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Figure 2. Estimated relative risk (odds ratio or hazard ratio) with 95% CI for the 21 studies examining use of metformin and risk of all cancers, and cor-

responding assessment of bias according to pre-specified criteria.

2Represents the hazard ratio for cancer risk per one extra prescription of metformin.

Study-specific results of bias assessment for studies assess-
ing all cancer as an outcome are displayed alongside risk esti-
mates in Figure 2. Of the 10 studies that estimated a
statistically significant protective effect of metformin, nine
had at least medium risk of bias in at least two domains; sev-
en had medium or high risk of bias from exposure definition;
and seven had medium or high risk of bias for treatment of
HbA1c, BMI and other OADs. Bias assessments for all other
studies are presented in Supplementary Table 4 (available as
Supplementary data at IJE online).

Time-dependent confounders affected by previous
treatment (HbA1c, BMI other antidiabetics)
Only four studies were considered as unlikely to be af-
fected by bias due to how HbA1¢, BMI and other antidia-
betic treatments were accounted for in the analysis. These
studies considered exposure to metformin as fixed from
baseline [‘intention to treat’ (ITT) principle], and had con-
founders measured immediately before baseline.

Only 16/47 studies included HbAlc¢ as a confounder in
the final model. Six further studies reported considering it
as a potential confounder, but did not include it in their

345 or be-

final model due to lack of statistical significance
cause it did not alter the results of the multivariable mod-
el 2273761 All but one of these studies®' were still
considered at risk since it was questionable whether the
HbA1c used was representative of HbAlc at the time of

starting treatment; 26 studies accounted for BMI in their

final model. In most case-control studies, the measurement
of HbA1lc and BMI preceded the date of cancer diagnosis
(or matched date for the control) but it was rarely clear
where this occurred in relation to the measurement of ex-
posure, and therefore the potential for these studies to have
adjusted for factors on the causal pathway between metfor-
min and cancer was high. For the cohort studies, most used
BMI and HBA1c measurements at or close to the time of co-
hort entry, which therefore either preceded or coincided
with exposure classification. None of the studies reviewed
used time-updated values of either HbAlc or BMI, though
some used averages across follow-up.

The appropriate adjustment for other antidiabetic drugs
is dependent upon the exposure and comparator group def-
initions. In six of the cohort studies examined, adjustment
for use of other diabetic drugs was not neces-
sary.®? 1576164 Iy the remaining studies, 22 accounted
for OADs. Tables 2 (case-control) and 3 (cohort) detail
which adjustments were made, and the timing of the meas-
urement within the follow-up period for each study

separately.

Other sources of bias

Exposure definition (7 = 28) and baseline adjustments (7
= 22) were the other most common reasons for medium or
high risk of bias. The exposure definition was most likely
to have introduced bias in case-control studies by having
different time windows to measure exposure, meaning the
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overall chance of seeing individuals exposed to metformin
is systematically different between the cases and controls.
Bias was most often introduced into cohort studies because
future information was used to inform exposure definition;
7/24 cohort studies were considered to have high risk of
immortal time bias. In all, 22 studies were considered at
risk of bias from confounding due to incomplete or in-
appropriate baseline adjustment because either the com-
parator used may have resulted in comparing patients at
differing disease stages without adjustment for baseline
disease severity, or measures of severity used in the adjust-
ment could be on the causal pathway between exposure
and outcome, therefore not correctly accounting for differ-
ences in disease severity that may have influenced choice of
treatment at baseline.

In addition, 36 studies were considered at risk of bias
due to not considering a latency period for cancer (out-
come definition). Since the effect of this bias is prob-
ably small in magnitude, this was considered to be low

risk. This was supported by the five studies that considered
different latency periods in sensitivity analyses, concluding
that estimates did not differ substantially,”>*43:60:61

Many studies were considered as at unknown risk of
bias for censoring (12/24 cohort studies) and missing data
(16 studies) due to a lack of information. Particularly for
censoring, few cohort studies reported the numbers lost to
follow-up or for what reason. Four studies were rated me-
dium or high for risk of bias from missing data, three of
these because the missing indicator method was used,
which will increase the risk of residual confounding.®’
With these three studies having > 20% missing data, the
effect of residual confounding could be large.

Meta-regression

Table 4 presents estimates and model diagnostics for the
final meta-regression models obtained. For the outcome of

all cancer, after backwards stepwise selection, the only

Table 2. Adjustment method for key time-dependent confounders affected by previous treatment: case-control studies

Study name HbA1lc

Adjusted Adjusted
for value for value
before between at index
first exposure  date®
exposure and

index date®

BMI Other diabetic medication
Adjusted Adjusted Adjusted  Adjusted Adjusted  Adjusted  Adjusted
for value for value for value for value forvalue  for value for value
before between atindex before first between at index
first exposure  date® exposure  exposure  date®
exposure and and

index date® index date®

Azoulay et al. (2011)** v
Becker ez al. (2013)*°

Bodmer et al. (2011)*° v
Bodmer et al. (2010)*° v
Bodmer et al. (2012) (Lung)*®

Bodmer et al. (2012) (Pancreatic)?®

Bodmer et al. (2012) (Colorectal)?”

Bosco et al. (2011)**

Chaiteerakij et al. (2013)%*

Dabrowski et al. (2013)%*

Donadon et al. (2010)* v
Liet al. (2009)*”

Evans et al. (2005)”

Hassan et al. (2012)%

Margel et al. (2013)*°

Mazzone et al. (2012)*° v/

Monami et al. (2009)*? v/
Monami et al. (2011)*!

Smiechowski et al. (2013)* e v

Wang et al. (2013)**
Chen et al. (2013)*3
Donadon et al. (2010)*°

v v
v/ v
v v
v v
v v
v v
v v
v
v
v v
v/
v
v
v v
v v
/P v /P v
v
v

“Index date, time of cancer diagnosis/matched date for control.

bSensitivity analysis assessed whether there was a difference between adjusting for covariates measured before exposure or any time between 1 year before ex-

posure and index date.
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Table 3. Adjustment method for key time-dependent confounders affected by previous treatment: cohort studies

Study name HbA1lc BMI Other diabetic medication
Adjusted  Adjusted Measured Adjusted Adjusted Measured Adjusted Adjusted Measured
for value asatime- asan for value asatime- asan for value asatime- asan
at cohort updated  average of atcohort updated average at cohort updated  average of
entry (at  variable  valuesat  entry (at  variable  of values  entry (at  variable  values at
time of any point  time of at any time of any point
or prior after or prior point after  or prior after
to first exposure  to first exposure  to first exposure
exposure) exposure) exposure)

Currie et al. (2009)3

Currie et al. (2013)* v/ v/

Geraldine et al. (2012)* v v

Home et al. (2010)°"

Hsieh et al. (2012)®

Lai et al. (2012) (HCC)*?

Lai et al. (2012) (LUNG)*?

Lee et al. (2011)°* v/

Libby et al. (2009)° v v /P

°Qiu et al. (2013)*°

Redaniel et al. (2012)%° v/ v/

“Ruiter et al. (2012)°

“Tsilidis ez al. (2014)°* v/

Yang et al. (2011)%3 v/ v v/

Buchs and Silverman (2011)* v

Oliviera et al. (2008)°®

Hense et al. (2011)*° v v

Chiu et al. (2013)*

Ferrara et al. (2011)* v v

Lehman et al. (2012)55 v

Morden et al. (2011)° Ve Ve

Neumann et al. (2011)%7 v

Van Staa et al. (2012)%? v/ v/

“Morgan et al. (2012)%* v/ v/

*Weight used instead of BMI.

"Measured within 3 months/1 year of cohort entry (either side of first exposure).

“Diabetes complications used as proxy measures for severity.
4Treatment randomised so no adjustment necessary.

€Adjustment for use of other OADs not necessary as study looked at incident users of diabetes medications and censored at change in medication.

study level predictor that remained in the model was the
comparator group. The model estimated that using a com-
parator group of diet, as opposed to no metformin, made
metformin appear more protective, whereas using other
OAD:s or less metformin as a reference group made metfor-
min appear less protective. However, this model was only
predicted to explain 7% of the between-study variance.
The comparator group was also retained in the models for
lung, breast and pancreatic cancer; however in these mod-
els, using other OADs as the comparator was estimated to
make metformin appear more protective.

The strongest predictor of heterogeneity for studies of
lung cancer was risk of bias from exposure definition which,

if present, was estimated to reduce the log risk ratio by 0.44,
95% CI (0.17, 0.72) P = 0.007, making metformin appear
more protective. For breast cancer, the strongest predictor
was use of an incident user cohort, which made metformin
look less protective. This predictor was also identified for
studies of lung and pancreatic cancer, but the estimates had
much less precision. Presence of both time-dependent and
baseline confounding was also estimated to influence study
heterogeneity for breast cancer, with presence of these biases
estimated to have equal and opposite effects on the log risk
ratio. For colorectal cancer, the final model included only
immortal time bias. As expected, risk of this bias was esti-
mated to make metformin appear more protective.
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Discussion

The 46 studies examined in this review did not provide
consistent evidence to support a protective effect of metfor-
min on risk of cancer. Two of three studies with low or un-
likely risk of bias for all categories had estimates consistent
with no effect of metformin. The third study had an esti-
mate consistent with a moderate protective effect; however
this study included many analyses, and also reported that
when comparing metformin exposure with other classes of
oral antidiabetics, the risk of cancer did not differ between
drugs. The authors also found that the incidence rates of
cancer were higher in the first 3 months after therapy initi-
ation, which they suggested might be due to detection bias,
which would also explain why longer exposure appears
protective when compared with the first 6 months of
therapy.

The estimates of effect reported across the 46 studies
were highly variable for all outcomes studied. Many stud-
ies were at high risk of bias from exposure definition
which, for reasons already outlined by Suissa and
Azoulay,'” can have a large effect on estimates of risk.
Within studies considered to be at low or unlikely risk of
such bias, effect estimates were closer to the null but there
was still variation in point estimates, albeit with some wide
confidence intervals. Figure 4 displays the study estimates
from Figure 2 ordered by risk of bias from exposure defin-
ition (left) to demonstrate this. It is possible that

Exposure Assessment

Bias score
Evans et al (2005)[7] 1
Ruiter et al{2012) [9] 4 L ]
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Maorgan et al.2012) [64] 4 -1
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0 5 1 1.5 2
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confounding by disease severity, and in particular con-
founding from time-dependent variables affected by pre-
vious treatment, could partly explain the remaining
heterogeneity in observed estimates. By assigning values of
0, 1, 2 and 3 to unlikely, low, medium and high risk, re-
spectively, and summing over all domains, an overall bias
score was calculated. When ordered by this score [Figure 4
(right)] it is clear that heterogeneity increases as risk of bias
increases, and the strongest protective effects are from
those studies with the highest risk of bias overall.

The bias evaluation performed was detailed and thor-
ough, and every effort was made to agree in advance the
criteria for risk of bias in each of the eight domains exam-
ined. However, as in all studies of this kind, it was not pos-
sible to eliminate all subjectivity from this process.

Figure SA represents the total causal effect of metformin
use on cancer risk that we wish to estimate in a simple ex-
ample where we assume HbAlc is the only time-dependent
confounder affected by previous treatment (as previously
defined in Box 1). Figure 5 B, C and D illustrates the causal
pathways that are actually being estimated under the three
approaches most commonly used in the studies examined in
this review. In Figure 5B, studies adjust for HbAlc but the
measurement is taken any time during follow-up, which
may result in ‘adjusting out’ any effect of metformin that is
mediated through HbAlc. In Figure 5C, because treatment
may change after baseline, the single adjustment at time 0
may lead to residual confounding by post-baseline HbA1c.

Overall Bias score

Home et al {2010) - ADPOT [51] ==
Home et al,(2010) -RECORD [1] - P} Low Bias Risk
Tsiidis et al.2014) 514 - (0-5)
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Figure 4. Estimates of relative risk of cancer from metformin use, ordered by risk of bias from exposure assessment only (left) and by overall risk of
bias (right). Overall bias score is sum of bias risk over all domains, with unlikely = 0, low = 1, medium = 2, high = 3. Case control studies are repre-

sented by hollow triangle, Cohort studies by filled circle.
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Figure 5. Directed Acyclic Graphs (DAGs) to represent estimated causal pathways for A) the desired total causal effect of treatment on cancer risk,
and B)-D) the estimated effect under different methods of adjustment for time dependent confounders affected by prior treatment. Box indicates ad-
justment. Dotted line represents causal associations that are present but not included in the desired/estimated effect.

A Solid lines represent the pathways needed to estimate the total causal effect of time varying treatment on cancer.

B HbA1c measured at a single time point during the measurement window (usually the most recent value). Exposure may be time updated or
assumed fixed from cohort entry. Solid line represents the pathways included in the estimate of effect under this approach.

C HbA1c measured once at/before cohort entry, exposure modelled as time varying. Solid line represents the pathways included in the estimate of ef-
fect under this approach.

D Exposure is assigned at cohort entry and assumed fixed (Intention to treat (ITT) principle), HbA1c measured once at/before cohort entry. Solid line
represents the pathways included in the estimate of effect under this approach.

In Figure 5D, the fixing of exposure from baseline removes
the issue of time-dependent confounding and therefore
allows the total effect of exposure on cancer to be estimated,
but typically estimates an I'TT effect only, which may not be
appropriate given that patients are unlikely to adhere to a
single treatment throughout follow-up. One study adjusted
for non-adherence®' using a method that produces an un-
biased estimate if there are no unmeasured confounders of
the association between non-adherence and outcome,®® but
the validity of this assumption is questionable. This ap-
proach is also limited by considering comparisons between
active drugs only. When applied and analysed carefully, it
will give an unbiased estimate of the effect of initiating met-
formin compared with initiating (as an example)
sulphonylurea on development of cancer. However, this is
not necessarily equivalent to estimating causal pharmaco-
logical effect of metformin use on cancer incidence and may
be inappropriate if the comparator in question may itself

affect risk of cancer. Most studies with low risk of other
biases used the approach outlines in 5D. The lack of vari-
ation in how time-dependent confounders were adjusted for
in these studies mean that it is not possible with the current
literature alone to assess whether there is a meaningful im-
pact of time-dependent confounders affected by previous
treatment on the estimated effect of metformin on cancer
risk.

In order to estimate the causal pharmacological effect
of metformin on risk of cancer, the ideal would be to emu-
late a randomized controlled trial where patients are
randomized to either metformin or diet only. This would
involve comparison of patients initiating metformin with
those controlling their disease by diet only, and correctly
adjusting for disease severity at time of initiation while
maintaining the effect of previous treatment on future
disease severity measures. Causal methodology has been
successfully used in other areas to overcome issues with
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time-dependent confounders affected by previous treat-

67:6% and could be applied to this question as a valu-

ment,
able addition to the current literature.

These causal inference methods (marginal structural
models with inverse probability of treatment weighting or
the g-computation formula) may be required to fully guard
against some of the potential biases we identified, notably
time-dependent confounders affected by previous treat-
ment.®” However, even with standard analytical
approaches, careful study design and analysis can minimize
the risk of bias being introduced. For example, it is desir-
able to clearly identify incident users of oral diabetes medi-
cations, ideally in patients with newly diagnosed diabetes,
and to ensure that important confounders such as HbAlc,
BMI and other disease severity measures are recorded and
adjusted for at study entry—either before or at the time of
medication initiation. This will ensure that disease severity
is broadly balanced at study entry, and that the effect of
medication on future values of important covariates is not
eliminated. In addition, if medication use is not assumed to
be fixed from baseline, then it is important to classify time
before first exposure as unexposed in order to avoid intro-
ducing immortal time bias. Secondary analyses to look at
effects of cumulative exposure, and sensitivity analysis
with exclusion of periods in which un-diagnosed cancer
may be affecting probability of treatment, would also be
advisable to establish whether observed associations are
likely to be causal.

This review has systematically identified and assessed
the existing literature on the pharmacoepidemiological
question of metformin use and cancer risk. The search
identified a large number of studies from varying countries
and journals, and the inclusion criteria were shown to have
good reliability between raters. Only one database was
used in the search, and therefore some relevant literature
may have been omitted from the review. However, by
searching reference lists of other meta-analyses and system-
atic reviews, the majority of studies will still have been
identified. Since performing the original search, it is likely
that new studies will also have been published on the topic;
however, a brief updated search did not identify any new
studies that used methods substantially different from
those covered in this review, though one study used slightly
more sophisticated methods to deal with baseline con-
founding by indication.”” The meta-regression aimed to es-
tablish whether any of the potential sources of bias could
explain the heterogeneity in risk estimates. A comparator
group was selected for the final model in four of the five
analyses as a predictor of heterogeneity, but the direction
of effect was inconsistent between models. Use of a non-
incident user cohort was also identified in three models as

a predictor of heterogeneity, but estimates of how this
would affect study results were imprecise.

The overall reliability of the meta-regression results is
questionable. For all cancer there were 21 studies contribu-
ting to this analysis, and even after selecting only key study
level predictors, there were nine parameters in the initial
model. The analysis was likely underpowered, and back-
ward selection may not have produced reliable results.
Additionally, many of these estimates lacked precision. For
the site-specific cancers, since the sample sizes for the meta-
regressions were smaller, these issues may be enhanced fur-
ther and individual studies with extreme estimates are likely
to have had a large influence. Furthermore for some biases,
two high-risk studies could be rated as such for different
reasons, which would bias the estimate in opposite direc-
tions, resulting in the bias appearing to have no effect over-
all. In addition, the ability to examine only published
studies may itself introduce a publication bias which cannot
be accounted for in a meta-regression. Also as previously
mentioned, the bias evaluation could not be perfectly object-
ive, which adds further uncertainty to any results of this
analysis. Therefore, overall the results of this exploratory
analysis should be interpreted cautiously.

Overall, the existing literature provides inconsistent an-
swers to the question of metformin use and cancer risk in
type 2 diabetes. Variation in design of studies and the po-
tential for many kinds of bias make it difficult to explain
the differences in risk estimates, particularly in terms of the
potential impact of less easily detectable bias such as that
from time-dependent confounders affected by previous
treatment. It is likely that the largest protective effects that
have been observed are a result of immortal time bias and
other issues relating to how metformin use is defined.
Studies without such biases tend to have estimates closer to
the null, and whereas an effect of metformin use on risk of
subsequent cancer in patients with type 2 diabetes cannot
be excluded, the previously reported large protective asso-
ciations are unlikely to be causal.
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