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Summary
Background Current labelling advises discontinuation of metformin when estimated glomerular filtration rate
(eGFR) < 30 ml/min/1.73 m2 due to increased risk of lactic acidosis. However, in real-world practice, the risk-
benefit ratios remain uncertain. We examined the risk associations of discontinued-metformin use with
cardiorenal and clinical outcomes in patients with type 2 diabetes (T2D) and advanced chronic kidney disease.

Methods In this territory-wide, retrospective cohort and target trial emulation study, we included Chinese patients
attending the Hong Kong Hospital Authority (HA) and enrolled in the Risk-Assessment-and-Management-
Programme-for-Diabetes-Mellitus (RAMP-DM) from 2002 to 2019. Patients were stratified by discontinuation of
metformin within six months after reaching eGFR < 30 ml/min/1.73 m2 from January 1, 2002 to December 31,
2018, and followed up until December 31 2019. We excluded patients who had observational time <6 months
from eGFR < 30 ml/min/1.73 m2, and had their eGFR measured during a hospitalisation episode due to acute
kidney injury, or missing diagnosis date of diabetes. We compared the risk associations of metformin
discontinuation with clinical outcomes. The primary outcomes were major adverse cardiovascular events (MACE),
end-stage kidney disease (ESKD), cancer, and all-cause mortality. A Cox-model with time-dependent exposure and
covariates was used to estimate the hazard ratio (HR) of outcomes in a propensity-score overlap-weighted cohort.
The risk of occurrence of lactic acidosis (serum lactate > 5.0 mmol/L with a concomitant blood pH < 7.35 or ICD-
9 codes of 276.2) in discontinued-metformin versus continued-metformin users was assessed in a separate
register-based cohort.

Findings A total of 33,586 metformin users with new-onset eGFR < 30 ml/min/1.73 m2 were included in the
study, 7500 (22.3%) of whom discontinued metformin within 6 months whereas 26,086 (77.7%) continued use
of metformin. During a median follow-up of 3.8 (IQR: 2.2–6.1) years, 16.4% (5505/33,586), 30.1% (10,113/
33,586), and 7.1% (2171/30,682) had incident MACE, ESKD, and cancer respectively, and 44.4% (14,917/
33,586) died. Compared to continued-metformin use, discontinuation was associated with higher risk of
MACE (weighted and adjusted HR = 1.40, 95% CI: 1.29–1.52), ESKD (HR = 1.52, 1.42–1.62), and death
(HR = 1.22, 1.18–1.27). No association was observed for cancer (HR = 0.93, 0.85–1.01). Discontinued-
metformin users had higher change in HbA1c change at 6-month of follow-up versus continued-metformin
users (weighted mean HbA1c level change: 0.5% [0.4–0.6%] versus 0.2% [0.1–0.2]). In the separate register-
based cohort (n = 3235), null association was observed between metformin use and risk of lactic acidosis
(weighted HR = 0.94 [0.53–1.64]).
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Interpretation Our results suggest that discontinuation of metformin in patients with T2D and chronic kidney disease
may be associated with increased risk of cardiovascular-renal events. Use of metformin below eGFR of 30 ml/min/
1.73 m2 may be associated with cardiovascular, renal, and mortality benefits that need to be weighed against the risk
of lactic acidosis, but further research is needed to validate these findings.
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Research in context

Evidence before this study
We searched PubMed with the terms “diabetes”, “chronic
kidney disease (CKD)”, “metformin”, “hyperkalemia”, “death”,
“mortality”, “cardiovascular disease”, “major adverse
cardiovascular events (MACE)”, “cancer”, and “end-stage
kidney disease (ESKD) or “end stage renal disease (ESRD)” for
original articles and reviews published up to June 30, 2023.
Most studies on the associations between metformin use and
risk of clinical outcomes including all-cause mortality,
cardiovascular (CVD), MACE, and ESKD were focused on
people with T2D and CKD with eGFR ≥ 30 ml/min/1.73 m2.
These studies have reported reduced risk for CVD, all-cause
mortality, and CV-events with metformin use. A retrospective
cohort of 10,426 patients with T2D reported metformin users
had 35% reduced risk for all-cause mortality and ESKD,
especially in those with eGFR of 30–45 ml/min/1.73 m2.
However, the associations between discontinued use of
metformin in patients with T2D and advanced-CKD (eGFR <
30 ml/min/1.73 m2) remains uncertain.

Added value of this study
In this cohort study that included 33,586 patients with T2D
and advanced CKD, discontinued metformin was associated
with higher risk of MACE, ESKD, as well as cardiovascular-
cause, pneumonia-cause, and all-cause mortalities, compared
with continued metformin use.

Implications of all the available evidence
In this real-world study, we adopted an emulated target trial
approach and observed that discontinuation of metformin
was associated with increased risk of cardiovascular events.
Use of metformin below eGFR of 30 ml/min/1.73 m2 may be
associated with cardio-renal and mortality benefits that need
to be weighed against the risks of lactic acidosis. Pending
confirmatory evidence from randomised controlled trials, our
data support the possibility of continued metformin use in
people with diabetes and advanced CKD for cardiovascular
protection.
Introduction
Chronic kidney disease (CKD) is a growing global health
challenge. In 2021, 10% of the world’s population is
affected by diabetes, which is one of the primary causes
of CKD.1 The burden of cardiovascular disease (CVD)
also increases continuously as kidney function declines,
and patients with both diabetes and CKD have an
exceptionally high risk of CVD.2 Metformin is the first-
line oral glucose-lowering drug (GLD) for individuals
with type 2 diabetes (T2D).3 Traditionally, metformin
was contraindicated in patients with reduced kidney
function due to the paucity of randomised controlled
trial (RCT) data and early reports of lactic acidosis, pri-
marily associated with phenformin.4 However,
increasing real-world evidence supports its safety in
patients with a broad range of kidney function. In 2016,
the labelling of metformin was changed to include its
use in patients with estimated glomerular filtration rate
(eGFR) of 30–60 ml/min/1.73 m2 (CKD stage G3).5 In
2020, a consensus statement recommended continuing
metformin at half maximum dose and increased fre-
quency of eGFR monitoring in patients with eGFR of
30–44 ml/min/1.73 m2 (CKD stage G3b) with its
discontinuation when eGFR falls below 30 ml/min/
1.73 m2.6

Use of metformin in CKD stage G4 (eGFR
15–29 ml/min/1.73 m2) has been controversial. Met-
formin is renally cleared and the risk of metformin-
associated lactic acidosis (MALA) might be increased
when eGFR fell below 30 ml/min/1.73 m2 as compared
with preserved kidney function.7–10 In observational
studies, the incidence rates of MALA varied from 3.0 to
138 per 100, 000 person-years amongst metformin
users,11 though not necessarily higher than non-
metformin treated controls.7,12 Discontinuation of met-
formin in patients with T2D was associated with
increased glycated haemoglobin (HbA1c) of
0.92–1.09%.13 The loss of insulin-sensitizing effects of
metformin can be pronounced in patients with
advanced CKD who are generally insulin-resistant due
www.thelancet.com Vol 71 May, 2024
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to uremia, obesity and chronic inflammation.14 Most
patients who discontinued metformin required addition
or intensification of alternative GLDs such as insulin,
which is associated with weight gain, high-risk of
hypoglycaemia and often multiple daily injections.13,15

Loss of putative anti-inflammatory and antioxidative ef-
fects of metformin may worsen cardiovascular-renal
outcomes.16

No RCTs to date have examined the strategy of
continuation versus discontinuation of metformin in
patients with upon reaching CKD stage G4 on end-stage
kidney disease (ESKD) and CVD.8 In the absence of
RCT data, we used real-world data to emulate a target
trial and investigated the associations of discontinuation
versus continuation of metformin therapy with the risk
of all-cause mortality, major adverse cardiovascular
events (MACE), all-site cancer, and ESKD among Chi-
nese patients with T2D established on metformin
therapy when eGFR reached 30 ml/min/1.73 m2. We
hypothesized that metformin discontinuation was
associated with higher risk of clinical outcomes in
patients with T2D and advanced CKD. We compared
glycemic trajectories between discontinued-metformin
versus continued-metformin users, and the risk of lac-
tic acidosis between these two groups in a separate
complementary, register-based cohort.
Methods
Data sources
This is a real-world population-based cohort study of
Chinese patients with T2D attending Hong Kong Hos-
pital Authority (HA) enrolled in the Risk-Assessment-and-
Management-Programme-for-Diabetes-Mellitus (RAMP-
DM) from January 1, 2002 to December 31, 2019.17–19

Hong Kong has 7.5 million population mainly of Chi-
nese descent with universal health coverage provided by
the government-funded HA. The HA manages all hos-
pitals and clinics with on-site drug dispensing, and over
90% of people with diabetes were captured in the
territory-wide electronic health record (EHR) system. The
HA database is a patient-level database curated from the
HA-EHR system including a cohort of 581,811 patients
with diabetes who underwent structured assessment
through the RAMP-DMmodule.18 Patients in this module
were referred by their doctors to undergo periodic struc-
tured assessments, such as feet, eye, and laboratory tests,
in hospital-based diabetes centres or community-based
clinics guided by a uniform template. Additional details
on the RAMP-DM module can be found elsewhere.18

Study design
In this real-world study, we adopted an emulated target
trial approach20 to compare the effect of discontinuation
versus continuation of metformin on clinical outcomes
in patients with T2D who reached eGFR < 30 ml/min/
1.73 m2. Further details on protocol of the emulated
www.thelancet.com Vol 71 May, 2024
target trial, biases consideration and statistical analysis
strategies are described in Supplementary Methods.
This study was reported according to the Reporting of
studies Conducted using Observational Routinely-
collected Data statement for pharmacoepidemiology
(RECORD-PE) guidelines,21 and analysis of the anony-
mized HA database has been approved by the Joint-
NTEC-CUHK Clinical Research Ethics Committee.

Fig. 1 shows the study design and time frame defi-
nitions.22 The index date was defined as the first mea-
surement of eGFR reaching <30 ml/min/1.73 m2 after
excluding values measured during a hospitalisation
episode due to acute kidney injury (AKI), which was
defined by International Classification of Diseases, 9th-
Revision (ICD-9) codes of 584.6 We firstly identified
patients who reached an eGFR < 30 ml/min/1.73 m2

and treated with metformin during the 6-month period
before the index date. We adopted the landmark design
with a landmark time at 6 months after the index date to
classify discontinued- and continued-metformin users
to minimizing immortal time bias during the period
from the index date to the date of metformin discon-
tinuation.23,24 We opted for a 6-month landmark time,
aligning with a clinically meaningful period for in-
dividuals with diabetes in the Hong Kong EHR system
because the doctors seldom wrote a prescription for a
period of over 6 months. We compared the strategies of
continued-metformin use within first 6 months after
eGFR reaching <30 ml/min/1.73 m2 (index date) versus
discontinued-metformin use, which was defined as the
stopping or absence of dispensation of metformin
within first 6 months after the index date. Reinitiating
metformin users were defined as those who subse-
quently restarted metformin after initial discontinuation
within 6 months of index date. A metformin user was
defined as a patient who has been exposed to metformin
for longer than 90 days during the observation period.
The follow-up period started at 6 months after the index
date and ended at the earliest date of outcomes of in-
terest or censor date (December 31, 2019). The baseline
period was defined as one-year period to index date for
definition of baseline covariates. We used the most
recent laboratory values closest to the index date as
baseline data (Fig. 1).

Outcomes
The primary outcomes were incidence of MACE, ESKD,
all-site cancer, and all-cause and cause-specific mortality
using the validated principal discharge diagnosis in
ICD-9 and death codes (ICD-10).25 MACE was defined as
the first occurrence of nonfatal myocardial infarction
(ICD-9 code: 410), non-fatal stroke (ICD-9 code: 430,
431, 434 and 436), and CV-death (Supplementary
Table S1). We defined ESKD as dialysis or kidney-
replacement therapy (ICD-9 code) or eGFR < 15 ml/
min/1.73 m2 on at least two occasions separated by ≥90
days, excluding eGFR values measured during AKI
3
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Fig. 1: Graphical depiction of study design and time frame definitions. Abbreviations: eGFR, estimated glomerular filtration rate; Rx, pre-
scription; ESKD, end-stage kidney disease; AKI, acute kidney injury.
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hospitalisations (ICD-9 code: 584). We calculated eGFR
from plasma creatinine values using the CKD-
epidemiology (CKD-EPI) Equation. We used principal
discharge diagnoses to define first event of all-site can-
cer (ICD-9: 140:208). Causes of death was defined by
ICD-10 codes in the HA database and classified as CV-
cause, cancer-cause, and non-CV and non-cancer
cause, as well as pneumonia-cause mortality
(Supplementary Table S1).

The secondary outcomes were changes in HbA1c
between discontinued-metformin and continued-
metformin users at 6 months of follow-up after index
date. We assessed the risk of hospitalisation due to se-
vere hypoglycaemia (SH) defined by ICD-9 codes19

(250.8, 250.81, 250.82, 250.83, and 251.2), and use of
GLD following metformin discontinuation.

Assessment of metformin and other medications
We obtained individual-level longitudinal dispensing data
of medications from the HA database, including name,
dose, frequency, duration (days), start and end dates. We
coded metformin and other medications according to its
active ingredients by the Anatomical Therapeutic Chemi-
cal (ATC) Classification System,19 which included insulin,
sulfonylureas, thiazolidinediones, dipeptidyl-peptidase-4-
inhibitors (DPP-4is), alpha-glucosidase-inhibitors (AGIs),
glucagon-like peptide-1 receptor analogue (GLP-1 RAs),
and sodium-glucose co-transporter-2 inhibitors (SGLT2is),
statins, renin-angiotensin-system inhibitors (RASi), and
other medications (Supplementary Table S2). Fixed-dose
combination formulations were counted as two different
medications based on the active ingredient. Time-varying
exposure to metformin and other medications were based
on start and end dates of dispensing records within each
follow-up year for each patient, while prior treatment time
was defined based on start and end dates of dispensing
records to the index date in the EHR system. We calcu-
lated the time-weighted mean daily metformin dose by
multiplying the mean daily dose by the duration of each
prescription for each patient, summing these products for
all patients, and then dividing by the total duration of
prescriptions during the follow-up period, expressed as
the formula: Time-weighted mean dose = (Σ[mean daily dose
* duration of each prescription])/Total duration of each
prescription.7,26

Time-fixed and time-varying covariates
Baseline covariates included clinical and laboratory data
collected during structured diabetes risk assessments,
including sex, age, sociodemographic, history of compli-
cations, physical examination (blood pressure, body mass
index [BMI], waist circumference [WC]) and laboratory
values. These included eGFR, HbA1c, lipids (triglyceride
[TG], low-density lipoprotein cholesterol [LDL-C], high-
density lipoprotein cholesterol [HDL-C], total cholesterol
[TC]), and urine albumin-creatinine-ratio (uACR). We
www.thelancet.com Vol 71 May, 2024
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retrieved laboratory values for HbA1c, lipids, eGFR,
comorbidities, and dispensing records as time-varying
covariates during the baseline and observation periods
from the HA database. The comorbidities were identified
through hospitalisations due to renal, CVD, cancer, and
chronic obstructive pulmonary disease (COPD) as
defined by ICD-9 codes and/or self-reported medical
history (such as diabetic retinopathy) at the time of the
assessment. We used the RAMP-DM module data to
document smoking, BMI and waist circumference at
baseline. We updated age, diabetes duration, laboratory
values and comorbidities for the analysis.

Statistical analysis
The descriptive statistics in this study were reported as
counts (percentages), mean (standard deviation, SD), or
median (interquartile range, IQR). Standardized mean
difference (SMD) was used to assess the balance of each
covariate in the between-group comparisons.

We performed risk association analyses on clinical
outcomes in discontinued-metformin versus continued-
metformin users after propensity-score overlap-weight-
ing (PS-OW) in patients who reached an eGFR < 30 ml/
min/1.73 m2. The PS represented the probability of each
patient receiving metformin based on their measured
covariates. Overlap-weighting is a PS-based method that
attempts to mimic important attributes of RCTs.
Compared with the classic PS-based methods, such as
matching and inverse-probability of treatment-
weighting, the OW-method had better performance in
terms of a clinically relevant target population, covariate
balance, and precision.27 A multivariate logistic model
was used to calculate the PS, and the effect size of
selected covariates was used to balance all confounders
at baseline for each patient using the OW-approach
(Table 1 and Supplementary Table S3). We calculated
eGFR slope from the structured risk assessment to
eGFR reaching 30 ml/min/1.73 m2 (index date) as part
of the baseline PS score.28 We calculated incidence rates
of outcomes of interest expressed as 1000 person-years.
The Cox-model with time-varying metformin exposure
was applied to the PS-OW weighted cohort to adjust for
metformin switching and/or discontinuation or reini-
tiation after index date and other time-varying cova-
riates, including HbA1c, lipids, insulin, other GLDs,
RASis, and statins.25 Cox-model with time-fixed expo-
sure and covariates was applied for ESKD, all-cause and
cause-specific mortality to avoid overestimating the as-
sociation due to discontinued metformin at occurrence
of events. Scaled-Schoenfeld-residual plots were used to
check for violations of the assumption of proportional
hazards. Results were expressed as hazard ratio (HR)
with 95% confidence interval (CI).

Missing data for time-varying covariates in each Cox-
model was imputed using the chained-equations with
multiple imputations by R ‘smcfcs’ package with inclu-
sion of all covariates, outcome of interest, and exposure.
www.thelancet.com Vol 71 May, 2024
The data were tested for non-missing completely at
random (MCAR) using ‘MissMech’ package. The default
number of imputed datasets (m = 5) was used to
generate imputations. This imputation method per-
forms well for different types of missing patterns
including non-MCAR.29

Subgroup and sensitivity analyses
We performed subgroup analyses on separate PS-OW
cohorts based on sex and pre-existing CVD, comparing
the risk associations of metformin discontinuation with
outcomes of interest. We limited our analysis to those
with uACR data at baseline (n = 25,694) and adjusted for
uACR in evaluating the risk associations, as well as
conducted subgroups analysis by uACR categories (<3,
3–30, and >30 mmol/L). We also repeated the analyses
by including those who restarted metformin after 6
months of index date (n = 1602), as well as limited to
those with a second eGFR < 30 ml/min/1.73 m2 within
6 months of index date. Additionally, we applied mul-
tiple PS-based approaches including 1:1 PS matching
(PSM), inverse probability of treatment weights (IPTW),
and Cox marginal-structural-model (Cox-MSM) model
to address confounding by indication, time-varying
confounders related to treatment initiation or discon-
tinuation, and competing risk of death for clinical events
of interest in this study.30

Metformin discontinuation and HbA1c response
The HbA1c and use of GLDs (percentage use of insulin,
sulfonylurea, DPP-4is and other agents) upon reaching
eGFR < 30 ml/min/1.73 m2 were examined. We
compared the absolute changes and percentage changes
in HbA1c from the index date to 6-month follow-up
(nearest value within 3rd-9th month window) between
discontinued-metformin and continued-metformin
users. We balanced the potential confounders in the
PS-OW cohort and compared the weighted mean
HbA1c change at 6-month of follow-up between dis-
continued- and continued-metformin users.

Incidence of lactic acidosis in the register-based
cohort
We conducted a complementary analysis to determine
the occurrence of lactic acidosis in a separate register-
based cohort - the Hong Kong Diabetes Register
(HKDR) since data on serum lactate and blood pH and
detailed medical notes were not available in the RAMP-
DMmodule. The HKDR17 is an ongoing research-driven
quality improvement program with a structured-
protocol for periodic comprehensive assessment of
risk factors and complications with capture of outcome
data retrieved from the EHR system. Personal data and
clinical measurements were documented during struc-
tured assessments upon enrolment to the HKDR, with
patients’ informed consent. Laboratory assessments
such as serum lactate, pH, lipids, HbA1c and eGFR, and
5
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Variables Overall Before PS overlap-weighting After PS overlap-weighting

Continuation Discontinuation SMD Continuation Discontinuation SMD

Number of patients, % 33,586 26,086 (77.7) 7500 (22.3) 26,086 7500

Sex, % 0.407 <0.001

Men 13,970 (41.6) 9691 (37.2) 4279 (57.1) 51.7 51.7

Women 19,616 (58.4) 16,395 (62.8) 3221 (42.9) 48.3 48.3

Age at index date, years 74.3 (10.3) 75.0 (9.9) 71.7 (11.4) 0.312 72.9 (10.6) 72.9 (10.9) <0.001

Duration of diabetes, years 14.7 (8.6) 14.8 (8.6) 14.3 (8.4) 0.059 14.5 (8.7) 14.5 (8.4) <0.001

Family history of diabetes, % 9641 (28.7) 7262 (27.8) 2379 (31.7) 0.085 30.2 30.2 <0.001

Use of tobacco, % 0.247

Never 25,000 (70.3) 20,048 (76.8) 4952 (66.0) 69.1 69.1

Ever 5579 (16.6) 4009 (15.4) 1570 (20.9) 19.6 19.6

Current 3007 (9.0) 2029 (7.8) 978 (13.0) 11.3 11.3

Body mass index, kg/m2 25.8 (4.2) 25.9 (4.3) 25.6 (4.0) 0.064 25.7 (4.2) 25.7 (4.0) <0.001

Waist circumference, cm 90.4 (10.4) 90.4 (10.4) 90.1 (10.3) 0.031 90.2 (10.4) 90.2 (10.2) <0.001

Systolic BP, mmHg 141.9 (15.5) 141.6 (15.3) 142.8 (16.0) 0.075 142.4 (15.7) 142.4 (15.8) <0.001

Diastolic BP, mmHg 72.5 (9.3) 72.1 (9.1) 73.7 (9.7) 0.161 73.1 (9.4) 73.1 (9.5) <0.001

HDL-C, mmol/L 1.2 (0.4) 1.2 (0.4) 1.2 (0.4) 0.062 1.2 (0.4) 1.2 (0.4) <0.001

LDL-C, mmol/L 2.4 (0.9) 2.4 (0.9) 2.5 (1.0) 0.134 2.5 (1.0) 2.5 (1.0) <0.001

Total cholesterol, mmol/L 4.4 (1.1) 4.4 (1.1) 4.5 (1.3) 0.110 4.4 (1.2) 4.4 (1.2) <0.001

Triglyceride, mmol/L 1.8 (1.3) 1.8 (1.2) 1.8 (1.4) 0.045 1.8 (1.3) 1.8 (1.3) <0.001

Blood haemoglobin, g/dL 11.3 (1.8) 11.3 (1.8) 11.3 (1.8) 0.051 11.3 (1.9) 11.3 (1.8) <0.001

HbA1c, % 7.4 (1.5) 7.4 (1.5) 7.6 (1.7) 0.102 7.5 (1.5) 7.5 (1.7) <0.001

eGFR, ml/min/1.73 m2 26.9 (3.0) 27.0 (3.0) 26.6 (3.1) 0.102 27.0 (3.1) 27.0 (3.0) <0.001

eGFR slope −3.9 (2.7) −3.7 (2.5) −4.6 (3.2) 0.332 −4.3 (2.9) −4.3 (2.8) <0.001

Medications

Glucose-lowering drugs (GLDs)

Insulin 8045 (24.0) 5632 (21.6) 2413 (32.2) 0.240 28.7 28.7 <0.001

Sulfonylureas 22,703 (67.6) 17,501 (67.1) 5202 (69.4) 0.049 68.3 68.3 <0.001

AGIs 616 (1.8) 427 (1.6) 189 (2.5) 0.062 2.2 2.2 <0.001

TZD 774 (2.3) 587 (2.3) 187 (2.5) 0.016 2.5 2.5 <0.001

DPP-4i 3605 (10.7) 2547 (9.8) 1058 (14.1) 0.134 12.7 12.7 <0.001

GLP-1RA 26 (0.1) 15 (0.1) 11 (0.1) 0.028 0.1 0.1 <0.001

SGLT2i 103 (0.3) 74 (0.3) 29 (0.4) 0.018 0.3 0.3 <0.001

Number of GLDs 0.257 <0.001

0 6520 (19.4) 5364 (20.6) 1156 (15.4) 17.1 17.1

1 19,630 (58.4) 15,553 (59.6) 4077 (54.4) 56.1 56.1

2 6211 (18.5) 4371 (16.8) 1840 (24.5) 22.2 22.2

3 1225 (3.6) 798 (3.0) 427 (5.7) 0.5 0.5

RASi 26,508 (78.9) 20,427 (78.3) 6081 (81.1) 0.069 80.2 80.2 <0.001

Statins 19,326 (57.5) 14,829 (56.8) 4497 (60.0) 0.063 58.9 58.9 <0.001

Non-statins lipid-modifying 2051 (6.1) 1533 (5.9) 518 (6.9) 0.042 6.6 6.6 <0.001

Alpha-blockers 2092 (6.2) 1490 (5.7) 602 (8.0) 0.092 7.5 7.5 <0.001

Medication treatment time, years

Insulin 1.2 (3.0) 1.2 (3.0) 1.4 (3.2) 0.074 1.4 (3.1) 1.4 (3.2) <0.001

Metformin 7.6 (4.3) 7.8 (4.3) 7.2 (4.4) 0.140 7.8 (4.1) 7.8 (3.8) <0.001

Sulfonylureas 6.0 (4.7) 6.1 (4.7) 5.6 (4.6) 0.113 5.7 (4.6) 5.7 (4.7) <0.001

AGIs 0.2 (0.9) 0.2 (0.8) 0.2 (0.9) 0.037 0.2 (0.9) 0.2 (0.9) <0.001

TZD 0.1 (0.5) 0.1 (0.5) 0.1 (0.5) 0.011 0.1 (0.5) 0.1 (0.5) <0.001

DPP-4i 0.2 (0.9) 0.2 (0.9) 0.3 (0.9) 0.070 0.3 (0.9) 0.3 (0.9) <0.001

GLP-1RA 0.0 (0.1) 0.0 (0.0) 0.0 (0.1) 0.029 0.0 (0.1) 0.0 (0.1) <0.001

SGLT2i 0.0 (0.1) 0.0 (0.1) 0.0 (0.1) 0.024 0.0 (0.1) 0.0 (0.1) <0.001

RASi 5.2 (4.4) 5.3 (4.4) 5.2 (4.3) 0.024 5.2 (4.3) 5.2 (4.4) <0.001

Other antihypertensives 1.5 (2.9) 1.5 (3.0) 1.4 (2.8) 0.020 1.4 (2.9) 1.4 (2.9) <0.001

Statins 3.0 (3.7) 3.0 (3.7) 2.9 (3.7) 0.016 3.0 (3.7) 3.0 (3.7) <0.001

(Table 1 continues on next page)
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Variables Overall Before PS overlap-weighting After PS overlap-weighting

Continuation Discontinuation SMD Continuation Discontinuation SMD

(Continued from previous page)

Alpha-blockers 0.2 (1.1) 0.2 (1.1) 0.3 (1.2) 0.051 0.3 (1.2) 0.3 (1.2) <0.001

Complications history

CVD 12,204 (36.3) 9385 (36.0) 2819 (37.6) 0.033 37.4 37.4 <0.001

Stroke 5624 (16.7) 4336 (16.6) 1288 (17.2) 0.015 17.2 17.2 <0.001

CHD 7372 (21.9) 5695 (21.8) 1677 (22.4) 0.013 22.4 22.4 <0.001

AMI 2335 (7.0) 1755 (6.7) 580 (7.7) 0.039 7.5 7.5 <0.001

Heart failure 4722 (14.1) 3592 (13.8) 1130 (15.1) 0.037 14.8 14.8 <0.001

COPD 1515 (4.5) 1219 (4.7) 296 (3.9) 0.036 4.2 4.2 <0.001

Diabetics retinopathy 4444 (13.2) 3355 (12.9) 1089 (14.5) 0.048 13.9 13.9 <0.001

Period of index year 0.076 <0.001

2002–2006 2558 (7.6) 1931 (7.4) 627 (8.4) 8.1 8.1

2007–2010 5398 (16.1) 4103 (15.7) 1295 (17.3) 16.8 16.8

2011–2014 11,097 (33.0) 8801 (33.7) 2296 (30.6) 31.2 31.2

2015–2018 14,533 (43.3) 11,251 (43.1) 3282 (43.8) 43.9 43.9

SMD, standardized mean difference; RASi, renin angiotensin system inhibitors; BP, blood pressure; HDL-C, high-density lipoprotein cholesterol; LDL-C, low-density
lipoprotein cholesterol; eGFR, estimated glomerular filtration rate; AGIs: alpha-glucosidase inhibitors; TZDs: thiazolidinediones; DPP-4i: dipeptidyl peptidase 4 inhibitors;
GLP1-RA: glucagon-like peptide-1 receptor analogues; SGLT2i: sodium-glucose co-transporter 2 inhibitors; GLDs: glucose-lowering drugs; CVD, cardiovascular disease; IHD,
Ischemic heart disease; AMI, acute myocardial infarction.

Table 1: Clinical profiles of patients categorized by metformin discontinuation when eGFR declined to <30 ml/min/1.73 m2 before and after propensity
score (PS) overlap-weighting.
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use of medications were curated from the EHR system.
We retrieved data from 30,503 patients with diabetes
enrolled in 2001–2020 observed until 30 June 2021.
Using the same inclusion and exclusion criteria as the
main analysis, we identified 3235 metformin-users in
whom eGFR decreased to <30 ml/min/1.73 m2 with
2413 (74.6%) metformin users and 822 (25.4%) non-
metformin users during the follow-up period
(Supplementary Fig. S1).

We defined lactic acidosis events by using laboratory
values (serum lactate > 5.0 mmol/L with a concomitant
blood pH < 7.35) and ICD-9 codes of 276.2 during the
follow-up period. We reviewed all medical records of
patients who experienced lactic acidosis that met the
definition. Lactic acidosis events that occurred more
than one month apart were considered separate events.

Negative control design for detecting confounding
and bias
To address potential biases and uncontrolled con-
founding, we applied a negative control design and
balanced the groups of discontinued-metformin and
continued-metformin.31 We used principal discharge
diagnosis ICD-9 codes to define the occurrence of upper
gastrointestinal bleeding (UGIB) (Supplementary
Table S1) as a negative control outcome, expecting
null association between discontinuing metformin and
the risk of UGIB. Amongst 33,586 patients in the main
analysis, we excluded 1934 patients with history of
UGIB and repeated analysis in the OW-PS weighted
cohort of 31,652 metformin users (7136 discontinued
www.thelancet.com Vol 71 May, 2024
and 24,516 continued) who reached a baseline eGFR <
30 ml/min/1.73 m2.

All analyses were implemented using R software
(Version 4.0.0). We used PSweight and survey packages
to fit the PS-OW weighted models and Cox-models. A
two-sided P value of <0.05 was considered statistically
significant.

Role of the funding source
The funder of the study had no role in study design, data
collection, data analysis, data interpretation, or writing
of this report. AY and EL have accessed and verified the
data. EC is the guarantor of this work with final re-
sponsibility for the decision to submit for publication.
Results
Study patients
In our main analysis, we identified 493,869 patients who
were initiated on metformin from January 1, 2000 to
December 31, 2019 in our population-based cohort
(Fig. 2). We excluded patients with eGFR ≥ 30 ml/min/
1.73 m2 (n = 412,394) throughout the observation period
and those who had already stopped metformin prior
index date (n = 26,498). We also excluded patients
(n = 12,157) who met the following criteria: enrolled in
2000–2001 to avoid bias from incomplete case records
in the first two years of establishment of the EHR sys-
tem,19,32 had observational time <6 months from the
index date, and had their eGFR measured during a
hospitalisation episode due to AKI, or missing diagnosis
7
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date of diabetes. This yielded 35,206 metformin users
with baseline data when eGFR declined <30 ml/min/
1.73 m2 from January 1, 2002 to December 31, 2018,
including 9120 discontinued users and 26,086
continued users. In the main analysis (n = 33,586,
41.6% men and 58.4% women), we compared the ef-
fects of permanently discontinued-metformin during
the follow-up period (n = 7500) versus continued-
metformin (n = 26,086) (Fig. 2).

The overall median follow-up time was 3.8 (IQR:
2.2–6.1) years (149,149 person-years). The median of
follow-up to death was 3.4 (IQR: 1.9–5.6) years for
discontinued-metformin users and 3.9 (IQR: 2.3–6.3)
years for continued-metformin users. The median
metformin mean daily dose at baseline was 1000 [IQR:
1000, 1000] mg in metformin users. The mean age at
baseline was 74.3 ± 10.3 years, with a mean diabetes
duration of 14.7 ± 8.6 years. At baseline, discontinued-
metformin users were more likely to have diabetic
retinopathy, and treated with insulin, DPP-4is, RASi and
statins than continued-metformin users. In the PS-OW
weighted cohort, all characteristics, including HbA1c,
eGFR, and history of complications, were well-balanced
between the two groups at index date (Table 1).

Among the 7500 discontinued metformin users in
our main analysis, 36.2% of patients had hospitalisation
records within 6 months of the index date. For the pri-
mary cause of hospitalisations, 5.3% were due to CVD,
4.9% were due to heart failure, 3.4% for coronary heart
disease (CHD), and 2.2% for pneumonia.

Metformin use, incidence of clinical outcomes and
mortality
During the follow-up period, 16.4% (5505/33,586),
30.1% (10,113/33,586), and 7.1% (2171/30,682) had
incident MACE, ESKD, and cancer respectively, and
44.4% (14,917/33,586) died. The respective crude
incidence (per-1000-person-years) in discontinued-
metformin and continued-metformin users were 45.7-
and-38.4 events for MACE, 149.8-and-67.7 events for
ESKD, 15.5-and-16.0 events for cancer, and 120.5-and-
94.7 events for all-cause mortality. Compared to
continued-metformin, discontinued-metformin was
associated with higher risk of MACE (weighted and
adjusted HR = 1.40, 95% CI: 1.29–1.52), ESKD
(HR = 1.52, 95% CI: 1.52–1.62), and all-cause mortality
(HR = 1.22, 95% CI: 1.18–1.27) (Figs. 3 and 4). No as-
sociation was observed between metformin discontinu-
ation and risk of cancer (HR = 0.93, 95% CI: 0.85–1.01).
A higher risk of CV-specific mortality was observed in
discontinued-metformin users (HR = 1.23, 95% CI:
1.13–1.34). A higher risk of non-CV and non-cancer
(HR = 1.16, 95% CI: 1.07–1.26), and pneumonia
(HR = 1.06, 95% CI: 1.00–1.13) cause-specific mortal-
ities were observed in discontinued-metformin users.
Cancer cause-specific mortality was similar between the
two groups (HR = 1.09, 95% CI: 0.97–1.23, Fig. 3).
Glycemic control, SH, and GLD use following
metformin discontinuation
We included 23,029 patients with HbA1c data at the 6-
month of index date (Supplementary Table S4). HbA1c
rose in the first 6 months following eGFR < 30 ml/min/
1.73 m2 with larger increases in the discontinued-
metformin group (Fig. 5A). The respective mean ± SD
HbA1c levels at baseline and at the 6th-month of follow-
up was 7.7 ± 1.7% versus 8.2 ± 2.0% in 5585
discontinued-metformin users and 7.4 ± 1.5% versus
7.8 ± 1.7% in 17,444 continued-metformin users. After
balancing baseline characteristics between the two
groups (Supplementary Table S4), discontinued-
metformin users had larger increase in HbA1c at the
6th-month of follow-up in the PS-OW cohort (weighted
mean HbA1c value change: 0.5% [0.4–0.6%] versus 0.2%
[0.1–0.2%]) while long-term trends in HbA1c did not
differ (Fig. 5B). eGFR increased in continued-metformin
users within first two years after eGFR reaching < 30 ml/
min/1.73 m2, while it decreased in the discontinued-
metformin users (Supplementary Table S5).

The proportion of use of insulin and DPP-4is
increased for discontinued-metformin versus continued-
metformin users (32.2%-to-46.3% versus 21.6%-to-
29.7% for insulin; 14.1%-to-20.6% versus 9.8%-to-15.0%
for DPP-4is). The proportion of sulfonylureas use at the
6-month was 52.9% for discontinued-metformin users
and 57.8% for continued-metformin users. During the
follow-up period, the respective crude incidence of first
hospitalisation due to SH was 22.7 and 20.8 events per-
1000-patient-years in discontinued- and continued-
metformin users. After balancing all characteristics of
the two groups in the PS-OW weighted cohort
(Supplementary Table S4), a high risk of SH was
observed in discontinued-metformin users (HR = 1.12,
95% CI: 1.09–1.16).

Subgroup and sensitivity analyses
The higher risk of main outcomes in discontinued-
metformin users were observed in both men and
women (Supplementary Fig. S2). Risk associations of
metformin discontinuation with MACE, ESKD, and all-
cause mortality were consistent in patients with and
without pre-existing CVD (Supplementary Fig. S3).

In the sub-cohort of 25,694 patients with baseline
uACR data, the respective proportion of patients with
uACR < 3, 3–30, and >30 mg/mmol in discontinued-
metformin and continued-metformin users was
18.0%-versus-27.9%, 33.0%-versus-39.6%, and 49.0%-
versus-32.5% (Supplementary Table S6). We similarly
observed a higher risk of MACE (HR = 1.33, 95% CI:
1.15–1.53), ESKD (HR = 1.41, 95% CI: 1.25–1.55), and
all-cause mortality (HR = 1.23, 95% CI: 1.17–1.29) in
discontinued-metformin (n = 5586) versus continued-
metformin users (n = 20,108) in the overall PS-OW
weighted cohort, and each uACR category
(Supplementary Table S7). Similar associations were
www.thelancet.com Vol 71 May, 2024
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Fig. 2: Flowchart of selection patients. Abbreviations: eGFR, estimated glomerular filtration rate; ESKD, end-stage kidney disease; AKI, acute
kidney injury.
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observed when included those who restarted metformin
after discontinuation (Supplementary Table S8). In a
series of sensitivity analyses, similar associations were
observed when we limited our analyses to in those with
2 or more records of eGFR < 30 ml/min/1.73 m2 within
the first 6 months of index date (n = 22,127)
(Supplementary Table S8). Discontinued-metformin
users had higher risks of death, ESKD and MACE in
those with both rapid and slow eGFR decline pre-index
date, stratified by the median eGFR decline of 3.4 ml/
min/1.73 m2 per year (Supplementary Table S8). We
www.thelancet.com Vol 71 May, 2024
observed similar associations when fitted by the 1:1
PSM (n = 7500 pairs), IPTW, and Cox-MSM models
(Supplementary Table S9).

Negative outcome control analysis
In our negative control analysis, the crude incidence of
UGIB in 7136 discontinued-metformin and 24,516
continued-metformin users were 7.7 and 8.2 events per-
1000-person-years. After balancing all characteristics of
the two groups in the PS-OW weighted cohort
(Supplementary Table S10), null association was
9
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Outcomes
MACE

Events/No at Risk

  Continued−metformin

Person−Years

  Discontinued−metformin

HR (95% CI)

ESKD

P value

  Continued−metformin
  Discontinued−metformin
All−site cancer
  Continued−metformin
  Discontinued−metformin
All−cause mortality
  Continued−metformin
  Discontinued−metformin
Cause−specific mortality
CV−cause
  Continued−metformin
  Discontinued−metformin
Cancer−cause
  Continued−metformin
  Discontinued−metformin
Non−CV and non−cacer
  Continued−metformin
  Discontinued−metformin
Pneumonia−cause
  Continued−metformin
  Discontinued−metformin

4208/26086
1297/7500

6844/26086
3269/7500

1731/23771
440/6911

11202/26086
3715/7500

2339/26086
800/7500

1316/26086
364/7500

7547/26086
2551/7500

2694/26086
811/7500

109534
28394

101088
21818

107244
28384

118322
30827

118322
30827

118322
30827

118322
30827

118322
30827

1.00 (reference)
1.40 (1.29, 1.52)

1.00 (reference)
1.52 (1.42, 1.62)

1.00 (reference)
0.93 (0.85, 1.01)

1.00 (reference)
1.22 (1.18, 1.27)

1.00 (reference)
1.23 (1.13, 1.34)

1.00 (reference)
1.09 (0.97, 1.23)

1.00 (reference)
1.16 (1.07, 1.26)

1.00 (reference)
1.06 (1.00, 1.13)

<0.001

<0.001

0.086

<0.001

<0.001

0.141

<0.001

0.037

0.5 1.0 1.5 2.0

Weighted and adjusted

continuation betterdiscontinuation better

Fig. 3: Weighted and adjusted hazard ratio (HRs) for the association between discontinuation of metformin and risk of clinical events
among patients with type 2 diabetes and advanced chronic kidney disease (eGFR reached 30 ml/min/1.73 m2). Weighted and adjusted
HRs and 95% CIs of MACE, ESKD, and cancer were yielded using Cox model with time-varying metformin use, adjusting for time-varying HbA1c,
lipids, age, medications, and comorbidities in the overlap-weighted cohort. To evaluate the association between metformin discontinuation and
risk of cancer, we excluded prevalent cancer cases and separately adopted the overlap-weighted propensity score matching in the incident cancer
cohort. Results of all-cause and cause-specific mortality were yielded using time-fixed Cox model in the overlap-weighed cohort. Abbreviations:
MACE, major adverse cardiovascular events; ESKD, end-stage kidney disease; eGFR, estimated glomerular filtration rate.
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observed between discontinued-metformin versus
continued-metformin with risk of UGIB (HR = 0.98,
95% CI: 0.82–1.18) (Supplementary Table S11).

Metformin discontinuation and risk of lactic
acidosis in register-based cohort
In the register-based cohort, we included 3235 patients
with new-onset eGFR < 30 ml/min/1.73 m2 (2413
metformin users and 822 non-metformin users). The
characteristics of the two groups are shown in
Supplementary Table S12. The cumulative incidence of
lactic acidosis was 2.8% (91/3235) during a median
follow-up of 4.3 (IQR: 2.3–7.2) years to death (16,425
person-years) (3.5% [29/822] for discontinued-
metformin users, and 2.6% [62/2413] for continued-
metformin users). The overall crude-incidence of first
lactic acidosis event was 4.7 events (4.7 events for
continued-metformin users and 4.4 events for
discontinued-metformin users) per 1000 patient-years.
After balancing all characteristics of the two groups in
the PS-OW weighted cohort (Supplementary
Table S12), null association was observed between
continued-metformin use and risk of lactic acidosis
(weighted HR = 0.94, 95% CI: 0.53–1.64). The crude
incidence rates of deaths were 84.6 events per 1000
person-years in the overall cohort (79.0 events in
continued-metformin users, and 102.9 in
discontinued-metformin users). We observed the
consistent higher risk of all-cause mortality (weighed
HR = 1.33, 95% CI: 1.17–1.50) in discontinued-
metformin versus continued-metformin users. We
reviewed all clinical notes of 62 lactic acidosis events
amongst 2413 continued-metformin users to evaluate
causality. There were 24 events that occurred 6 months
after new-onset eGFR < 30 ml/min/1.73 m2. There was
evidence of cardiogenic shock in 50%, sepsis in 21%,
post-cardiac resuscitation in 4%, pancreatitis in 4%,
and haemorrhagic shock in 4% of patients. In the
remaining cases (n = 2, 8.3%), no other causes of lactic
acidosis, other than use of metformin, were identified.
www.thelancet.com Vol 71 May, 2024
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Fig. 4: Weighted cumulative incidence Kaplan–Meier curves for clinical events among patients with type 2 diabetes and advanced
chronic kidney disease (eGFR reached 30 ml/min/1.73 m2). Cumulative incidence curves were estimated in the overlap-weighted cohort.
Abbreviations: MACE, major adverse cardiovascular events; ESKD, end-stage kidney disease.
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Discussion
In this cohort analysis of 33,586 patients with T2D and
advanced CKD, we asked an important question
whether metformin should be continued in patients
with T2D after reaching eGFR < 30 ml/min/1.73 m2. To
our knowledge, this is the largest population-based
cohort analysis showing that continued-metformin was
associated with 30–60% lower risk of MACE, ESKD, and
death versus discontinued-metformin in patients with
T2D and advanced CKD. Similarly, the higher risk as-
sociations in discontinued-metformin versus continued-
metformin were observed in both men and women, and
regardless with pre-existing CVD status. After reaching
eGFR < 30 ml/min/1.73 m2, HbA1c levels increased in
the first 6 months, particularly among discontinued-
metformin users. The use of insulin and DPP-4is
increased rapidly within the first 6 months of follow-
up, particularly in discontinued-metformin users. In a
series of sensitivity analyses, our findings remained
robust, even after adjusting for albuminuria, CVD at
www.thelancet.com Vol 71 May, 2024
baseline. Continued-metformin users had a lower inci-
dence of lactic acidosis in a separate register-based
cohort.

Most observational data support the safety and po-
tential benefits of metformin use in patients with an
eGFR > 45 ml/min/1.73 m2, while little data are
available in those with eGFR < 30 ml/min/1.73 m2.33

Charytan et al. conducted a secondary analysis of
RCT data and observed a lower hazard of CV-mortality
among metformin users versus non-metformin users
(HR = 0.49, 9% CI: 0.36–0.69), with no statistically
significant interaction with CKD stages.34 In a post-hoc
meta-analysis, metformin was associated with lower
mortality in those with normal eGFR (HR = 0.49 [95%
CI: 0.32–0.75] in eGFR ≥ 90 ml/min/1.73 m2) while
HRs close to the null were observed in the lower eGFR
groups (HR = 0.95 [95% CI: 0.57–1.58] in eGFR
< 30 ml/min/1.73 m2).33 In one study from Taiwan
which included over 3000 patients with T2D and CKD
stage G5, metformin was associated with higher risk of
11
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a

b

Change in HbA1c over time

Data were mean and 95% CI in the figure and bracket.

Change in HbA1c at the 6th month of follow up

HbA1c Continued
metformin

Discontinued
metformin P

No (%) 17,444 (75.7) 5,585 (24.3)
HbA1c level (%) at baseline, mean±SD 7.5 (1.5) 7.7 (1.8) <0.001
HbA1c level (%) at the 6-month of follow up, mean±SD 7.7 (1.7) 8.2 (2.0) <0.001
HbA1c level (%) changes between baseline and the 6-month 
of follow-up, mean±SD 0.2 (1.7) 0.4 (2.0) <0.001

Weighted mean HbA1c level (%) changes* , mean±SD 0.2 (0.1, 0.2) 0.5 (0.4, 0.6) <0.001
Differences in weighted mean HbA1c level (%) changes 
between baseline and the 6-month of follow-up, mean±SD 0.32 (0.27, 0.39) <0.001

* The weighted mean HbA1c levels change was calculated from the propensity-score overlap-weight 
cohort after balancing the potential characteristics between continued- and discontinued-metformin users.

Metformin use Baseline (0) 6 months 1 year 2 years 3 years

Yes 7.4
(7.38, 7.42)

7.7
(7.71, 7.75)

7.8
(7.82, 7.86)

7.86
(7.84, 7.88)

7.8
(7.76, 7.84)

No 7.6
(7.52, 7.6)

8.2
(8.09, 8.21)

8.1
(7.99, 8.11)

7.9
(7.84, 7.96)

7.79
(7.73, 7.85)

Fig. 5: Changes in HbA1c and its 95% confidence interval (CI) over time (a) and the 6-month of follow-up by metformin continuations
after reaching eGFR reached 30 ml/min/1.73 m2.
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mortality (HR = 1.35, 95% CI: 1.20–1.51). Another
retrospective study of 21,966 patients with T2D, how-
ever, found metformin was associated with reduced
risk of death compared with sulphonylureas at eGFR
< 30 ml/min/1.73 m2. However, in previous retro-
spective studies the non-metformin group had a higher
proportion of comorbidities that could confound risk
associations between metformin and outcomes.33 In
our study, we used a OW-PS weighting of 49 variables
to balance baseline characteristics to control for con-
founding by indication. We observed that discontinu-
ation of metformin was associated with a 1.3-fold
higher risk of all-cause mortality in advanced-CKD.
Furthermore, null associations were observed with
our negative outcome control (gastrointestinal
bleeding) making our findings, supported by biological
plausibility regarding the pleiotropic protective effects
of metformin, unlikely to be due to chance.16

Similarly, we found discontinued-metformin use
was associated with a higher risk of MACE versus
continued-metformin use, irrespective of sex and pre-
existing CVD status. We and others previously
observed that metformin use was associated with
reduced risk of MACE at eGFR ≥ 45 ml/min/
1.73 m2.26,33 In a Canadian retrospective cohort of 21,996
patients with T2D and CKD, metformin use was asso-
ciated with lower risk of MACE composite outcomes
compared with sulfonylureas (HR = 0.67, 95% CI:
0.52–0.83).35

In this study, continuation of metformin was associ-
ated with 50% risk reduction of ESKD in patients with
eGFR < 30 ml/min/1.73 m2. Our previous register-based
www.thelancet.com Vol 71 May, 2024
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study, including 3051 patients with T2D and eGFR of
30–44 ml/min/1.73 m2, also observed reduced risk of
ESKD (HR = 0.69 [0.49–0.98]).7 Two previous studies
reported 30–40% risk reduction of ESKD amongst met-
formin users at CKD stages G1–G2, and no increased
risk at stages G4–G5. Kwon and colleagues found no
significant difference in ESKD progression in a
propensity-matched retrospective cohort of non-
metformin (n = 306) and metformin (n = 204) users
with baseline eGFR < 30 ml/min/1.73 m2 (adjusted
HR = 0.8 [0.67–1.12]).10 Charlytan et al. also observed no
significant differences in progression ESKD in pro-
pensity score-matched cohort of metformin and non-
metformin users with CKD stage G3 (n = 4038). These
differences may be explained by smaller sample size and
fewer accrued events over a shorter follow-up period.

The lack of association between discontinued-
metformin and risk of cancer contrasts with previous
real-world studies (RWS) that have reported lower cancer
incidence with metformin use. However, these studies
were often affected by bias such as immortal time bias,
which are not fully controlled for. Conversely, RWS that
avoided these biases did not find a significant association
between metformin use and risk of cancer. In our study,
we addressed these biases by excluding prevalent cancer
cases, performing multiple time-related approaches, and
yielding robust results. While there are few data available
on the association between discontinuation of metformin
and risk of cancer in advanced CKD, our findings are
consistent with a recent largest phase 3 RCT of metfor-
min as adjuvant therapy for breast cancer which enrolled
3649 women with a 5-year follow-up, and found no
benefit for disease-free survival or overall survival with
metformin.36

In Hong Kong, non-CV and non-cancer deaths,
especially pneumonia, are the leading cause of death in
patients with T2D, exceeding CV-deaths.37,38 In our
study, discontinued-metformin use was also associated
with increased risk of non-CV and non-cancer death by
1.2-fold. Metformin may protect against pneumonia via
multiple mechanisms such as reduction in pro-
inflammatory cytokines and decreasing neutrophil
extracellular traps (NETs).16 In a prospective study of
15,784 patients with T2D in Hong Kong, we also found
metformin was independently associated with a 40%
lower of pneumonia-related hospitalisation and 50%
lower hazard of pneumonia-related mortality after
adjusting for multiple confounders.26 Our current re-
sults suggest benefits of metformin that extend beyond
cardio-renal protection to infective complications.

After reaching eGFR < 30 ml/min/1.73 m2, HbA1c
levels rapidly increased in the first 6 months of follow-up
in the overall cohort, particularly among discontinued-
metformin users. Discontinued-metformin users were
more likely to be prescribed with insulin at the first
6 months of follow-up and use of DPP-4is also increased.
Additionally, discontinuing metformin was associated
www.thelancet.com Vol 71 May, 2024
with increased risk of SH in our cohort. Our observations
are in agreement with other retrospective studies which
also reported discontinuation of metformin and addition
of other GLDs were associated with adverse effects
including weight gain and increased risk of hypoglycemic
episodes. In the descriptive analysis, we observed an in-
crease in eGFR among continued-metformin users and a
decrease among discontinued-metformin users within
the first two years after eGFR reaching <30 ml/min/
1.73 m2. These observations do not imply causal associ-
ations and caution against hypothesizing a role for met-
formin in improving kidney function. While it is possible
that patients with improved eGFR were more likely to
continue metformin, and those with declining eGFR
permanently discontinued metformin, we accounted for
eGFR slope in the main analysis. Additionally, we con-
ducted subgroup analyses based on eGFR slope in the
follow-up period. These analyses showed consistently
demonstrated robust associations between metformin
discontinuation and risk of clinical outcomes, suggesting
that this factor is unlikely to significantly impact the
primary findings of our study.

Prior studies found no evidence of an increased risk
of lactic acidosis with metformin use at eGFR > 30 ml/
min/1.73 m2. However, at eGFR < 30 ml/min/1.73 m2,
the evidence is less consistent. The reported rates of
MALA at CKD stages G3–G4 (eGFR: 15–59 ml/min/
1.73 m2) were 3–10 events per 10,000 patient-years.9

The wide range of estimates may be due to differing
patient populations and MALA. In practice, defining a
MALA event requires exclusion of other contributory
causes and elevated plasma metformin levels, which
are not always routinely measured. In our study, we did
not observe a statistically significant difference in the
risk of lactic acidosis events between continued-
metformin and discontinued-metformin users. From
our analysis, it can be seen that the majority of lactic
acidosis cases had other contributory causes such as
myocardial infarction, sepsis and only in two cases, no
other cause other than metformin use was identified.
These two cases also survived. A retrospective large
retrospective case series, although MALA was associ-
ated with a high mortality, individuals with MALA had
better outcomes than those with lactic acidosis of other
origin admitted to critical care, despite higher serum
lactate levels and lower pH. A pharmacokinetic study
conducted on patients with diabetes and CKD stage G4,
which showed that low-dose metformin treatment
(<1000 mg/day) did not increase risk of lactic acidosis
or other adverse safety outcomes. These results support
supporting the notion of making metformin more
widely available with increased monitoring and
personalized dosing, as well as educating patients on
sick-day rules for withholding metformin. Carefully
conduced prospective research at a large scale would
probably be necessary to justify metformin’s routine
use in advanced CKD.7
13
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Our study had both strengths and limitations. The
strengths of this study included a large cohort of pa-
tients with T2D and advanced CKD established in a
real-world setting with documentation of clinical
outcome. We conducted detailed analyses and used
multiple time-related statistical approaches to address
indication bias with adjustment for time-varying met-
formin exposure and other key covariates. We applied
negative control design and identified uncontrolled
confounding as well as other sources of bias and po-
tential analytic flaws. There are several limitations. Due
to suboptimal adherence to the assessment protocol in
the RAMP-DM module, uACR data could only be
included in a sensitivity analysis. We were unable to
assess metformin adherence as medication exposure
was based on dispensing data. There were too few
patients on SGLT2i to evaluate their potential syner-
gistic effects with metformin on glomerular filtration.
We reviewed all clinical notes of lactic acidosis events
amongst metformin users for causality, however
plasma metformin levels were not available. The exact
reasons for discontinuation were not available, how-
ever, we can infer that the majority (64%) patients had
metformin discontinued in a chronic setting upon
reaching eGFR < 30 ml/min/1.73 m2, not proximate to
a hospitalisation or AKI episode. Our analysis was
conducted in Chinese patients with T2D and advanced
CKD and further studies in other ethnicities are
needed to determine generalizability of our findings.
While we included key comorbidities including major
cardiovascular, respiratory conditions and diabetic reti-
nopathy, and used multiple time-related methods to
minimize time-related bias and other common and sig-
nificant biases, we acknowledge the challenge of entirely
eliminating immortal time bias in RWS. Furthermore,
we cannot exclude the possibility of residual confounding
for unmeasured factors such as frailty that differed in
continued and discontinued users.

In this real-world study, discontinuation of metfor-
min below eGFR of 30 ml/min/1.73 m2 was associated
with increased risk of cardiovascular-renal events
regardless CVD status. Continuation of metformin may
be associated with clinical and mortality benefits that
need to be weighed against the risks of lactic acidosis.
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