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Abstract

Type 2 diabetes is a robust predictor of cognitive impairment. Impairment in

allocentric processing may help identify those at increased risk for Alzheimer’s
disease dementia. The objective of this study was to investigate the

performance of participants with and without diabetes on a task of allocentric

spatial processing. This was a cross-sectional secondary data analysis study

using baseline data from the European Prevention of Alzheimer’s Dementia

Longitudinal Cohort Study (EPAD LCS). Participants were aged 50 years and

above and were free of dementia at baseline. Participants with no missing data

on the variables of interest were included in this study. Our exposure variable

was diabetes reported in the medical history. Our primary outcome was the

Four Mountains Test (4MT), a novel task of allocentric processing. Covariates

included demographics (age, sex, family history of dementia and years of

education), APOEε4 carrier status, cognitive status (Clinical Dementia Rating

scale), cerebrospinal fluid phosphorylated tau and amyloid-beta 1–42. Of 1324
participants (mean age = 65.95 (�7.45)), 90 had diabetes. Participants with

diabetes scored 8.32 (�2.32) on the 4MT compared with 9.24 (�2.60) for

participants without diabetes. In a univariate model, diabetes was significantly

associated with worse 4MT total scores (β = �.92, p = .001), remaining

significant in a fully adjusted model (β = �.64, p = .01). Cerebrospinal fluid

Abbreviations: 4MT, Four Mountains Test; AD, Alzheimer’s disease; Aβ1–42, amyloid-beta 1–42; BMI, body mass index; CDR, Clinical Dementia
Rating; CI, confidence interval; CSF, cerebrospinal fluid; df, degrees of freedom; EPAD LCS, European Prevention of Alzheimer’s Dementia
Longitudinal Cohort Study; F, female; M, male; MCI, mild cognitive impairment; pTau181, phosphorylated tau-181; RBANS, Repeatable Battery for
the Assessment of Neuropsychological Status; tTau, total tau; χ 2, chi-squared.
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phosphorylated tau was significantly higher in participants with diabetes

compared with those without. Novel cognitive tests, such as the 4MT, may be

appropriate to identify early cognitive changes in this high-risk group.

Identifying those at greatest risk for future neurodegeneration is key to preven-

tion efforts.

KEYWORD S
Alzheimer’s disease, cohort study, diabetes, prevention, risk factor

1 | INTRODUCTION

The number of people living with dementia is expected to
rapidly increase over the coming decades, reaching an
estimate of 152 million people by 2050 (Alzheimer’s
Disease International et al., 2020). Although there are a
small number of symptomatic treatments and the recent
accelerated approval of aducanumab as a disease-
modifying treatment, all for Alzheimer’s disease (AD),
attention has shifted in recent years to focus on preven-
tion through identification and management of risk
factors, including medical comorbidities. A delay in the
onset of dementia even by 2 years has the potential to
result in a 19% prevalence in the UK by 2050 (Lewis
et al., 2014).

Individuals with type 2 diabetes represent a group at
high risk for cognitive impairment, with double the rate
of global cognitive decline (Tilvis et al., 2004) and an
estimated 1.5 times relative risk for developing AD
(Biessels et al., 2006), compared with individuals without
diabetes. Furthermore, this relative risk increases to 5.5
times higher risk if the person also has the APOEε4 allele
(Peila et al., 2002) compared with people without type
2 diabetes. Diabetes is one of the important potentially
modifiable risk factors discussed by the Lancet Commis-
sion group (Livingston et al., 2020). Episodic memory
and executive function (McCrimmon et al., 2012) are
vulnerable to decline in this patient population.
Moreover, the high frequency of type 2 diabetes in many
communities means that it is a priority target for
population-level brain health public policy (Ritchie
et al., 2010). Potential underlying mechanisms associat-
ing type 2 diabetes with AD include the disruptive effect
of excess insulin on synaptic plasticity (Biessels &
Kappelle, 2005), mitochondrial dysfunction (common to
both type 2 diabetes and AD) (Correia et al., 2012),
glucose hypometabolism (Li, Risacher et al., 2016) and
hypoperfusion (Dake et al., 2020). Hyperinsulinaemia
may also lead to competition for insulin-degrading
enzyme, which is important for amyloid clearance
(Kurochkin et al., 2018). In fact, AD is often referred to
as ‘type 3 diabetes’ (Nguyen et al., 2020), although due to

high heterogeneity of both diagnoses, no consensus on
definite mechanisms linking these diseases has been
reached (Salas & De Strooper, 2019).

Identifying cognitive assessments that are sensitive to
early changes associated with AD is an important part of
prevention planning, both to screen for those at high risk
of AD and as outcomes in clinical and research pathways.
As there are currently no interventions known to reduce
risk of AD for people living with diabetes, future research
into this area is important. Identifying those with
diabetes at the highest risk for AD will maximise future
clinical trial efficacy, and identification of early cognitive
impairment is one avenue to explore.

Progressive hippocampal volume loss is one of the
hallmarks of AD (van der Flier & Scheltens, 2009).
Traditionally, tasks assessing episodic memory have been
utilised as cognitive measures of hippocampal function
(Mortamais et al., 2017). However, these tasks are often
most useful during the overt phase of disease, and there
is a need to introduce more targeted tasks that are effec-
tive at detecting impairments and changes during the
preclinical disease stage. Functional imaging studies have
evidenced the involvement of the hippocampus in the
brain network recruited for spatial processing (Iaria
et al., 2007). The Four Mountains Test (4MT) (Chan
et al., 2016) is a novel task designed to assess allocentric
spatial processing abilities. Allocentric spatial processing
is the ability to encode and recall viewpoint-invariant
relationships between items and mentally manipulate
scenes to consider them from different perspectives. The
hippocampus is particularly associated with allocentric
spatial processing abilities (Fidalgo & Martin, 2016).
Studies in a clinical population using the 4MT show
impairment on allocentric processing in participants with
AD (Bird et al., 2010). The 4MT has also shown power to
discriminate participants with mild cognitive impairment
(MCI) from cognitive normal controls and between those
with and without cerebrospinal fluid (CSF) AD bio-
markers (Moodley et al., 2015). Of particular interest are
findings from the PREVENT Dementia study, also led by
our group, where 4MT performance was significantly
associated with dementia risk score, whereby those with

2 GREGORY ET AL.
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a higher risk score had lower 4MT scores
(Ritchie et al., 2018). In this study, interestingly, the 4MT
was a better predictor of risk than more traditional
hippocampal tests of episodic memory, verbal fluency
and executive functioning (Ritchie et al., 2018).

1.1 | Objective

The aim of this study is to investigate the performance of
participants with and without diabetes in the European
Prevention of Alzheimer’s Dementia Longitudinal Cohort
Study (EPAD LCS). The EPAD LCS was a pan-European
cohort study designed to investigate risk factors for
dementia across a spectrum of disease stages (Ritchie
et al., 2016; Solomon et al., 2018). Our hypothesis was
that people with diabetes would perform worse on the
4MT compared with those without diabetes.

2 | METHODS

2.1 | Consent and ethics

The EPAD LCS was sponsored by the University of
Edinburgh, UK. Separate ethical applications were
applied for in each country involved in the project with
no study activity taking place until ethical opinions and
any country- and site-specific additional regulatory
requirements were in place. All participants provided
written informed consent after reading approved
information sheets and discussing the study with a
trained and delegated member of the research team. All
participants consented to the future use of their data in
research studies.

2.2 | Data

We used the EPAD LCS v.IMI baseline dataset for this
analysis, following approval of a data access request
(ep-ad.org/open-access-data/overview). The EPAD LCS is
registered at www.clinicaltrials.gov Identifier:
NCT02804789. The dataset includes data from all partici-
pants who consented to join the study. Data used in
preparation of this article were obtained from the EPAD
LCS dataset v.IMI (doi:10.34688/epadlcs_v.imi_20.10.30).
We excluded participants with missing data in the expo-
sure and outcome variables of interest from the analysis.
The EPAD LCS is well described elsewhere (Ritchie
et al., 2016; Solomon et al., 2018). In summary, it was a
cohort study of participants recruited from other research
studies and memory clinics throughout Europe,

representing the spectrum of risk for AD dementia from
healthy controls and preclinical to prodromal AD. There
were generally broad inclusion criteria, with participants
required to be aged 50 or above, free of dementia at
baseline and able to undergo the protocol assessments.
The protocol included baseline, 6 month, 1 year, 2 year
and 3 year visits. The long-term goal was for participants
to enter into interventional clinical trials, and therefore,
participants were required to be in generally good
physical health. At baseline and annual visits, partici-
pants completed cognitive assessment batteries, medical
and lifestyle history interviews and self-report question-
naires, provided samples (including blood, saliva, urine
and CSF) and underwent magnetic resonance imaging.
At 6 month visits, participants completed the cognitive
assessment battery and brief medical and lifestyle
questionnaires. The EPAD LCS ran from 2015 to 2020.

2.3 | Variables

Participants completed the 4MT during their baseline
assessment period. Prior to undertaking the task, partici-
pants are provided with instructions and a small number
of practice efforts. Briefly, the 4MT involves participants
studying an image of four mountains of varying sizes for
a period of about 10 s (see Appendix A). The task
involves the use of a touch screen electronic tablet. After
a short interval (1 s), the participants are then presented
with a second screen with four images. One of these
images matches the presenting stimulus but is shown
from a different point of view, potentially with different
lighting or weather conditions depicted. The participant
is tasked with selecting which of the four images is the
same as the stimulus image. They do so by tapping
the image they want to select on the tablet screen. The
software automatically records both whether the
response was correct and latency of decision making,
reducing possible error introduced by human raters
(Chan et al., 2016). The 4MT has been developed to target
deficits in those brain regions most associated with
early AD pathology and, as such, is a useful research
tool in identifying early neurodegenerative disease
(Ritchie et al., 2017). As the task is a novel research tool,
there are no normative scores available, nor data on the
clinical meaningful of change or difference between
scores. A lower score indicates a worse performance and
could indicate incorrect responses, lack of response or a
mixture of both across the 15 trials. We extracted
baseline 4MT scores and calculated a total score for
all participants to act as the outcome variable as, for
this research question, we were interested in overall
performance.

GREGORY ET AL. 3
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We extracted history of diabetes from participants’
medical history (self-reported) as the exposure variable of
interest. The medical history does not specify whether
participants had type 1 or type 2 diabetes. Exclusion
criteria for the cohort included poorly controlled diabetes
and those unable to fast for blood samples, which reduces
the likelihood that participants with type 1 diabetes were
enrolled. Participants with poorly controlled diabetes
were excluded as the cohort was designed to be
‘trial-ready’ for Phase II clinical trials, and this is a
common exclusion in AD clinical trials. We also
extracted height and weight to calculate body mass index
(BMI). BMI was then used to classify participants as
obese (BMI of 30 kg/m2 or above in line with the
World Health Organisation categorisation, World Health
Organisation, 2019). We also used blood pressure data to
categorise participants as hypertensive or normotensive
(hypertensive classified as having either a systolic blood
pressure of greater than 140 mmHg or a diastolic blood
pressure of greater than 90 mmHg).

We extracted covariates of age, sex (both male and
female participants included in this analysis), years of
education, family history (self-reported parental history
of dementia, any diagnosis), APOEε4 carrier status (either
heterozygous or homozygous) and Clinical Dementia
Rating (CDR) score. We also extracted CSF biomarker
data for phosphorylated tau-181 (pTau181) and amyloid-
beta 1–42 (Aβ1–42), measured using the fully automated
cobas Elecsys® AD portfolio platform (Elecsys® Total
-Tau CSF (roche.com)) (Bittner et al., 2016; Lifke
et al., 2019) for participants where available for an explor-
atory analysis. Both pTau181 and Aβ1–42 were used in
the model as continuous measures. As the 4MT is
thought to be associated with hippocampal regions, we
calculated a mean of the left and right hippocampal
volumes and adjusted the values for intracranial volume.
Further, we extracted Repeatable Battery for the
Assessment of Neuropsychological Status (RBANS) total
and index scores (attention, immediate memory, delayed
memory and visuo-constructional) for participants
(Karantzoulis et al., 2013). Comparatively to the 4MT, the
RBANS measures more global cognitive deterioration
across a number of domains (Ritchie et al., 2017).

2.4 | Statistical analysis

Initially, we identified participants with missing data in
the variables of interest and excluded them from our
analysis. Next, we calculated descriptive statistics and
tested for differences between individuals included in the
analyses and those excluded. Then, we fitted univariate
and fully adjusted linear regression models to evaluate

the association between 4MT scores and diabetes. The
adjusted model of 4MT total score included diabetes and
covariates of interest (age, sex, years of education, family
history, APOEε4 carrier status and CDR score). These
were included in the model simultaneously. Finally, a
model that included an interaction term between diabe-
tes and APOEε4 carrier status was also included to under-
stand the effect of the interaction between diabetes and
APOEε4 carrier status on 4MT total score. An exploratory
analysis then investigated the differences between CSF
pTau181 and Aβ1–42 in the subgroup of participants with
data available and further included these data points as
additional covariates in the model, alongside the mean
normalised hippocampal volume. Analysis was only run
with pTau because of the high correlation between
pTau181 and total tau (tTau) (rho: .98, p<.001). To explore
associations with and effects of more global cognitive
impairment, differences between mean RBANS index
scores of those with and without diabetes were analysed.
To understand whether any findings were specific to dia-
betes, or more generally reflective of cognitive impair-
ment patterns associated with vascular risk factors, we
repeated mean test score comparisons for obesity and
hypertension. All analyses were conducted in R (Version
4.1.0). Participants with missing data in any field were
excluded from the analysis.

3 | RESULTS

3.1 | Descriptive statistics

The EPAD baseline sample includes N = 2096 individ-
uals. We excluded 772 due to 4MT missing data, resulting
in an analytical sample that included 1324 participants in
the analysis, 90 (6.7%) of whom had diabetes recorded in
their medical history. Excluded participants were
younger (t test, 65.45 (�7.94) years vs. 66.31 (�7.04)
years, t = �2.75, degrees of freedom [df] = 2317,
p = .006), had less education (t test, 13.98 (�3.83) years
vs. 14.64 (�3.69) years, t = �4.20, df = 2317, p < .001),
were less likely to have a family history of dementia
(chi-squared test, 64.8% vs. 70.8%, χ 2 = 18.66, df = 2,
p < .001) and were less likely to be an APOEε4 carrier
(chi-squared test, 34.9% vs. 40.1%, χ 2 = 214.31, df = 2,
p < .001). There was no difference in sex or number of
people with diabetes between those excluded and
included in the analysis.

Participants with diabetes were older (t test, 67.83
(�6.84) years vs. 66.20 (�7.06) years, t = �2.13,
df = 1322, p = .03), more likely to be male (chi-squared
test, male [M] = 54.4% vs. female [F] = 41.4%, χ 2 = 5.84,
df = 1, p = .02), less likely to have a family history of

4 GREGORY ET AL.
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dementia (chi-squared test, 57.8% vs. 71.6%, χ 2 = 7.67,
df = 1, p = .006) and more likely to score .5 (indicating
MCI) on the CDR (chi-squared test, 35.6% vs. 22.9%,
χ 2 = 7.46, df = 1, p = .006). The proportion of individ-
uals with diabetes did not differ between APOEε4 carriers
(chi-squared test, 48.9% vs. 39.6%, χ 2 = 2.99, df = 1,
p = .106) and non-carriers or years of education (t test,
14.29 years vs. 14.64 years, t = .87, df = 1322, p = .38).

Descriptive statistics are presented in Table 1. Partici-
pants with diabetes had a lower mean total score on the
4MT at baseline visit compared with those without diabe-
tes (8.32 vs. 9.24; range 2–12 vs. 0–15) (see Table 2).
Figure 1 shows the density of scores by diabetic status,
demonstrating a density shift towards lower scores in the
group of participants with diabetes compared with those
without.

3.2 | Analytical statistics

The univariate linear regression model (Model 1) con-
firmed this was a statistically significant difference, with
diabetes associated with poorer performance in the 4MT
test (β: �.92, p = .001, 95% confidence interval [CI]:
�1.47, �.37). Model 2 was a fully adjusted model includ-
ing the covariates of age, sex, APOEε4 carrier status, fam-
ily history of dementia, education and CDR score. In

Model 2, the relationship between diabetes and 4MT total
score was slightly attenuated but remained statistically
significant (β: �.64, p = .01, 95% CI: �1.14, �.13). Sex
(female, β: �.63, p < .001, 95% CI: �.89, �.37), age (β:
�.13, p < .001, 95% CI: �.14, �.11), years of education
(β: .09, p < .001, 95% CI: .05, .12) and CDR score (mild, β:
�1.73, p < .001, 95% CI: �2.35, �1.11) were all signifi-
cantly associated with 4MT total score in this model,
whereas there was no significant association with family
history (β: .09, p = .99, 95% CI: �.29, .28) or APOEε4 car-
rier status (β: �.19, p = .15, 95% CI: �.45, .07). Results
are presented in Table 2.

We ran an exploratory analysis to test for an interac-
tion between APOEε4 carrier status and diabetes on the
4MT total score based on previous studies citing addi-
tional risk of dementia for participants meeting both cri-
teria. We found no significant interaction between
diabetes and APOEε4 carrier status on 4MT total score,
whereas the effect of diabetes on 4MT remained signifi-
cant (diabetes: β: �.99, p = .012; APOEε4 carrier: β: �.12,
p = .42; diabetes:APOEε4 carrier interaction: β: .16,
p = .78).

A second exploratory analysis investigated the associ-
ation of the CSF biomarkers (pTau181 and Aβ1–42) with
diabetes and as covariates in the model. We ran this as
an exploratory analysis as there were a number of partici-
pants with missing CSF biomarkers and we did not want

TAB L E 1 Descriptive statistics

Variable With diabetes (n = 90) Without diabetes (n = 1234) p value

Age (years), mean (SD) 67.83 (6.84) 66.20 (7.06) .034*

Sex (male) (n, %) 49 (54.4) 511 (41.4) .021*

APOEε4 carrier (n, %) 44 (48.9) 489 (39.6) .106

Family history of dementia (n, %) 52 (57.8) 883 (71.6) .006**

Years of education, mean (SD) 14.29 (3.49) 14.64 (3.70) .383

CDR score (n, %)

0 58 (64.4) 953 (77.2) .006**

.5 32 (35.6) 281 (22.8)

Four Mountains Test score, mean (SD); range 8.32 (2.32); 2–12 9.24 (2.60); 0–15 .001**

pTau, mean (SD)a 22.48 (14.64) 19.38 (9.29) .006**

Aβ1–42, mean (SD)a 1443.19 (787.64) 1452.09 (745.92) .92

Hippocampal volume, mean (SD)b 5758.99 (722.96) 5700.56 (670.67) .49

Note: Descriptive statistics for participants with (n = 90) and without (n = 1234) diabetes in the European Prevention of Alzheimer’s Dementia Longitudinal
Cohort Study (EPAD LCS) v.IMI dataset.
Abbreviations: Aβ1–42, amyloid-beta 1–42; CDR, Clinical Dementia Rating; pTau, phosphorylated tau.
aParticipants with diabetes, n = 84; participants without diabetes, n = 1146.
bParticipants with diabetes, n = 80; participants without diabetes, n = 1117; hippocampal volume calculated as a mean of left and right hippocampal volume,
normalised by intracranial volume.
*p < .05.

**p < .01.
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F I GURE 1 Density of Four Mountains Test

(4MT) scores by diabetic status

F I GURE 2 Density of phosphorylated tau-

181 (pTau181) concentration by diabetic status

F I GURE 3 Density of amyloid-beta 1–42
(Aβ1–42) concentration by diabetic status
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to reduce the power of our primary analysis. We included
1230 participants in this exploratory analysis. Participants
with diabetes had significantly higher CSF pTau181 com-
pared with those without diabetes (t test, 22.48 (�14.64)
vs. 19.38 (�9.29), t = �2.78, df = 1215, p = .006). There
were no significant differences between CSF Aβ1–42
levels in the two groups. Figures 2 and 3 show the density
plots of pTau181 and Aβ1–42 by diabetes diagnostic
group, with the pTau181 density suggesting that the
significant association with diabetes is driven by those
with high levels of pTau181 rather than a whole group
effect of higher concentrations.

Model 3 was a fully adjusted model including the
covariates of age, sex, APOEε4 carrier status, family
history of dementia, education, CDR global score, CSF
pTau181, CSF Aβ1–42 and mean normalised hippocampal
volume. In Model 3, the relationship between diabetes
and 4MT total score was largely attenuated but remained
statistically significant (β: �.57, p = .04, 95% CI: �1.11,
�.03). Sex (female, β: �.69, p < .001, 95% CI: �.98, �.40),
age (β: �.11, p < .001, 95% CI: �.13, �.09), years of
education (β: .09, p < .001, 95% CI: .05, .13), CDR global
score (β: �.68, p < .001, 95% CI: �1.02, �.34) and
pTau181 (β: �.02, p = .01, 95% CI: �.03, �.003) were all
significantly associated with 4MT total score in this
model, whereas there was no significant association with
family history (β: .09, p = .58, 95% CI: �.22, .40), APOEε4
carrier status (β: �.03, p = .82, 95% CI: �.33, .26),
Aβ1–42 (β: .0001, p = .14, 95% CI: �.00005, .0003) or
mean normalised hippocampal volume (β: .0002, p = .08,
95% CI: �.0002, .0004).

Our final exploratory analysis looked at the perfor-
mance on RBANS total and index scores between partici-
pants with and without diabetes. Participants with
diabetes performed significantly worse on the total and
all index scores compared with participants without
diabetes (total: 97.88 (�15.45) vs. 104.00 (�13.92),
t = 3.80, df = 1218, p < .001; attention: 93.73 (�18.96)
vs. 99.87 (16.10), t = 3.28, df = 1218, p = .001; immediate
memory: 99.36 (�17.13) vs. 104.72 (�14.54), t = 3.16,
df = 1218, p = .002; delayed memory: 98.53 (�17.03)
vs. 102.83 (�14.86), t = 2.49, df = 1218, p = .01; visuo-
constructional: 103.28 (�18.15) vs. 108.23 (�15.92),
t = 2.67, df = 1218, p = .008; see Table 3 for details).
However, it should be noted that the mean scores in the
diabetes group remained within the normal performance
range for all test items. Only total and delayed memory
index scores were added to the model through a
hypothesis-driven approach that these scores may drive
effects seen in 4MT performance. When added to the
model, RBANS total index score attenuates the effect of
diabetes on 4MT total score (β = �.39, p = .14, 95% CI:
�.91, .13). T
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To understand whether the group-level differences on
test performance seen for those with and without diabe-
tes were specific to this diagnostic group or a more gen-
eral vascular disease pattern, we compared test
performance for the 4MT and RBANS for participants
with and without obesity and hypertension. Whereas in
diabetes, there is a global impairment across all domains,
this same pattern is not seen with obesity and hyperten-
sion. Obese participants performed significantly worse on
RBANS total score as well as the visuo-constructional
index (total: 101.55 (�12.95) vs. 104.00 (�14.29), t = 2.25,
df = 1218, p = .02; visuo-constructional index: 104.52
(�16.86) vs. 108.57 (�15.89), t = 3.27, df = 1218,
p = .001). Participants with hypertension performed
significantly worse on the immediate (102.80 (�15.49)
vs. 105.39 (�14.20), t = 3.00, df = 1218, p = .003) and
delayed (101.05 (�15.71) vs. 103.53 (�14.51), t = 2.82,
df = 1218, p = .005) memory indexes compared with
normotensive participants. As with the mean RBANS test
scores for participants with diabetes, total and index
scores for participants with obesity and hypertension
were in the normal range. There were no differences in
4MT score or attention index in either obesity or hyper-
tension, suggesting that these results are specific to diabe-
tes. To check for the effect of RBANS attention index
scores on the association between diabetes and 4MT, this
was added to the fully adjusted model instead of the total
RBANS scores and also attenuated the effect of diabetes
on 4MT score. Full results are available in Table 3.

4 | DISCUSSION

This study investigated the association between diabetes
and results from the 4MT, a novel task designed to assess
allocentric spatial processing abilities. We found that
individuals with diabetes had poorer performance on the
baseline 4MT as measured by total score in the EPAD
LCS v.IMI dataset. This resulted in participants with
diabetes scoring an average of .92 points below those
without diabetes. The addition of risk variables, hippo-
campal volume and CSF biomarkers reflecting brain
amyloidosis (Aβ1–42) and tau pathology (pTau181) did
not attenuate this result; however, the addition of the
RBANS total index score or attention index score did
attenuate this result, suggesting that this is part of a
global cognitive deficit in the participants with diabetes.
Although there was a global pattern of cognitive impair-
ment seen in people with diabetes across the 4MT and
RBANS indexes, only the 4MT and RBANS attention
index were specific to diabetes, with no differences seen
in these test scores for those with and without obesity or
hypertension. This suggests potential value in either or

both of these tests for identifying early cognitive changes
in the diabetic population. It should also be noted that all
of the mean RBANS scores for those with diabetes, as
well as other vascular disorders, were within normal
limits for the tests, suggesting that these participants may
not be being identified in clinical settings as being
objectively impaired even though they are performing
significantly worse than peers. As we do not have
normative scores the 4MT we cannot say at this time if
the same would be true were this to be used clinically,
and whether those with diabetes would be classified as
cognitively normal on this task even though they are
performing lower than those without diabetes in our
cohort. As the 4MT has been developed to target
those areas of earliest tau and amyloid accumulation,
rather than the broader cognitive assessment aim of
the RBANS, these findings provide initial evidence in
support of a more finely tuned selection of tests in at-risk
populations.

Our results align with previous research that showed
that individuals with diabetes are more cognitively
impaired (McCrimmon et al., 2012). The novel value in
this study is using a task of allocentric spatial processing,
which has not previously been reported for those with
diabetes. The 4MT has previously been associated with
MCI, AD and dementia risk score in a cognitively healthy
midlife population (Bird et al., 2010; Moodley et al., 2015;
Ritchie et al., 2018). The association we found with diabe-
tes in the EPAD LCS v.IMI dataset suggests that this task
may be of interest to explore further for suitability as an
early marker of cognitive impairment in this at-risk
population. We had anticipated seeing an interaction
effect between APOEε4 carrier status and diabetes as
suggested by previous research of the additional risk for
developing AD (Peila et al., 2002). We did not see any
significant interaction effect and when looking at the
contribution of APOEε4 carrier status in the fully
adjusted models, we see no significant association
between carrier status and 4MT total score. Similarly to
our findings, there was no significant difference on 4MT
performance between those with and without a copy of
the APOEε4 allele in the PREVENT Dementia cohort
(Ritchie et al., 2018).

Our exploratory analysis found a significant differ-
ence in CSF pTau181 levels between those with and
without diabetes, but no difference in CSF Aβ1–42 levels.
The effect of diabetes on 4MT was only slightly attenu-
ated by the addition of these variables and remained
significantly associated with 4MT total score. A recent
meta-analysis reviewed the evidence base for CSF tau
and amyloid levels in people with diabetes and prediabe-
tes and found that when only looking at those with
diabetes, there were significantly higher levels of pTau
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compared with controls (Lu et al., 2018) consistent with
our findings. The reasons for the association with pTau
but not amyloid are not well understood. Possible
explanations from animal studies include the association
between diabetes, advanced glycation end products and
tau phosphorylation (Kong et al., 2020), hyperglycaemia-
mediated tau cleavage (Kim et al., 2009) and the activa-
tion of glycogen synthase kinase 3β in type 2 diabetes
(Kim et al., 2012).

The hippocampus is a region that has a high insulin
receptor density and is highly sensitive to metabolic
disturbances (Craft & Watson, 2004). Type 2 diabetes has
also been associated with reduced hippocampal volumes
(den Heijer et al., 2003). Previous neuroimaging studies
have found reductions in effective connectivity in the
hippocampus in type 2 diabetes and abnormal spontane-
ous brain activity in the lingual gyrus and calcarine
sulcus, which correlates with visual processing and
spatial skills (Liu et al., 2020). These studies consistently
support the notion that the hippocampus is an area of
interest for those living with diabetes and suggest possi-
ble mechanisms for the impairment seen on the 4MT,
which is sensitive to hippocampal volume loss. Alterna-
tively, a previous study identified a loss of functional
connectivity in cerebellar subregions to the cerebral cor-
tex in type 2 diabetes (Zhang et al., 2020), which impacts
on the visuospatial networks and leads to impairments
on visuospatial tasks (Cui et al., 2017). One theory for
these deficits is the modulating impact of insulin levels in
these brain regions (Cui et al., 2017). It should be noted
that there were no significant hippocampal volume
differences between participants with and without
diabetes in this study and that the inclusion of this
variable in the model did not fully attenuate the
association between diabetes and 4MT total score. Future
research may consider analysing hippocampal subfields,
both for associations with diabetes and 4MT perfor-
mance, as a more sensitive structural imaging measure
early in the AD process.

An important consideration when interpreting these
results is whether there are alternative explanations for
our findings. The most frequent clinical sequalae of
diabetes is diabetic retinopathy (Stitt et al., 2016), a
microvascular complication that leads to loss of vision
and has an estimated annual incidence of 2.2%–12.7%
(Sabanayagam et al., 2019). Despite the common nature
of this complication, it frequently goes undiagnosed
(Kreft et al., 2018) for a multitude of reasons including
lack of awareness, social barriers and attitude to diabetes
care (Piyasena et al., 2019). Given this, it is possible that
some of the participants with diabetes were living with a
degree of diabetic retinopathy, which could have affected
their performance on the task.

4.1 | Limitations

Our study only included diabetes if it was recorded in a
participant’s medical history. Although some centres
confirmed self-reported medical history through primary
care medical record checks, this was not a mandatory
part of the protocol. The prevalence of diabetes is rela-
tively low compared with predicated population preva-
lence in this age group in some of the countries included
in the study. The study recruited those in general good
health, who were in theory well enough to take part in
future clinical trials, and this may be the driving force
behind this low prevalence. We do have access to medica-
tions taken at the time of the study visit; however, we did
not use this to classify participants as type 1 or type
2 diabetes, as it is possible to be prescribed insulin, the
main treatment for type 1 diabetes, for type 2 diabetes.
Similarly, metformin is an indication of type 2 diabetes;
however, as it is used for both prevention and treatment,
it cannot give us certainty over type 2 diabetes status.
Although considered unlikely, it is possible that a partici-
pant did not disclose having diabetes and, therefore,
would be included in the control group in this study.
It may be more likely that participants were borderline
diabetic or prediabetic and were not aware of
it. Unfortunately, we do not have access to any biological
markers of diabetes at present in the EPAD LCS v.IMI
dataset and, as such, it was not possible to have a biologi-
cally defined categorisation of diabetes. The EPAD LCS
datasets combine participants with both type 1 and type
2 diabetes. Whereas the majority of research to date has
focused on the risk conferred by type 2 diabetes (Biessels
et al., 2006; Peila et al., 2002; Tilvis et al., 2004), there are
also known associations between type 1 diabetes, poor
glycaemic control and dementia risk (Lacy et al., 2018).

As the 4MT remains a novel task primarily used in
research studies, and no clinical cut-off points have been
derived, it is not yet possible to establish clinical
meaningfulness of the nearly one-point difference found
in this study between the groups. However, these results
do suggest that the 4MT is sensitive to early cognitive
changes in those with diabetes. Although significantly
lower test performance was seen across the RBANS tests,
there are limitations to this battery that may be impor-
tant when considering the value of the 4MT in this area.
The RBANS is a battery of cognitive tests that requires
specialist materials and training to use, taking 20–40 min
to complete. In comparison, the 4MT requires no specific
staff training (with instructions that participants can read
themselves) and takes about 10–15 min to complete,
although does currently require an iPad to work. Future
development of the 4MT could reduce the time taken to
complete even further and make the task more accessible
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to patients and participants on their own devices, which
would allow further testing to really understand the
potential value of this task in early disease detection in
high-risk populations, such as those with diabetes.

4.2 | Future research

Future research will benefit from the study of trajectories
of the 4MT and whether they differ by defined diabetes
status. Understanding whether those living with diabetes
continue to perform more poorly over time compared
with those without diabetes will be critical to improve
our understanding of the utility of this novel task within
this population. A future research question should also
explore the role of glycaemic control in moderating any
associations with cognition to understand the potential
for intervention opportunities, for example, looking at
the control and effectiveness of metformin use in preven-
tion and treatment of diabetes. Replication of the analysis
in similar cohorts with the same or similar tasks of
allocentric spatial processing will be important to
confirm the generalisability of the results.

5 | CONCLUSIONS

Individuals with diabetes perform more poorly on the
4MT, a novel task of allocentric spatial processing,
compared with those without diabetes in the EPAD LCS
v.IMI dataset. Identification of tasks that can identify
early cognitive changes in those at increased risk for
dementia is an integral part of a dementia prevention
strategy.
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APPENDIX A: FOUR MOUNTAINS TEST STIMULUS

Participant is shown an image of four mountains of
varying sizes for a period of about 10 s. After a brief
interval (1 s), the participants are then presented with a
second screen with four images. One of these images
matches the presenting stimulus but is shown from a
different point of view, potentially with different lighting

or weather conditions depicted. The participant is tasked
with selecting which of the four images is the same as the
stimulus image. They do so by tapping the image they
want to select on the tablet screen. In this example, the
bottom left image matches the first picture.

14 GREGORY ET AL.
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