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Abstract.
Background: When studying drug effects using observational data, time-related biases may exist and result in spurious
associations. Numerous observational studies have investigated metformin and dementia risk, but have reported inconsistent
findings, some of which might be caused by unaddressed time-related biases. Immortal time bias biases the results toward a
“protective” effect, whereas time-lag and time-window biases can lead to either a “detrimental” or “protective” effect.
Objective: To conduct a systematic review examining time-related biases in the literature on metformin and dementia.
Methods: The electronic databases PubMed, Web of Science, and ProQuest were searched for the terms “Metformin” AND
(“dementia” OR “Alzheimer’s Disease” OR “cognitive impairment"). These databases were searched from inception through
09/24/2021. Only English language articles and human research were eligible.
Results: Seventeen studies were identified: thirteen cohort studies, two case-control studies, and two nested case-control
studies. Eleven (64.7%) studies reported a reduced risk of dementia associated with metformin use; two (11.8%) suggested
metformin increased dementia risk, while four (23.5%) concluded no significant associations. Eight (61.5%) of thirteen cohort
studies had immortal time bias or did not clearly address it. Fifteen (88.2%) of seventeen reviewed studies had time-lag bias
or did not clearly address it. Two (50.0%) of four case-control studies did not explicitly address time-window bias. The
studies that addressed most biases concluded no associations between metformin and dementia risk.
Conclusion: None of the reviewed studies clearly addressed relevant time-related biases, illustrating time-related biases are
common in observational studies investigating the impact of anti-diabetic medications on dementia risk.
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INTRODUCTION

Dementia is not a specific disease but a range of
symptoms associated with cognitive impairment that
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affects people’s ability to think, remember, and make
decisions, and that can interfere with daily activities.
The most common type of dementia is Alzheimer’s
disease (AD). In 2021, an estimated 6.2 million peo-
ple in the U.S. aged 65 years and older had AD
and related dementias [1]. In 2017, AD was listed
as the sixth leading cause of death among the U.S.
population and the fifth leading cause of death in
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adults aged 65 years and older [2]. Between 2000
and 2019, the mortality rate of AD increased 110%,
from 17.6 to 37.0 per 100,000 people [3]. Additional
common types of dementia include dementia with
Lewy bodies (DLB), vascular dementia, Parkinson’s
disease dementia (PDD), frontotemporal demen-
tia (FTD), limbic-predominant age-related TDP-43
encephalopathy (LATE), and mixed dementia [4].
Different protein build-ups are found in different
types of dementia. Previous autopsy studies sup-
ported that the presence of amyloid-� and tau-protein
are associated with AD [5, 6]. The protein �-
synuclein is strongly associated with DLB and PDD
[7, 8], tau with TDP-43, and a host of other proteins
are associated with FTD and LATE [9].

Numerous studies have investigated the asso-
ciation between dementia risk and metformin.
Metformin, a biguanide, is the preferred first-line
medication for treatment of type 2 diabetes mel-
litus [10]. It has been shown to decrease insulin
resistance, improve glycemic control, and can be
safely combined with other antidiabetic medica-
tions [11]. Observational studies investigating the
association between metformin and dementia risk
have found inconsistent results. A systematic review
and a meta-analysis synthesizing the available evi-
dence on the relationship between metformin use
with dementia risk concluded that the majority of
observational studies supported a reduced risk of
dementia associated with metformin use [12]. How-
ever, in a separate meta-analysis, which included only
three studies that the authors deemed to be highly
qualified, no significant association between met-
formin use and the risk for developing dementia was
found [13].

Observational studies using administrative
databases have been popular in pharmacoepidemi-
ology. Using administrative databases can provide
timely answers and reduce the limitations that clin-
ical trials may have, such as ethical considerations,
costs, or feasibility. However, there are inherent
methodological challenges in the utilization of obser-
vational data that, if not specifically and robustly
addressed in the study design and analytic methods,
can introduce different time-related biases, such as
immortal time bias, time-lag bias, and time-window
bias [14]. Immortal time bias often produces effect
estimates biased toward an apparent “protective”
effect of the medication on the disease of interest,
whereas time-lag and time-window biases can lead
to either a “detrimental” or “protective” effect.
Unaddressed time-related biases might contribute to

the inconsistent results of previous studies examining
metformin and dementia risk.

To better understand the impact of metformin
on the risk of dementia, we conducted a system-
atic review to determine if time-related biases have
been addressed in previous observational studies that
examined the association between metformin use and
dementia risk among patients with diabetes.

MATERIAL AND METHODS

Selection criteria

Studies were included if they fulfilled the following
eligibility criteria: 1) the original article was pub-
lished in English; and included 2) individuals with
diabetes but without any type of dementia at baseline;
3) participants using metformin at any dose for any
duration compared with participants with no antidia-
betic medications or other active antidiabetic agents
other than metformin; 4) a major outcome of time to
dementia or any type of dementia, or mild cognitive
impairment; 5) quantitative measures of association
between metformin use and the risk of dementia or
other relevant outcomes with their 95% confidence
intervals (CIs) or p-value being reported; and were 6)
observational studies, including cohort studies and
case-control studies. Exclusion criteria were: 1) pub-
lication was a review, case report, animal study, or
letter; 2) studies that used a cross-sectional study
design; 3) studies that did not clearly define exposure
groups and comparison groups; 4) studies that did
not clearly define major outcomes; and 5) duplicated
studies. Cross-sectional studies were not eligible in
the present review because cross-sectional studies
analyze data from a population at a specific point in
time, for which time-related biases are not applicable.

Data extraction

The electronic databases PubMed, Web of Sci-
ence, and ProQuest were searched for the terms
“Metformin” AND (“dementia” OR “Alzheimer’s
Disease” OR “cognitive impairment”). No date
restrictions were applied; databases were searched
from inception through 09/24/2021. Titles and
abstracts were screened first. Articles identified as
relevant then received a full-text review. Those arti-
cles that met the inclusion and exclusion criteria were
identify as the final eligible studies.

For each eligible study, the following data were
extracted: first author, year of publication, study
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Fig. 1. Immortal time bias. a) The entire follow-up duration, including immortal time, is classified into the exposure group, leading to
immortal time bias, which can incorrectly show metformin having a protective effect on dementia risk. b) Immortal person time in the
exposure group was classified into the unexposed group, showing a proper method to classify exposed and unexposed groups at time zero.

design, study population, exposure group, com-
parator, primary outcome, statistical methods, and
measures of associations. If adjusted relative risks
were also provided, the fully adjusted relative risks
was extracted. Searches of the Cochrane database
and PROSPERO did not produce any completed
or pending reviews on metformin and dementia
risk concerning time-related biases. PROSPERO
accepted the registration of this systematic review
on 04/08/2021 (ID#: CRD42021240034). Data were
extracted between 04/09/2021 and 09/24/2021.

Evaluation of time-related biases

Immortal time bias is very common in observa-
tional cohort studies of drug effects and is only
applicable to cohort studies. It is introduced when
time zero or cohort entry is not the same as the date of
the first prescription and the immortal time is included
as part of the exposure time [15]. In this scenario,
participants must be outcome-free until their first pre-

scription is fulfilled. If the exposure is defined as a
time-invariant binary variable, the period between
time zero and the first prescription (referred to as
immortal time) is included as part of the time exposed;
while in fact, individuals are not exposed during this
period. Thus, the period between time zero and the
first prescription date is immortal, which results in
immortal time bias (Fig. 1).

In addition to different dates of time zero and
first prescription, immortal time bias happens when
the investigators use cumulative duration or prescrip-
tion of metformin during the entire follow-up as the
exposures to estimate the associations between met-
formin and dementia risk [16]. When the cutoff for the
cumulative duration category is large (e.g., 10 years),
patients in the exposed group must be outcome-free
before the cutoff time, which leads to immortal time
bias. Applying time-vary covariates methods to cor-
rectly define time zero as the date of first prescription
fulfilled is a feasible way to avoid immortal time bias
[17]. Generally, immortal time bias results in effect
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Fig. 2. Time-lag bias. a) First-line therapy compared with second-line therapy, which implies patients who use second-line therapy can have
a longer diabetes duration than those with first-line therapy. In this case, time-lag bias is likely to occur for participants with first-line therapy
because longer duration of diabetes is associated with a higher risk of dementia. b) The appropriate comparison should ensure participants
in metformin and non-metformin therapies are on a similar stage of diabetes.

Fig. 3. Time window bias. a) In a case-control study, cases have a shorter time window of metformin exposure than controls, which indicates
controls have a greater opportunity to receive metformin prescriptions than cases. Thus, time-window bias occurs, and it can bias the results
to show metformin has a protective effect on dementia risk. b) Time-window bias can be addressed in case-control studies if cases and
controls have the same exposure opportunity time.

estimates biased toward an apparent protective effect
of the medications.

Time-lag bias is introduced when participants are
at different stages of the disease [18]. For example,
if diabetes duration is not adjusted for or matched, a
first-line therapy may be compared with a second or
third-line therapy. In that case, time-lag bias exists
because patients with second or third-line therapy
are more likely to have a longer duration of dia-
betes than those with first-line therapy, and a longer
duration of diabetes is associated with a higher inci-
dence of dementia (Fig. 2) [19, 20]. Adjusting for or

matched on diabetes duration is a potential solution
for addressing time-lag bias.

Generally, time-lag bias can bias the results toward
either a protective or detrimental effect of the medica-
tions. For example, when the exposure is a first-line
therapy, but the comparison group included a sec-
ond or third-line therapy, time-lag bias occurs and
biases the results toward a protective effect of the
exposure. Conversely, when the comparison group
is a first-line therapy, but the exposure is a second
or third-line therapy, time-lag bias biases the results
toward a detrimental effect.
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Time-window bias is specific to case-control or
nested case-control studies. It happens when controls
are defined as participants who do not experience
the outcome during an observational period, but the
observational period is not matched with that of the
cases (Fig. 3). In this scenario, the exposure might
be evaluated during different lengths of time inter-
vals for cases and controls (i.e., different exposure
opportunities), thus, resulting in time-window bias
[21]. Similar to time-lag bias, time-window bias can
also bias the results toward either a protective or
detrimental effect of the medications. For instance,
if controls have longer follow-up time, which means
controls have greater exposure opportunities than
cases, the estimates of the exposure effect will be
biased toward a protective effect on the disease. Using
a time-dependent sampling method to select controls
in order to address time-window bias was suggested
because this method ensures cases and controls have
the same exposure opportunity time [21].

Assessment of methodological quality

The Good Research for Comparative Effectiveness
(GRACE) checklist is a tool to assess the qual-
ity of data and methods for observational research
studies of comparative effectiveness [22]. We used
the GRACE checklist to evaluate the methodologi-
cal quality of the included observational studies in
the present review. Item M4 of the GRACE check-
list was used to evaluate the presence of immortal
time bias. If time zero was defined correctly, which
was the date of the first prescription in exposed and
comparison groups, we considered immortal time
bias to be addressed clearly. Alternatively, if a study
applied a time-dependent exposure analysis, immor-
tal time bias was also considered to be addressed
because a time-varying analysis ensures all patients
were classified as the unexposed group until the onset
of anti-medication usage (i.e., time zero). We added
two more questions to the GRACE checklist to eval-
uate the studies more comprehensively with a focus
on time-related biases. M6 asked “Was time-window
bias clearly addressed?” We considered time-window
bias to be clearly addressed if cases and controls were
matched on or adjusted for the duration of follow-up,
or more specifically, duration of exposure opportu-
nity time. Time-window bias was also considered to
be addressed if studies applied a time-dependent anal-
ysis since a time-dependent method could ensure an
equal time window to measure exposure for cases
and controls. M7 asked “Was time-lag bias clearly

addressed?” Time-lag bias was considered addressed
if diabetes duration was matched or adjusted for.
Additionally, we added two more questions to eval-
uate the precisions of reviewed studies. M8 asked
“Was the follow-up period long enough for outcomes
to occur?” A follow-up period of five years or longer
was considered an acceptable length of time for inves-
tigating metformin exposure and dementia risk. Item
M9 asked “Is follow-up of cohorts’ adequate (i.e.,
participants lost to follow up unlikely to introduce
serious bias)?” If the percentage of loss to follow-
up or non-response rate was ≤ 20%, we considered
the follow-up of the cohort was adequate [23]. The
revised GRACE consists of six questions to assess
the quality of the data and nine items to evaluate
the methods used in study design and analysis. For
each item, we assigned a score: Sufficient or Yes (+1),
Insufficient or No or not enough information (0), Not
applicable (NA). The potential range of the revised
GRACE score is: 0 to 14.

RESULTS

Literature search outcomes

We identified 1,482 articles in PubMed, Web
of Science, and ProQuest, but 720 articles were
removed after de-duplication. A total of 729 arti-
cles were excluded after title and abstract screening.
The remaining 33 articles were eligible for full-text
reviews. Among those 33 articles, 16 were excluded
during full-text review due to the absence of full texts
(n = 10), the lack of a relevant comparator (n = 2),
non-relevant outcomes (n = 2), and having a cross-
sectional study design (n = 2). A total of 17 articles
met the inclusion criteria, including 13 cohort stud-
ies [16, 24–35], two case-control studies [36, 37],
and two nested case-control studies [38, 39]. Figure 4
illustrates the inclusion flowchart based on Preferred
Reporting Items for Systematic Reviews and Meta-
Analyses (PRISMA) 2009 flowchart diagram [40].

An overview of the 17 eligible articles is pro-
vided in Table 1. Among the 17 articles, 11 articles
(64.7%) reported a significantly reduced risk of
dementia associated with metformin use [16, 25,
26, 28–32, 36, 38, 39]; two articles (11.8%) sug-
gested metformin increased dementia risk [27, 37];
and four articles (23.5%) concluded no significant
association between metformin use and dementia risk
[24, 33–35]. Among the 13 cohort studies, immor-
tal time bias was identified in five studies (38.5%),
and another three studies (23.1%) did not address it
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Fig. 4. Flow diagram of the study selection process for systematic review.

clearly [16, 24–26, 29, 32, 33, 35]. There were 15
(88.2%) out of 17 studies identified to have time-
lag bias or did not clearly address it [16, 24–35, 37,
39]. Among the four case-control and nested case-
control studies, time-window bias was not explicitly
addressed in two studies (50.0%) [36, 38]. A total
of eight studies (47.1%) did not clearly address two
relevant time-related biases, and the remaining nine
studies (52.9%) did not address one time-related bias.

Immortal time bias

We found that eight (61.5%) of the 13 reviewed
cohort studies had immortal time bias or did not
clearly address it [16, 24–26, 29, 32, 33, 35]. Among
those eight studies, seven (87.5%) did not correctly
define time-zero [24–26, 29, 32, 33, 35], and one
study (12.5%) introduced immortal time bias by
examining the cumulative duration of metformin
use [16]. Five (62.5%) of these eight cohort studies
reported that metformin significantly reduced the risk
of dementia.

Three of these seven studies had an improper time
zero definition, which defined time zero as date of
initial diabetes diagnosis. In this scenario, the period
between time zero and the date of the first prescrip-

tion was immortal, which resulted in immoral time
bias. All these three studies supported metformin was
significantly associated with a reduced risk of demen-
tia [25, 26, 32]. One study defined time zero as of
January 2004, which was not the date of the first pre-
scription. Hence, the time between time zero and the
first prescription was immortal. Although this study
reported no significant relationships between met-
formin and dementia risk (Hazard ratio [HR]: 0.82,
95% CI: 0.52–1.28), the estimated HR was < 1 with a
wide 95% CI, indicating a potential protective effect
of metformin on dementia risk with larger sample size
[24].

The remaining three studies among these seven
articles did not report any information regarding time
zero or the start date of follow-up [29, 33, 35].
Immortal time bias was not addressed clearly since
time zero or the start of follow-up was unlikely to
be the same as the first prescription of medication
intake. One of these three studies reported a signifi-
cantly reduced risk of dementia [29], but two studies
did not find a significant association [33, 35]. One
of the studies supporting no significant associations
had an estimated HR was < 1 (HR: 0.69, 95%CI:
0.28–1.71) [35], but the other’s HR was > 1 (HR:1.60,
95%CI: 0.87, 2.93) [33]. Both HRs had relatively
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Table 1
Time-related biases in observational studies investigated the effects of metformin on the risk of dementia

Studies Study
designs

Exposure (Sample
size)

Comparator
(Sample size)

Population (All
dementia free at
baselines)

Statistical
methods

Outcomes Estimated association
(95% CI)

Immortal
time bias
addressed
clearly

Time-lag
bias
addressed
clearly

Time-
window
bias
addressed
clearly

Studies supporting a reduced the risk of dementia associated with metformin
R1
[25]

Cohort T2DM patients with
metformin
monotherapy
(1864)

Non-medication
patients with T2DM
(10519).
Cohort without
T2DM (101816)

Taiwanese,
aged ≥ 50 y.

Cox
regression
model

dementia 0.76 (0.58–0.98) a No No Not
Applicable

R2
[30]

Cohort New users of
metformin
monotherapy
(55,859)

New users of
sulfonylurea
monotherapy
(17,902)

African American and
whites with T2DM and
aged ≥ 50 y.

Cox
regression
model

dementia Whites: 0.98
(0.92–1.05) a

African American: 0.77
(0.64–0.94) a

Yes No Not
Applicable

R3
[31]

Cohort New users of
metformin
monotherapy
(64518)

New users of
sulfonylurea
monotherapy
(21535)

VHA patients and KPW
patients with T2DM,
aged ≥ 50 y.

Cox
regression
model

dementia AHA: 0.93 (0.87–0.99)
a

KPW: 0.89 (0.74–1.07)
a

Yes No Not
Applicable

R4
[28]

Cohort New users of
metformin
monotherapy
(17200)

New users of
Sulfonylureas
monotherapy
(11440)

US veterans aged ≥ 65
y with T2DM.

Cox
regression
model

Dementia <75
y 0.89 (0.79–0.99) a

≥75 y
0.96 (0.87–1.05) a

Yes No Not
Applicable

R5
[16]

Cohort Metformin ever
users (15,676)

Metformin never
users (15,676)

Taiwan’s population
who aged between 25 y
to 75 y. New-onset
diabetes patients during
1999 and 2005.

Cox
regression
model

Dementia <26.6 months:
1.279 (1.100–1.488) a

26.6–57.8 months:
0.70 (0.60–0.83) a

>57.8 months:
0.39 (0.32–0.47) a

No No Not
Applicable

R6
[26]

Cohort Metformin use
(combined or
monotherapy) ≥ 90
days
Low users (1211)
Mid users (1210)
High users (1211)

Metformin use
(combined or
monotherapy) < 90
days (4436)

Korean National health
insurance holders with
DM, aged 40–79 y.

Cox
regression
model

Dementia 0.97 (0.73–1.28) a

0.77 (0.58–1.01) a

0.48 (0.35–0.67) a

0.80 (0.65–0.98) a

0.61 (0.50–0.76) a

0.46 (0.36–0.58) a

No No Not
Applicable

(Continued)
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(Continued)

Studies Study
designs

Exposure (Sample
size)

Comparator
(Sample size)

Population (All
dementia free at
baselines)

Statistical
methods

Outcomes Estimated association
(95% CI)

Immortal
time bias
addressed
clearly

Time-lag
bias
addressed
clearly

Time-
window
bias
addressed
clearly

R7
[29]

Cohort Participants with
diabetes with
metformin
(combined or
monotherapy) (67)

Metformin
non-users
(non-medication
users or antidiabetic
medications other
than metformin)
(56).

Australia, Sydney.
Community-dwelling
participants aged 70–90
y with DM.

Linear
mixed
model and
cox
regression
survival
analysis

Dementia.
Cognitive
decline;
Cognitive
Perfor-
mance.

Dementia:
0.19 (0.04–0.85) a

No No Not
Applicable

R8
[32]

Cohort Insulin and
metformin users
(3053)

Insulin users but
without metformin
(2993)

US Veterans with
T2DM, aged ≥ 50 y,
insulin users.

Cox
regression
model

Dementia,
ND,
including
AD, PD,
and MCI.

2–4 y:
Dementia: 0.55
(0.38–0.79) a

>4 y:
Dementia: 0.22
(0.13–0.37) a

No No Not
Applicable

R9
[36]

Case-
control

Metformin
monotherapy
(5826), or
metformin as dual
therapy with
sulfonylureas
(1481)

Sulfonylurea
monotherapy
(1415)

Germany. Cohort
aged ≥ 60 y with
T2DM.

Multivariate
regression
models

Dementia Metformin
monotherapy:
0.71 (0.66–0.76) b

Metformin+
sulfonylureas (dual
therapy):
0.90 (0.89–0.92) b

Not
Applica-
ble

Yes No

R10
[38]

Nested
case-
control

Metformin users > 3
years before AD or
individuals who
were only exposed
to metformin during
the 3-year lag
period. (23,948)

Metformin
non-users
(non-medications or
antidiabetic
medications other
than metformin)
(5,464)

Finland. All
community-dwelling
people with DM in
Finland.

Conditional
logistic
regression
models

AD Metformin ever use:
0.99 (0.94–1.05) b

Metformin use > 10 y:
0.85 (0.76–0.95) b

DDD > 1825 and
metformin intake > 1.0
DDD/day:
0.89 (0.82–0.96) b

Not
Applica-
ble

Yes No

R11
[39]

Nested
case-
control

Metformin ever
users: 0–0.5 DDD,
0.5–0.75 DDD,
0.75–1 DDD,
>1 DDD. (37,173)

Metformin never
users
(non-medication or
antidiabetic
medication other
than metformin)
(20,922)

Denmark. Patients in
Denmark registered
with T2DM in the
National Diabetes
Register (NDR).

Conditional
logistic
regression
models

Dementia 0.94 (0.89–0.99) b Not
Applica-
ble

No Yes
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Studies supporting no associations between metformin and dementia risk

R12
[33]

Cohort Diabetes patients
with metformin use
(2120)

Diabetes patients
without metformin
use (3774)

White (UK); data from
the following cohorts:
FHS, RS, ARIC, AGES,
SALSA.

Multivariable
Cox pro-
portional
hazard
model

Dementia;
AD

Dementia: 1.36 (0.98,
1.89) a

AD: 1.61 (0.89, 2.9) a

No No Not
Applicable

R13
[34]

Cohort Diabetes patients
with metformin use
(1478)

Diabetes patients
without metformin
use (3854)

German. Sample of the
largest German
mandatory public health
insurance company,
AOK.

Cox pro-
portional
hazard
models

Dementia 0.97 (0.91–1.03) a Yes No Not
Applicable

R14
[24]

Cohort Metformin only
users (1033)

Sulfonylurea only
users (796) or
thiazolidinediones
only users (28)

Taiwanese population,
birth-year period before
1940 ( ≥ 65 y) and
new-onset diabetes
between January 2004
to June 2009.

Cox
regression
model

Dementia 0.82 (0.52–1.28) a No No Not
Applicable

R15
[35]

Cohort Metformin use
(4978)

Diabetes patients
without any
anti-diabetic
medication (or
diabetes other
therapy) (unclear
about the sample
size of comparators)

Taiwanese population,
newly diagnosed
diabetes between
January 1997 and
December 2007.

Cox
regression
model

AD Metformin
monotherapy:
0.69 (0.28–1.71) a

Metformin combination
therapy:
0.57 (0.26–1.26) a

No No Not
Applicable

Studies supporting an increased the risk of dementia associated with metformin
R16
[27]

Cohort Metformin use
(alone or combined)
(4651)

Metformin
non-users, but with
other anti-diabetic
medications (4651)

Taiwanese population,
aged > 50 y. New
diagnosis of T2DM
between January 1,
2000, and December
31, 2010.

Cox
regression
model

Dementia,
PD

Dementia: 1.66
(1.35–2.04) a

PD: 2.27 (1.68, 3.07) a

Yes No Not
Applicable

R17
[37]

Case-
control

Metformin use:
1–9, 10–29,
30–59, ≥ 60
prescriptions or
Metformin
monotherapy: 1–9,
10–29, ≥ 30
prescriptions (634)

Metformin
non-users (13,538)

UK. Cohort aged ≥ 65 y
with DM

Conditional
logistic
regression

AD metformin ≥ 60:
1.71 (1.12–2.60) b

30–59:0.99 (0.68–1.44)
b

10–29:1.47 (1.03–2.09)
b

1–9:1.08 (0.75–1.56) b

Not
Applica-
ble

No Yes

aHazard ratio; bOdds ratio. HR, hazard ratio; OR, odds ratio; T2DM, Type 2 diabetes mellitus; VHA, Veterans’ Health Affairs; KPW, Kaiser Permanente Washington; ND, neurodegenerative
disease; AD, Alzheimer’s disease; PD, Parkinson’s disease; MCI, mild cognitive impairment; DDD, daily defined doses; FHS, The Offspring cohort of the Framing- ham Heart Study; RS, the
Rotterdam Study; ARIC, the Atherosclerosis Risk in Communities Study; AGES, the Aging Gene-Environment Susceptibility-Reykjavik Study; SALSA, Sacramento Area Latino Study on Aging;
AOK, Allgemeine Ortskrankenkassen. All HRs or ORs were obtained after adjustment of potential confounders or inverse probability of treatment weighting for propensity score.



452 J. Dai et al. / Metformin and Dementia Risk

wide 95% CI, implying the sample sizes were not
large enough to make a reliable conclusion. Addition-
ally, the study with an estimated HR > 1 investigated
questions by pooling analysis from five cohorts. How-
ever, these cohorts did not have the same criteria to
define diabetes, and there was no information on time
zero [33].

One cohort study was found to have immortal
time between time zero and the cut-off used for
cumulative duration [16]. This study concluded that
short-term metformin use (<27.0 months) was asso-
ciated with an increased the risk of dementia, but
long-term metformin use (27.0–58.1 month or > 58.1
months) reduced dementia risk significantly. Immor-
tal time bias occurred among the longest metformin
use group (>58.1 months) because individuals in this
group should have been dementia-free for at least
58.1 months. However, if a person had more than
58.1-month metformin exposure but was diagnosed
with dementia before 27 months after time-zero,
the person was likely classified into the < 27 months
group rather than > 58.1 months group. Therefore,
only long-term metformin users without dementia
were classified into the longest metformin use group,
inducing immortal time bias. This immortal time
could bias results toward a protective effect of long-
term metformin use on dementia risk.

Time-lag bias

Fifteen (88.2%) of the 17 reviewed studies were
found to have time-lag bias or did not clearly address
it since none of these studies matched or adjusted
for diabetes duration, even though some compared
metformin with other first-line therapies [16, 24–35,
37, 39].

Eleven studies compared metformin users with
those on an unspecified antidiabetic medication or
not on any antidiabetic medications, and none of these
studies considered diabetes duration [16, 25–27, 29,
32–35, 37, 39]. In this case, metformin was com-
pared with a second or third-line antidiabetic therapy.
Time-lag bias occurred because an individual on a
second or third-line antidiabetic therapy likely had
longer duration of diabetes and thus was more likely
to have a higher risk of dementia [19, 20]. Conversely,
when metformin users were compared with those
who were not on any antidiabetic medications, they
were unlikely at the same stage of diabetes, which
resulted in time-lag bias. Six of these eleven studies
supported metformin significantly reducing dementia
risk [16, 25, 26, 29, 32, 39], three reported no signif-

icant associations [33–35], and two studies indicated
metformin was associated with an increased dementia
risk [27, 37].

The remaining four studies compared metformin
with other first-line antidiabetic medications but did
not adjust for diabetes duration [24, 28, 30, 31]. In
these studies, although the comparison groups were
on the same line of antidiabetic medications, exposed
and non-exposed individuals were still not guaran-
teed to be at the same stage of diabetes. For example,
some first-line antidiabetic medication users were
new-onset diabetes patients, while some other first-
line users had been diagnosed with diabetes for a
few years. Significantly, three of these four studies
supported metformin slightly reducing the risk of
dementia, while one reported no significant associ-
ations.

Time-window bias

Among the four identified case-control and nested
case-control studies, two studies (50.0%) did not
explicitly address time-window bias because they
did not consider the duration of follow-up in their
analysis [36, 38]. In this case, cases and controls
might not have the same opportunity to receive met-
formin. One of them found that metformin use ≥10
years was associated with a reduced risk of demen-
tia. However, cases and controls were not matched
on the duration of follow-up after ten years follow-
up, suggesting time-window bias was not addressed
after ten years. For example, although cases and
controls both had ≥10 years of diabetes duration,
controls might have had a longer follow-up period
than cases. Thus, controls would have greater oppor-
tunities to receive metformin prescriptions than cases,
resulting in time window bias [38]. The other study
concluded that metformin use was associated with
a significantly reduced risk of dementia compared
with non-metformin use [36]. Similarly, this study
adjusted for diabetes duration in their analyses, but
the follow-up period was not considered. More met-
formin exposures for controls than cases resulted in
time window bias.

GRACE assessment

Table 2 depicts the methodological quality assess-
ment of all studies using the GRACE checklist. The
possible range of GRACE scores is 0 to 14; the mean
GRACE scores of reviewed studies was 6.35 ± 1.61.
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Table 2
Quality of included studies assessing the risk of dementia with metformin use

Q. The Good Research for Comparative Effectiveness (GRACE) Checklist v5.0 (last amended in 2016)
Website: https://www.graceprinciples.org/

Studies R1
[25]

R2
[30]

R3
[31]

R4
[28]

R5
[16]

R6
[26]

R7
[29]

R8
[32]

R9
[36]

R10
[38]

R11
[39]

R12
[33]

R13
[34]

R14
[24]

R15
[35]

R16
[27]

R17
[37]

Major Components Sufficient or Yes (+1), Insufficient or No or not enough information (0), Not applicable (NA)
Data
D1. Were treatment and/or important details of treatment exposure
adequately recorded for the study purpose in the data source(s)?
Note: not all details of treatment are required for all research
questions.

1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1

D2. Were the primary outcomes adequately recorded for the study
purpose (e.g., available in sufficient detail through data source(s))

0 0 0 0 0 0 1 0 0 1 0 1 1 0 0 0 0

D3. Was the primary clinical outcome(s) measured objectively
rather than subject to clinical judgment (e.g., opinion about whether
the patient’s condition has improved)?

0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0

D4. Were primary outcomes validated, adjudicated, or otherwise
known to be valid in a similar population?

0 0 0 0 0 0 1 0 0 1 0 1 1 0 0 0 0

D5. Was the primary outcome(s) measured or identified in an
equivalent manner between the treatment/ intervention group and
the comparison group(s)?

1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1

D6. Were important covariates that may be known confounders or
effect modifiers available and recorded?

0 1 1 0 0 0 0 1 0 1 0 0 0 0 0 0 0

Methods
M1. Was the study (or analysis) population restricted to new
initiators of treatment or those starting a new course of treatment?
Efforts to include only new initiators may include restricting the
cohort to those who had a washout period (specified period of
medication nonuse) before the beginning of study follow-up.
(New-user of first therapy or new-onset design)?

0 1 1 1 1 0 0 0 0 0 0 0 0 1 1 1 0

M2. If 1 or more comparison groups were used, were they
concurrent comparators? If not, did the authors justify the use of
historical comparison groups?

1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1

(Continued)

https://www.graceprinciples.org/
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(Continued)

Q. The Good Research for Comparative Effectiveness (GRACE) Checklist v5.0 (last amended in 2016)
Website: https://www.graceprinciples.org/

M3. Were important confounding and effect-modifying variables
taken into account in the design and/or analysis? (Appropriate
methods to take these variables into account may include restriction,
stratification, interaction terms, multivariate analysis, propensity
score matching, instrumental variables, or other approaches?)

0 0 0 0 0 0 0 1 0 1 0 0 0 0 0 0 0

M4. Is the classification of exposed and unexposed person-time
free of “immortal time bias,” i.e., “immortal time” in epidemiology
refers to a period of cohort follow-up time during which death (or
an outcome that determines end of follow-up) cannot occur. (Or if
immortal time bias was addressed clearly?)

0 1 1 1 0 0 0 0 NA NA NA 0 1 0 0 1 NA

M5. Were any meaningful analyses conducted to test key
assumptions on which primary results are based (e.g., were some
analyses reported to evaluate the potential for a biased assessment
of exposure or outcome, such as analyses where the impact of
varying exposure and/or outcome definitions was tested to examine
the impact on results)?

0 0 0 1 1 0 1 0 0 1 0 0 1 0 0 1 0

M6: If “time-window bias” was addressed clearly? NA NA NA NA NA NA NA NA 0 0 1 NA NA NA NA NA 1
M7: If “time-lag bias” was addressed clearly? 0 0 0 0 0 0 0 0 1 1 0 0 0 0 0 0 0
M8: Was follow-up period long enough for outcomes to occur? 1 1 1 1 1 1 1 1 1 1 1 1 1 0 1 1 1
M9: Is follow-up of cohorts’ adequate? (Participants lost to follow
up unlikely to introduce serious bias)

0 0 0 0 0 0 0 0 1 1 1 0 0 0 1 0 1

Total scores 4 7 7 7 6 4 7 6 6 11 6 6 8 4 6 7 6

https://www.graceprinciples.org/
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The highest score was 11.0, and the lowest score
was 4.0. The study [38] that received the highest
GRACE score (R10) among the 17 reviewed studies
did not receive credit for three items (D3, M1, and
M6). For D3 [Was the primary clinical outcome(s)
measured objectively rather than subject to clinical
judgment (e.g., opinion about whether the patient’s
condition has improved)?], none of the 17 studies
received credit because dementia diagnosis usually
involves clinical judgement from the doctors. For
M1 [Was the study (or analysis) population restricted
to new initiators of treatment or those starting a
new course of treatment?], R10 included metformin
new users, short-term users, and long-term users. For
M6 [If “time-window bias” was addressed clearly?],
R10 did not receive credit because time-window bias
was not fully addressed, which was discussed in
detail above. All the other studies had a GRACE
score < 10. The two studies with the highest (R10)
and second-highest GRACE score (R13) addressed
most time-related biases by applying time-varying
methods or adjusting for diabetes duration and dura-
tion of follow-up [34, 38], and both supported
no significant effects of metformin on the risk of
dementia.

Except for items regarding time-related biases,
most studies did not receive credit on D2, D3,
D4, D6, M3, and M9. For D2 [Were the primary
outcomes adequately recorded for the study pur-
pose (e.g., available in sufficient detail through data
source(s)], outcomes were ascertained using diag-
nosis codes in an administrative database, but the
details of the diagnosis were not captured in 14
(82.4%) of the 17 studies. For D4 [Were primary out-
comes validated, adjudicated, or otherwise known to
be valid in a similar population?], outcomes were
not validated, adjudicated, or known to be valid
in a similar population in 14 (82.4%) of the stud-
ies. For D6 [Were important covariates that may
be known confounders or effect modifiers available
and recorded?], 14 studies (82.4%) did not con-
sider or adjust for diabetes durations or follow-up
periods. For M3 [Were important confounding and
effect-modifying variables taken into account in the
design and/or analysis? (Appropriate methods to take
these variables into account may include restriction,
stratification, interaction terms, multivariate analysis,
propensity score matching, instrumental variables, or
other approaches)], 15 studies (88.2%) did not handle
primary cofounders in their analysis or apply appro-
priate methods to take them into account. Finally, 12
studies (70.6%) did not have enough information to

receive credit for M9 [Is follow-up of cohorts’ ade-
quate?].

DISCUSSION

To the best of our knowledge, this is the first sys-
tematic review conducted to identify if time-related
biases exist in previous observational studies inves-
tigating metformin use and dementia risk among
patients with diabetes. Most of reviewed studies
reported that metformin use was associated with a
reduced risk of dementia. Most of the cohort stud-
ies reported that metformin was associated with a
reduced risk of dementia; however, more than half of
these studies had immortal time bias or did not clearly
address it, which supports that immortal time bias
usually biases the results toward a protective effect of
the medication. Nearly 90% of reviewed studies had
time-lag bias or did not clearly address it, and half
of the reviewed case-control and nested case-control
studies did not explicitly address time window bias.
Notably, two studies that addressed most time-related
biases concluded no significant associations between
metformin use and dementia risk [34, 38]. As a result
of our comprehensive systematic review, we found
that the findings of these reviewed studies were incon-
sistent, and time-related biases were common in the
studies.

Among the articles reviewed in this systematic
review, one nested case-control study effectively
addressed most time-related biases and received the
highest GRACE score [38]. This study conducted
sensitivity analyses restricting the window of med-
ication exposure prior to the date of AD diagnosis to
ten years for all participants, addressing time-window
bias. Additionally, the cases were matched with con-
trols by both age and diabetes duration (±1 year),
addressing time-lag bias. The conclusion of sensitiv-
ity analyses was no significant associations between
metformin use and AD risk. However, this study
also found that long-term (≥10 years) and high-dose
metformin use was associated with a lower risk of
AD incidence among individuals with diabetes. In
this analysis, time-window bias was not explicitly
addressed after ten years because cases and con-
trols were not matched on cumulative duration of
metformin exposures after ten years or > 1825 daily
defined doses, indicating follow-up periods after ten
years were not considered. In the possible event that
controls had a longer follow-up period than cases,
thereby having a greater opportunity to receive a
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metformin prescription, the results would be biased
toward a protective effect of long-term or high-dose
metformin on AD risk.

The primary biological mechanism of metformin
in treating diabetes is activating AMP-activated pro-
tein kinase (AMPK) to enhance the insulin sensitivity
of peripheral tissues, inhibit hepatic gluconeogene-
sis, and reduce the intestinal absorption of glucose.
AMPK also modulated tau protein, amyloid-� pep-
tide protein precursor, and autophagy, which are all
thought to be involved in the pathogenesis of AD
and FTD [9, 41]. Previous investigations have found
that regulating AMPK activity could mitigate �-
synuclein toxicity in nigral dopamine neurons, which
might contribute to treatments against PD and DLB
[7, 8, 42]. Consequently, it has been hypothesized
that metformin may reduce the risk of dementia and
investigators have tested this hypothesis through the
utilization of observational data.

A previous systematic review conducted by Camp-
bell et al. concluded that metformin was protective
against dementia among individuals who had been
prescribed the medication for diabetes management
[12]. However, in consideration of the potential time-
related biases identified and other methodological
differences, our results differed from this previous
review. We found that the existing observational
studies are inconclusive regarding the effects of met-
formin use on the risk of dementia. There are a
number of significant factors that differentiate the
present systematic review from the one previously
conducted. First, the previous systematic review did
not consider time-related biases in their analysis. Sec-
ond, the reviews examined different sets of studies.
Our review included five eligible studies from the
former review but excluded seven studies because
they were either cross-sectional studies or random-
ized clinical trials (RCTs). We added 12 studies to
our review that were not included in the former. Two
of these studies were published earlier than the cutoff
date of the prior review, and the remaining ten studies
were published after the cutoff date. Among these 12
studies, most concluded that metformin was associ-
ated with a reduced risk of dementia [16, 26, 28–32,
36, 38, 39], whereas several studies reported no sig-
nificant associations, or an increased risk of dementia
associated with metformin use [27, 33].

Our results are consistent with another previous
systematic review and meta-analysis of 13 studies
investigating metformin and dementia risk conducted
by McMillan et al. [13]. However, only three of the
13 studies were eligible for their meta-analysis, and

the investigators concluded that no significant asso-
ciation exists between metformin use and dementia
risk. Although the findings are consistent, McMillan
et al. did not consider time-related biases.

To date, only two clinical trials examining the
effects of metformin on dementia or cognitive impair-
ment have been completed. The first, a double-blind,
placebo-controlled, randomized pilot study, exam-
ined the effects of 12 months of metformin intake
on AD among 90 participants. Participants included
in this investigation had been diagnosed with amnes-
tic mild cognitive impairment were aged 55 to
90 years, had a body mass index of 25 kg/m2 or
higher, and were not receiving diabetes-related treat-
ments. After adjusting for the baseline difference
in Alzheimer’s Disease Assessment Scale cognitive
subscale, the group that was randomized to receive
metformin showed significantly greater improvement
in total recall only in the Selective Reminding Test
(p = 0.02) [43]. No significant differences were found
between metformin and the placebo in changes in
other cognition-related biomarker outcomes. The
second clinical trial was a small pilot study of 20
participants utilizing a randomized, double-blinded,
placebo-controlled, 16-weeks crossover design to
investigate the effects of metformin on AD biomark-
ers [44]. The results of this study were not published
but were found inconclusive. To date, the completed
clinical trials do not provide strong evidence to sup-
port a protective effect of metformin on dementia
risk.

Although the presence of time-related biases in
observational studies exploring the effects of met-
formin on dementia risk have not been previously
investigated, these biases have been described in other
fields including antidiabetic medications and cancer.
In this field, a large number of observational studies
had been published reporting significant reductions
in the risk of different cancer types associated
with metformin use; however, upon investigation,
many of these studies were found to suffer from
time-related biases [18, 45, 46]. Three studies that
specifically applied statistical models with time-
dependent covariates and new user designs to address
both immortal time bias and time-window bias found
no significant associations between metformin use
and cancer incidence [47–49]. Regrading clinical
trials, the four randomized, parallel arm, and dou-
ble/quadruple masked trials found that metformin
did not have a significant effect on overall survival
in patients with cancer [50–53]. Contrastingly, other
clinical trials found metformin to be associated with
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improved overall survival among patients with can-
cer [54–58]; however, these studies had very small
sample sizes and were primarily single-arm design.
The largest RCT (the MA.32) of metformin, com-
pared to a placebo, on disease-free survival among
women with early breast cancer recently published
their results, reporting that metformin did not signifi-
cantly improve invasive disease-free survival among
the 3,649 randomized patients [59]. Therefore, there
is currently not enough evidence to conclude that
metformin is beneficial for patients with cancer.

Metformin is currently being studies as an anti-
aging agent for various outcomes [60, 61]. The
Targeting Aging with Metformin (TAME) trial is
a series of nationwide, six-year clinical trials with
over 3,000 older adults aged 65–79 years, which
plans to test whether metformin delays the develop-
ment or progression of age-related chronic diseases,
such as dementia and cancer [62]. The results of the
TAME trials will greatly inform us with respect to
our research question: does metformin have a protec-
tive or harmful effect on the risk of dementia among
adults with and without diabetes after addressing
time-related biases adequately.

Conclusions

In our review, the findings from previous obser-
vational studies are inconsistent regarding the
association between metformin and dementia risk.
We found all reviewed studies had some type of
time-related biases or did not address them explic-
itly, illustrating time-related biases are common in
the observational studies investigating the impacts of
antidiabetic medications on dementia risk. The stud-
ies that did address most time-related biases found
no significant associations between metformin use
and dementia risk. Time-related biases can be elim-
inated or alleviated using appropriate study designs
and analysis methods. Future observational studies
should use more rigorous study designs and appropri-
ate statistical analyses to avoid or reduce time-related
biases.
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[58] Ramos-Peñafiel C, Olarte-Carrillo I, Cerón-Maldonado
R, Rozen-Fuller E, Kassack-Ipiña JJ, Meléndez-Mier G,
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