the specific effect of an intervention demands modeling
of collateral factors with a bearing on cognition. In modeling
the association betweenmedications (as predictors) and cognitive
performance (as the dependent variable), other covariates such
as socio-demographic information and medical history were
considered, selected by a priori biological plausibility, previous
evidence, data availability, and exploratorymodeling. The specific
variables included in the models varied for each of the three
cohorts, depending on availability of the variables themselves,
missing data, and constraints related to the number of predictors,
which varied as a function of the sample size and the type of
model employed. Particularly, UK-Biobank analyses were highly
comprehensive, as allowed by the large size of the cohort and the
use of Bayesian penalized regression models, which are suitable
for modeling a very large number of potential predictors in
exploratory settings where most are likely uncorrelated with the
outcome.Model predictors included socio-demographic informa-
tion (age, sex, ethnicity, household income, academic attainment,
professional status, deprivation index and environmental con-
ditions associated to residential address), lifestyle (alcohol and
other toxics, physical activity), medical history (including every
past and present diagnosis with over 1% prevalence in the UK-

Biobank sample), quantitative measures related to metabolic
and cardiovascular health (body mass index, blood pressure,
glycosylated hemoglobin), menopausal status in women, general
physical and psychological welfare (self-perceived health, mood,
pain) and everymedicationwith over 1% prevalence of regular use
in the sample. EPIC and CaPS were smaller and less exhaustive,
so the models were also less detailed, but aimed to resemble the
UK-Biobank models as far as possible. Cross-sectional analysis
(UK-Biobank and EPIC) was carried out by high-dimensional
Bayesian penalized linear (or logistic) regression with sparse
horseshoe-shaped priors while repeated-measures analysis was
performed by means of mixed-effects modeling (CaPS). The
overall cognitive footprint of each medication in the UK pop-
ulation according to the results from the UK Biobank cohort
was calculated assuming that the prevalence of medication use,
stratified by age and sex, was the same as within UK Biobank.

3 Results

3.1 UK Biobank

Table 2 shows the available sample size and selected descriptive
statistics for the data involved in each model. Table 3 presents the
coefficient estimates and 95% credible intervals for the 10 med-
ications that were more strongly associated with each cognitive
measure, according to their rank statistic. All cognitive variables
were normalized; thus, the value of the coefficients is comparable
across models (except for the dichotomous prospective memory
task (PM)).

Themagnitudes of the effect sizes for the top-rankedmedications
ranged between 0.01 and 0.10 Z-scores, in both positive and
negative directions. Only a few medications exhibited effect sizes
over 0.10, mostly negative, peaking at >0.20 for valproic acid.
Reaction time (RT) was the cognitive variable subject to the
largest effect sizes, suggesting that processing speed is especially
sensitive to drug effects.

Several analgesics and non-steroidal anti-inflammatory products
were among the most strongly associated medications across
all models. Paracetamol was the top-ranked medication for all
cognitive variables (except RT, where it ranked second), even
though its negative effect size was relatively small at around
0.05 Z-scores (and 10% correct response in PM). Conversely,
glucosamine was positively associated with all outcomes by a
similar effect size; other anti-inflammatory products coded under
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FIGURE 2 Cognitive footprint ofmedication according to results fromUKBiobank cohort, on the following domains and outcomes: visualmemory
(pairs-matching test -PaMa-), numeric memory (NM) and prospective memory). For each cognitive outcome, the leftward panel presents medications
classified according to the last level of theAnatomical Therapeutic Classification (ATC level 5: chemical substances, e.g., ‘ibuprofen’), while the rightward
panel groups medications according to the ATC level 4 (pharmacological subgroups, e.g., propionic acid derivatives). Note than while the ATC codes
are official, the accompanying terms may have been abbreviated (e.g., ‘tertiary anticholinergics’ for ‘anticholinergics with tertiary amino group’). The
cognitive footprint of a medication on a specific cognitive outcome represents the estimated effect of medication use in the UK population (ages 40 to
70), according to the individual effect estimated by modelling UK Biobank data and assuming UK-wide prevalence of consumption is the same as in
the cohort. Units are Z-scores of the distribution of the cognitive outcome score (PaMa, NM, PM) across UK Biobank participants. Error bars represent
95% credible intervals. Only medications with over 50% credibility for a non-zero effect are presented in the graph (i.e., the 50% credible intervals of the
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corresponding regression coefficient do not contain zero). Negative values and red colour indicate the medication is associated to worse cognitive score,
while positive values indicate association to better score. The dashed vertical bars represent the cognitive footprint of other covariates in the model or
potential interventions (demographic, medical or environmental conditions, etc.). For instance, the cognitive footprint of depression is calculated as the
individual effect of the disease according to themodel presented in the same graph (e.g., ATC level 5-medications and PaMa), multiplied by the estimated
prevalence of the condition in the UK population (ages 40 - 70), extrapolated from the prevalence in the UK Biobank cohort. The cognitive footprint of a
hypothetical intervention consisting on reducingHb1ac levels by a certain amount is calculated according to the individual effect of the condition (Hb1ac
blood levels in this case) according to the model, if it was applied to the entire UK population by the amount indicated (e.g., 5 mmol/mL). Abbreviations:
Non-ster.: non-steroidal; antiinflamm: anti-inflammatory; antirheum: antirheumatic; ACE: angiotensin-converting enzyme; NSAID: non-steroidal anti-
inflammatory drugs; inh.: inhibitors; (semi)synth.: (semi)synthetic; ARB: angiotensin II receptor blockers; SSRI: selective serotonin reuptake inhibitors;
freq.: frequency; aggreg.: aggregation; excl.: excluding; nsMRI: non-selective monoamine reuptake inhibitors.

M01AX (specifically chondroitin) were also positively associated.
In addition, non-steroidal anti-inflammatory drugs (NSAIDs),
both propionic acid derivatives (ibuprofen, naproxen) and acetic
acid derivatives (diclofenac) were positively associated to most
outcomes.

Many medications targeting the CNS were negatively associated
with cognitive variables. Amitriptyline was the most consistently
ranked, being among the top 10 for all outcomes but numeric
memory (NM), with an effect size between 0.03 and 0.08 Z-scores
(for PM:OR= 0.9026). Likewise, the group of antiepileptics coded
as N03AX (including topiramate, levetiracetam, lamotrigine,
gabapentinoids) yielded a reduction of 0.06 to 0.13 Z-scores in
all outcomes but NM (and OR = 0.8675 for PM); gabapentin
specifically worsened RT by 0.06 Z-scores and valproic acid had
the largest effect size for any medication in any cognitive model,
with a beta coefficient of 0.20927 (95% credibility interval 0.2682
to 0.14946) in the model for RT.

Figures 1 and 2 present the footprint on individual cognitive tests,
and Figure 3 on PCA-Cognition, of all modeled medications for
which the 50% credible intervals of the regression coefficients
did not enclose zero for reaction time and PCA-Cognition.
Data for all other cognitive variables are presented in Figure
S1. The data points represent the quantity of cognitive capital,
extrapolated to the UK population aged between 40–70 years,
that is potentially lost or gained by regular medication use.
This inference rests on two assumptions. First, that the cross-
sectional associations found in the models are directly related to
the medication use, and not a product of hidden confounders or
mediators. Second, the prevalence ofmedicationuse in the overall
UK population (between ages 40–70) is the same as in the UK
Biobank cohort. Therefore, the numbers provided can only be
considered as exploratory upper bounds to the cognitive footprint
of a medication.

The cognitive footprint is expressed in terms of Z-scores, con-
sidering the distribution of cognitive test scores in the UK
Biobank data; except for PM, where the effect is measured as
the predicted change in the number of participants doing the
test correctly (at first attempt). Since units are standardized
and the cognitive footprint is calculated for the UK population,
effect sizes are comparable across models. For reference, the
cognitive footprints of other conditions (e.g., multiple sclerosis,
depression) or hypothetical interventions (e.g., reduction of air
pollution) are presented in the graphs. This is given by the value
of the regression coefficient of such covariates (in the same

models where the association between medication and cognition
is explored).

Of those medications with a positive cognitive footprint, pro-
pionic acid NSAIDs (especially ibuprofen) and non-steroidal
anti-inflammatory medications coded as M01AX (especially glu-
cosamine) have the largest value for most cognitive domains:
around 100,000 Z-scores of PCA-Cognition in both cases, similar
to a general reduction of the population’s age by 2 months or 1
mcg/m3 NO2 in air pollution. Omega-3 triglycerides also had a
positive footprint on several domains (RT, fluid intelligence (FI),
PM, PCA-Cognition).

3.2 EPIC Norfolk

Six medications were consumed by over 10% participants in the
EPIC Norfolk cohort: bendroflumethiazide, simvastatin, omega-
3, glucosamine, aspirin, and paracetamol. The results show
some similarities to those from UK-Biobank, although many
associations are not significant (Figures S1–S4). Paracetamol
has a negative footprint, and M01AX drugs (glucosamine and,
to a lesser extent, chondroitin) have (amongst) the largest
positive footprint for all cognitive outcomes save the Hop-
kins verbal learning test (HVLT). Omega-3 triglycerides has
relatively large positive footprint for several (four) cognitive
outcomes.

3.3 CaPS

In the CaPS cohort, five medications were taken by over 10%
participants in at least one wave: atenolol, omega-3 triglycerides,
aspirin, and paracetamol. (Figures S5–S8)

Similar to UK Biobank and EPIC, paracetamol (anilides) had
among themost negative cognitive footprint on several outcomes:
choice RT, Alice Heim group ability test (AH4) and measures of
global cognition (CAMCOGandMMSE), ranging between 60,000
and 80,000 Z-scores (Figure S9).

Omega-3 triglycerides had a positive footprint. Unlike UK
Biobank and EPIC, M01AX drugs had no relevant positive
footprint; however, they were far less used in the older CaPS
cohort (e.g., glucosamine was not used by anybody in waves 3 and
4, and only by 2.51% in wave 5).
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FIGURE 3 Cognitive footprint of medication according to results from UK Biobank cohort, on ´overall cognition´ (first component of PCA
decomposition on the individual test results). The leftward panel presents medications classified according to the last level of the anatomical therapeutic
classification (ATC level 5: chemical substances, e.g., ‘ibuprofen’), while the rightward panel groups medications according to the ATC level 4
(pharmacological subgroups, e.g., propionic acid derivatives). Note than while the ATC codes are official, the accompanying terms may have been
abbreviated (e.g., ‘tertiary anticholinergics’ for ‘anticholinergics with tertiary amino group’). The cognitive footprint of a medication on a specific
cognitive outcome represents the estimated effect of medication use in the UK population (ages 40 to 70), according to the individual effect estimated by
modelling UK Biobank data and assuming UK-wide prevalence of consumption is the same as in the cohort. Units are Z-scores of the distribution of the
cognitive outcome score (PCA-Cognition) across UK Biobank participants. Error bars represent 95% credible intervals. Only medications with over 50%
credibility for a non-zero effect are presented in the graph (i.e., the 50% credible intervals of the corresponding regression coefficient do not contain zero).
Negative values and red colour indicate themedication is associated toworse cognitive score,while positive values indicate association to better score. The
dashed vertical bars represent the cognitive footprint of other covariates in themodel or potential interventions (demographic, medical or environmental
conditions, etc.). For instance, the cognitive footprint of recent invalidating pain is calculated as the individual effect of the condition according to the
model presented in the same graph (e.g., ATC level 5-medications and PCA-Cognition),multiplied by the estimated prevalence of the condition in theUK
population (ages 40 - 70), extrapolated from the prevalence in the UK Biobank cohort. The cognitive footprint of a hypothetical intervention consisting
on reducing air pollution by a certain amount is calculated according to the individual effect of the condition (pollution in this case) according to the
model, if it was applied to the entire UK population by the amount indicated (e.g., 1 mcg/m3 NO2). Abbreviations: Non-ster.: non-steroidal; antiinflamm:
anti-inflammatory; antirheum: antirheumatic; ACE: angiotensin-converting enzyme; NSAID: non-steroidal anti-inflammatory drugs; inh.: inhibitors;
(semi)synth.: (semi)synthetic; ARB: angiotensin II receptor blockers; SSRI: selective serotonin reuptake inhibitors; freq.: frequency; aggreg.: aggregation;
excl.: excluding; nsMRI: non-selective monoamine reuptake inhibitors.

4 Discussion

The aim of developing a cognitive footprint metric is to assess not
only the effect size (both positive and negative) of an intervention,
event or exposure, but also the cumulative impact defined by
the duration of that effect and its coverage of the population.
The cognitive footprint can be applied across the lifespan to
assess both short-term effects (hours, days, weeks, and months)
and effects that may last a lifetime or significantly increase
the risk of late life dementia. The concept has been applied in
the cognitive impact of neuropsychiatric disease (Cullen et al.
2017).

Medication use provides an opportunity to develop the cognitive
footprint concept further. Medications are widely employed,
and many have adverse cognitive effects. Cognition is rarely
measured during any phase of the trials of interventions in
non-neurological/psychiatric disorders, or in post-market surveil-
lance. However, both on- and off-target effects on cognition
are not confined to neuropsychiatric disease. Ideally, cognitive
measures should be employed throughout the R&D process such
that where there is parity of outcome on the primary disease
effect, the drugswith favorable or least adverse cognitive footprint
would guide prescribing advice. In the absence of randomized
controlled trial data, we have used the cognitive data and reported
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medication use from UK Biobank and further validated in the
EPIC Norfolk and Caerphilly cohorts.

Many medications have been associated with adverse cognitive
effects. In particular those developed for CNS disease, such as
anti-epileptic drugs and anti-psychotics, or those with anticholin-
ergic effects (Risacher et al. 2016). There are many reports of
potential effects on later life dementia risk, for example, in
relation to proton pump inhibitors (Gomm et al. 2016; Haenisch
et al. 2015). This can be an important additional component of
the cognitive footprint of a medication besides short-term effects
(Akter et al. 2015).

Our findings replicate within a Bayesian framework those of
Nevado-Holgado (Nevado-Holgado et al. 2016), who also inter-
rogated the UK Biobank dataset, and confirm key findings in
two additional cohorts. Moreover, we have modeled the potential
impact at the national level to provide an upper bound of the
effects conditional on the frequencies of prescription and have
compared the effect sizes with those reported for neuropsychi-
atric diseases (Cullen et al. 2017). Paracetamol emerges as a
consistent medication with an adverse effect, which, owing to the
frequency of use, has a large negative footprint. Previous review
of long-term paracetamol use has also indicated adverse effects
(McCrae et al. 2018).

Ibuprofen and glucosamine (and to a lesser extent omega-3
triglycerides) emerge as medications with consistent beneficial
cognitive effects and a recent review suggests that the latter
is also associated with reduced all-cause mortality (King et al.
2020). The underlying mechanisms are not known although the
consistent effects of medication on reaction times and measures
sensitive to impaired attention suggest a common mechanism.
In addition paracetamol and glucosamine have divergent effects
on Brain Derived Neurotrophic Factor (BDNF) in rat models
with a decrease with long term paracetamol and increase with
glucosamine (Lalert et al. 2023; Chou et al. 2020)

These correlative associations cannot prove causation: confound-
ing factors, reverse causation, or selection bias may all have
influenced the results across the cohorts; not only is there a risk
of reverse causation per se but also of including participants
with prodromal neurodegenerative disease (Gallacher et al. 2009;
Gallacher et al. 2011). We have, however, used high-dimensional
modeling to account for a wide array of confounders such as the
presence of pain. In addition, most of the data are cross-sectional.
Biobank does have serial cognitive tests performed in follow-up
visits, but they are taken by only a small subset of the baseline
sample and our exploratory analyses did not yield significant
findings. Further, cognitive tests will be available in the future but
the limitation will remain that it is difficult to be sure of the total
drug exposure during the period of follow up and this may mask
effects both for cross sectional and longitudinal analyses. The
more robust approach as suggested is to assess cognition routinely
in phase 3 randomized trials. The cognitive effects were not seen
across all domains. Reaction times and measures sensitive to
impaired attention were the most consistently affected, reflecting
a commonmechanism for drug side-effects. Further, many drugs
will have short-term effects that will not be captured in our
analysis. The importance of cognitive side-effects argues for

consistent assessment during Phase III trials, as recommended
by Roiser et al. (2016).

Future research could usefully focus on including standard
cognitive tests, particularly those assessing attention, in all
interventional drug trials. The significance of the small effect
sizes can be evaluated by comparison to the cognitive foot-
print of factors affecting health such as pollution. The diver-
gent effects of glucosamine and paracetamol could also be
explored.

5 Conclusion

Cognitive effects of commonly used medications can be substan-
tial at a population level and the negative effects comparable
to other modifiable factors such as pollution. Medications with
positive cognitive effects are less common, but volume of use
is quite high. Given the impact of medications on cognition,
particularly in the elderly, it is recommended that all Phase
3 trials—regardless of the primary outcome—routinely assess
cognition.
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