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Myasthenia gravis following statin therapy:
evidence fromtarget trial emulation and self-
controlled case series study

Wanchun Xu1, Vincent Ka Chun Yan 2, Zhijuan Zhang1, Kwun Kei Fung1,
Koon Ho Chan3,4, Kui Kai Lau3,4, Celine Sze Ling Chui5,6,7,
Francisco Tsz Tsun Lai 1,2, Xue Li 2,3,7, Esther Wai Yin Chan 2,7,8,9,
Ian Chi Kei Wong 2,7,10,11 & Eric Yuk Fai Wan 1,2,7

Several international pharmacovigilance agencies have issued warnings
regarding the potential risk of myasthenia gravis (MG) following statin ther-
apy. Our study investigated this association using population-based electronic
health records in Hong Kong. We conducted a sequence of target trial emu-
lation (TTE) for interpersonal comparison and a self-controlled case series
(SCCS) study for intrapersonal comparison. In the TTE for MG onset, the
incidence rates (per 100,000person-years) and adjustedHRswere 51.91(31.80,
84.74)[HR:6.11 (3.73, 10.01)] inmonth 1, 16.27(9.81, 26.99)[HR:1.92(1.15, 3.19) in
months 2-4, and 15.27(9.05, 25.79)[HR:1.80(1.06, 3.04)] in months 5–7. For risk
of exacerbation, the adjusted HRs were 10.69(5.48, 20.84) in month 1,
1.50(0.55, 4.06) in months 2–4, and 2.79(1.33, 5.84) in months 5–7. No
increased risks were found during the subsequent 18months. A similar pattern
was observed in SCCS analysis. Our findings recommend a minimum mon-
itoring period of approximately six months for MG symptoms for patients
starting using statin.

Statins are widely recognized as one of the most common types of
cholesterol-lowering drugs and have long been utilized to mitigate
the risk of cardiovascular conditions1–4. However, in 2023, several
international pharmacovigilance organizations, including those in
Europe, the UK, Australia, Japan and Hong Kong, issued a warning
about the risk of new-onset or worsening of pre-existing myasthenia
gravis (MG) following statin therapy5–9. MG is a rare neuromuscular
disorder that can be potentially fatal, particularly in severe cases

where extreme muscle weakness leads to respiratory failure requir-
ing intubation and mechanical ventilation10,11. A population-based
study conducted in China reported a total mortality rate of 1.47%
among MG patients, with a significantly higher rate of 10.7% among
elderly12. While the warning issued by these agencies, there are lim-
ited studies examining the relationship between MG and statins,
underscoring the urgent need for further investigation as empha-
sized by the agencies5–7. Given the widespread use of statins
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worldwide, it is important to analyse the potential association
between statins and MG to ensure patient safety.

There have been case reports suggesting that statins might lead
to the onset or exacerbation of myasthenia gravis (MG)13–18 within a
few weeks ormonths following treatment. Moreover, only one study,
based on a disproportionality analysis using the data from the World
Health Organization pharmacovigilance system, has indicated a
possible signal for the risk of MG after statin treatment19. However,
the analysis relying solely on data from the pharmacovigilance sys-
tem may introduce inherent reporting bias, as cases may be under-
reported and lack confirmation by physicians. Consequently, these
observations, whichwere at the lower level of the evidence hierarchy,
reflect the lack of a reliable conclusion from a real-world large-
population study.

To support informed clinical decisions and provide specific gui-
dance, our study aimed to apply two study designs for higher-level
evidence to investigate the risk of new MG onset and exacerbation
following statin initiation, using a sequence of nested target trials
emulation (TTE) for interpersonal comparison and self-control cases
series (SCCS) for intrapersonal comparison based on the real-world
population-based electronic health records.

Results
Table 1 presented the baseline characteristics of the statin
initiators and non-initiators in our TTE study, where 369,850
initiators without pre-existing MG and 112 initiators with pre-
existing MG were included in the analysis (Fig. 1). The average age
was approximately 63 years across the groups. The baseline
characteristics of the eligible person-trials stratified by the age
groups and sex were presented in the Supplementary Table 1a, b.
Following the SCCS design, we identified 187 cases with MG onset
(Female: 104, Male: 83) and 86 cases (Female: 47, Male: 39) with
first MG exacerbation for analysis (Supplementary Fig. 1).

The results from the TTE and SCCS were presented in Table 2 and
Table 3, respectively. In TTE, the incidence rate of MG onset for the
statin initiators is 51.91 per 100,000 person-years (95% CI: [31.80,
84.74]) in month 1, 16.27(9.81, 26.99) in months 2-4 and 15.27 (9.05,

25.79) inmonths 5-7. The incidence rates ofMGonset among the statin
initiators during the subsequent 18 months were comparable to those
who did not initiate statin therapy ( < 10 per 100,000 person-years).
The adjusted hazard ratios for the MG onset in ITT analysis were 6.11
(3.73, 10.01) in Month 1, 1.92 (1.15, 3.19) in months 2–4 and 1.80 (1.06,
3.04) in months 5–7. No significantly increased risk was found during
the following 18 months. Similar results were found in the SCCS ana-
lysis, where the IRRs (95% CI) of MG onset was 7.68 (4.49, 13.13) in the
firstmonths of statin initiation, 2.42 (1.39, 4.20) inmonths 2–4 and 2.33
(1.32, 4.12) in months 5–7.

Among the patients with pre-existing MG, the incidence rates of
exacerbation (per 1000 person-months) were also higher in month 1
(89.29[48.04, 165.94]), months 2–4 (13.38[5.02, 35.64]), and months
5–7 (24.48[11.67, 51.34]) (Table 2). The adjusted HRs (95% CI) for the
exacerbation in ITT analysis were 10.69 (5.48, 20.84) inmonth 1, which
was 1.50 (0.55, 4.06) inmonths 2–4, and 2.79 (1.33, 5.84) inmonths 5-7.
No observable increased risk for exacerbation was found in the fol-
lowing 18 months. In the SCCS analysis, increased incidence rates (per
100 person-years, 95% CI) for the exacerbation were also observed in
the month 1 (139.53[75.08, 259.33]), months 2–4 (18.82[7.06, 50.15])
and months 5–7 (34.15[16.28, 71.63]), compared to that in the non-
exposure period (16.93[13.03, 22.00]). The discrepancy in model esti-
mates between TTE and SCCSmay attributed to the limited number of
events in months 2–7 in SCCS analysis, resulting in varying estimates
and a lack of statistical power. Despite this, the overall patterns of risk
were similar in both approaches.

Consistent results for the risk of MG onset and exacerbation were
observed in the per-protocol analysis in both TTE and SCCS design.
The standardized cumulative incidence curves for MG onset and
exacerbation were presented in Supplementary Fig. 2. Significantly
increased risks for the MG onset and exacerbation were observed in
most patient subgroups in the initial 7months after statin initiation but
not for the subsequent 18 months (TTE: Fig. 2 and Supplementary
Table 2; SCCS: Supplementary Table 3). However, for the patients aged
less than 60 years old, the HR for MG onset (ITT analysis: 1.27 [0.66,
2.45]) in the initial 7months was not as apparent as those aged over 60
years (3.24 [2.33, 4.52], p interaction = 0.012) in the initial 7 months. All

Table 1 | Baseline characteristics of the eligible person-trials in target trial emulation

Without Pre-existing MG With Pre-existing MG

Initiators Non-initiators SMD Initiators Non-initiators SMD

Number of person-trials 369,850 13,824,042 112 6459

Age 64.2 (11.9) 63.0 (12.7) 0.09 62.3 (12.9) 62.2 (12.5) 0.02

Sex

Female 182,902 (49.5) 8,171,095 (59.1) 0.19 70 (62.5) 3704 (57.3) 0.11

Male 186,948 (50.5) 5,652,947 (40.9) 0.19 42 (37.5) 2755 (42.7) 0.11

Low-Density Lipoprotein Cholesterol 3.9 (0.9) 3.8 (0.8) 0.22 4.2 (1.1) 3.9 (0.8) 0.46

Comorbidities

Charlson comorbidity index 4.3 (2.3) 3.6 (2.5) 0.27 3.6 (2.2) 3.3 (2.4) 0.13

Diabetes 195,309 (52.8) 5,654,128 (40.9) 0.24 46 (41.1) 2410 (37.3) 0.08

Hypertension 249,151 (67.4) 9,429,003 (68.2) 0.02 20 (17.9) 669 (10.4) 0.22

Thymoma 22 (0.01) 564 (0.00) <0.01 5 (4.5) 275 (4.3) 0.01

Rheumatic/connective tissue
disease

1992 (0.5) 82,995 (0.6) <0.01 3 (2.7) 73 (1.1) 0.11

Drug use

Calcium channel blockers 202,392 (54.7) 7,278,080 (52.6) 0.04 43 (38.4) 2410 (37.3) 0.02

β-blockers 119,223 (32.2) 4,024,669 (29.1) 0.07 15 (13.4) 867 (13.4) <0.01

Aminoglycosides 1281 (0.3) 44,096 (0.3) <0.01 0 (0.0) 17 (0.3) 0.07

Fluoroquinolones 10,371 (2.8) 362,310 (2.6) 0.01 6 (5.4) 116 (1.8) 0.19

MG myasthenia gravis, SMD standardized mean difference. The values are presented as mean (SD) or number (%), as appropriate.

Article https://doi.org/10.1038/s41467-024-54097-1

Nature Communications |        (2024) 15:10317 2

www.nature.com/naturecommunications


sensitivity analyses yielded consistent results to the main analysis
(Supplementary Table 4–10).

Discussion
To our knowledge, our population-based study is the first to provide
evidence of an increased risk of MG onset in the first months and
subsequent six months following statin initiation, as demonstrated
through both interpersonal and intrapersonal comparisons. For the
patients with pre-existing MG, an increased risk for MG exacerbation
was also observed during the same period. Notably, the risk for MG
onset in patients aged over 60 years was more apparent compared to
their counterparts. These findings suggest the importance of mon-
itoring MG symptoms for approximately six months after initiating
statin therapy, particularly among the elderly population.

Our study, based on real-world evidence, confirms the signal
identified in a previous study that employed a disproportionality
analysis. However, unlike the disproportionality analysis, our study
evaluated different risk periods after statin initiation, demonstrating
the increased risk of MG within approximately six months after statin
initiation, but no increased risk of newly diagnosed MG subsequently.
Furthermore, our study also demonstrated the potential risk of MG
exacerbation after the initiation of statin therapy among the MG
patients in stable status. While there is no comparative study in the
literature, a previous case-series study on 170 MG patients showed 6
out of 54 patients on statin (11%) experienced worsening or relapse of
anyMG symptomswithin 4months following statin treatment20, which
is similar to the standardized cumulative incidence 8.62% (3.69%,
13.55%) in the analysis of target trial emulation inour study. Further, we
utilized two advanced study designs for interpersonal and intra-
personal comparisons, which helped mitigate the limitations asso-
ciated with each approach, to obtain robust evidence.

Themechanismof the associationbetween statin andMG remains
unclear. ForMGonset, statinsmaycausemitochondrial dysfunctionby
depleting coenzyme Q10, and statins may induce the production of
cytokines, which are involved in the synthesis of autoantibodies
against acetylcholine receptors2. Statins may upregulate Th2 cells,
which increase the activity of antibody-mediated humoral immunity1,18.
The hypothesis that autoantibodies play a significant role may be
supported by the fact that the circulating autoantibodies against
acetylcholine receptors disappear after statin withdrawal in some
cases3,19. Regarding MG exacerbation, statins may interfere with MG

treatments, such as rituximab, as statins may cause conformational
changes in CD20 and thereby reduce the effect of rituximab1. More-
over, the direct myotoxicity of statins may worsen the muscle weak-
ness of MG patients2. Last but not least, due to the direct impact of
cholesterol on presynaptic or postsynaptic membrane proteins, cho-
lesterol depletion at the neuromuscular junctions (NMJ) following
statin therapy might worsen synaptic transmission of the NMJ in the
patients with pre-existing MG, leading to the exacerbation of MG
symptoms10. It can be inferred that the aforementioned NMJ defects
following statin therapymay also play a role in unmasking latent forms
of MG21. Further research is needed to investigate the specific
mechanisms.

Nevertheless, it is important to note that MG is a rare condition,
and the estimated absolute risk difference for MG onset in our study
was 0.00425% (95% CI: [0.00133%, 0.00717%]) in the subsequent two
years following statin initiation in the population with indication for
statins. This implied that theremight beonlyone additional case ofMG
onset out of about 24,000 individuals initiating statins (number nee-
ded to harm [95% CI]: 23,529 [13,946, 75,211]). Therefore, while our
study highlighted the increased relative risk of newly diagnosed MG
following statin initiation, it also provided reassurance for the physi-
cian and patients regarding its overall low risk. The higher risk of MG
onset in individuals aged over 60 years, may be attributed to their
medical complexity and reduced tolerance to medications22, or the
underlying neuromuscular diseases, which emphasizes the need for
enhanced attention towards this age group in monitoring for MG
symptoms and conducting further diagnostic evaluations when they
experience muscle symptoms after taking statins. The risks of
exacerbation of pre-existing MG were comparable between the two
age groups during the initial 7 months, while a statistically significant
interaction effect with age was observed during the subsequent
18 months. However, it is important to note that the estimations may
be susceptible to the bias derived from the small number of events.
Further studies with larger sample sizes are necessary to verify the
interaction effect with age for the risk of MG exacerbation.

One of the major strengths of this study is the use of population-
based electronic health records collected from real-life routine
practice, which enhanced the generalizability of our study findings.
Additionally, our method for identifying eligible patients with
statin indication for analysis closely mirrored real-life clinical practice,
which enhanced comparability between the statin initiators and

27,807,039
potential person-trials

(1,002,520 unique individuals)

Adult patients met statin indications from Jan 2009 to 
Dec 2016

14,205,364 eligible person-trials
(780,857 unique individuals)

Excluding the person-trials with:
• With statin use before baseline (11,588,176)
• With fibrate use and other lipid drug use on or before 

baseline (731,950)
• With myopathies or liver dysfunction on or before 

baseline (1,160,399)
• Without follow-up after baseline (121,150)

Initiators
112 person-trials

(112 unique individuals)

Non-initiators
6,459 person-trials

(384 unique individuals)

With pre-existing MG
11,472 person-trials

(593 unique individuals)

Initiators
369,850 person-trials

(369,850 unique individuals)

Non-initiators
13,824,042 person-trials

(695,616 unique individuals)

Without pre-existing MG
14,193,892 person-trials

(780,399 unique individuals)
Excluding person-trials:
With MG hospitalization within 1 
year before baseline (n=2,622)
With exacerbation before 
baseline (n=2,279)

Fig. 1 | Flowchart of eligible person-trials. The number of individuals (in the parentheses) do not sum to the total number of unique individuals because some eligible
individuals contributed to different arms in different emulated trials.
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non-initiators in the analysis and improved the applicability of the
study’s conclusion to clinical practice. Furthermore, compared to the
previous studies, the adoption of the two distinct advanced methods
for interpersonal and intrapersonal comparison enhanced the preci-
sion of our estimates and cross-verified the risk of events following
statin therapy.

Our study has several limitations. Firstly, the data sources used in
this study were only restricted to the electronic health records in the
public health systems, and we were unable to investigate patients
presenting MG to private hospitals. Nevertheless, the public sector is
the main provider of specialist care in Hong Kong, and thus the
majority of the MG cases should be included in our analysis23.

Table 3 | Crude incidence rate and incidence rate ratios of myasthenia gravis onset and exacerbation in self-control cases
series analysis

Time interval Num. of events Crude incidence rate (in 100 person-years) Incidence rate ratios (IRRs)

ITT analysis Per-protocol analysis

Onset of MG

Non-exposure period 100 11.31 (9.30, 13.76) (reference) (reference)

After statin initiation

Month 1 16 102.67 (62.90, 167.59) 7.68 (4.49, 13.13) 7.55 (4.41, 12.94)

Months 2–4 15 32.20 (19.41, 53.41) 2.42 (1.39, 4.20) 2.29 (1.30, 4.04)

Months 5–7 14 30.71 (18.19, 51.86) 2.33 (1.32, 4.12) 2.41 (1.34, 4.35)

Months 8–13 18 20.13 (12.68, 31.95) 1.55 (0.93, 2.59) 1.73 (1.01, 2.93)

Months 14–19 13 14.73 (8.55, 25.37) 1.14 (0.63, 2.05) 1.43 (0.79, 2.60)

Months 20–25 11 12.67 (7.02, 22.87) 0.98 (0.52, 1.84) 0.94 (0.45, 1.97)

Exacerbation of MG

Non-exposure period 56 16.93 (13.03, 22.00) (reference) (reference)

After statin initiation

Month 1 10 139.53 (75.08, 259.33) 6.31 (3.16, 12.62) 6.12 (3.04, 12.32)

Months 2–4 4 18.82 (7.06, 50.15) 0.86 (0.31, 2.40) 0.84 (0.30, 2.37)

Months 5–7 7 34.15 (16.28, 71.63) 1.61 (0.72, 3.60) 1.52 (0.64, 3.60)

Months 8–13 3 7.42 (2.39, 23.01) 0.35 (0.11, 1.14) 0.41 (0.12, 1.32)

Months 14–19 0 0 NA NA

Months 20–25 6 15.61 (7.02, 34.76) 0.77 (0.33, 1.83) 0.53 (0.16, 1.72)

NA not applicable.

1 3 5

Adjusted HR 
(95% CI)

P value for 
interaction

2.05 (1.28, 3.27) 0.277

2.86 (1.95, 4.20)

1.27 (0.66, 2.45) 0.012

3.24 (2.33, 4.52)

1.82 (1.03, 3.22) 0.196

2.82 (1.99, 4.00)

1.09 (0.72, 1.63) 0.249

0.76 (0.47, 1.21)

0.83 (0.50, 1.38) 0.610

0.98 (0.67, 1.43)

1.19 (0.76, 1.85) 0.147

0.75 (0.49, 1.15)

1 3 5 7 9

Adjusted HR 
   (95% CI)

P value for 
interaction

4.27 (2.09, 8.74) 0.409

2.90 (1.61, 5.22)

3.79 (1.93, 7.46) 0.702

3.18 (1.73, 5.84)

2.36 (1.03, 5.40) 0.245

4.27 (2.42, 7.55)

0.35 (0.09, 1.44) 0.261

0.88 (0.42, 1.87)

1.55 (0.80, 3.00) 0.017

0.12 (0.02, 0.88)

1.36 (0.68, 2.70) 0.027

0.13 (0.02, 0.92)

1 3 5 7

Adjusted HR 
(95% CI)

P value for 
interaction

2.27 (1.38, 3.74) 0.215

3.38 (2.29, 4.99)

1.03 (0.48, 2.20) <0.001

4.59 (3.28, 6.43)

2.00 (1.12, 3.57) 0.104

3.52 (2.45, 5.06)

1.62 (1.04, 2.51) 0.063

0.85 (0.51, 1.43)

1.06 (0.63, 1.79) 0.481

1.35 (0.87, 2.09)

1.44 (0.88, 2.37) 0.381

1.07 (0.68, 1.69)

Month 1-7

Sex

 Male

 Female

Age

 < 60

 ≥ 60

Charlson Comorbidity Index

 < 4
 ≥ 4

Month 8-25
Sex

 Male

 Female

Age

 < 60
 ≥ 60

Charlson Comorbidity Index

 < 4
 ≥ 4

Onset of Myasthenia Gravis Exacerbation of Myasthenia Gravis

1 3 5 7 9 11

Adjusted HR 
(95% CI)

P value for 
interaction

5.28 (2.49, 11.20) 0.411

3.53 (1.93, 6.45)

4.25 (2.04, 8.84) 0.946

4.11 (2.21, 7.65)

2.38 (0.96, 5.91) 0.123

5.58 (3.09, 10.07)

0.51 (0.12, 2.12) 0.689

0.73 (0.26, 2.06)

1.55 (0.64, 3.77) 0.042

0.16 (0.02, 1.18)

1.46 (0.60, 3.59) 0.071

0.20 (0.03, 1.42)

ITT analysis PP analysis ITT analysis PP analysis

Fig. 2 | Estimated Hazard ratio (95% CI) of Myasthenia Gravis onset and
exacerbation between statin initiators and non-initiators in Intention-to-treat
(ITT) analysis and Per-protocol (PP) analysis in subgroup analysis. The analysis
was adjusted for demographic characteristics (sex and age), low-density
lipoprotein cholesterol (LDL-C) level, Charlson comorbidity index (CCI),

hypertension, diabetes, andRheumatic/connective tissuedisease, anddrug history
within 1 year before baseline (β-blocker, calcium channel blockers, Aminoglyco-
sides, and Fluoroquinolones). Statistical significance was defined as a two-tailed
p-value.
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Secondly, the identification of outcomes events in this study depends
on the diagnosis coding of ICPC-2 and ICD-9-CM in the EHRs, which
may cause misclassification bias. However, the database used for data
extraction has been validated with high coding accuracy in prior
studies24. Thirdly, there might exist residual unmeasured confounders
in the TTE analysis. However, we concurrently conducted the SCCS
analysis to control for the unmeasured time-invariant confounders
that vary among individuals, such as genetic factors and socio-
economic status, limiting the potential influence of these confounders
and improving the overall robustness of our results. Fourthly, it needs
to be acknowledged that some of the newly diagnosed MG patients
after baselinemight represent the pre-existing latent forms ofMG that
were unmasked following statin therapy. Due to the nature of real-
world data analysis based on electronic health records, we cannot
exclude the cases with pre-existing unrecognized MG, and further
research is needed to confirm the risk among patients with and with-
out latent forms ofMG. Fifthly, it is noteworthy that onlymonthly data
for the territory-wide electronic health records were available for the
present study. This might introduce potential bias for the risk esti-
mation in the first month, wheremore granular data (e.g., on a daily or
weekly basis) is necessary to verify the timing of statin initiation prior
to the outcome incidence in the first month, so as the potential dis-
continuation of statin therapy. However, the current findings regard-
ing the consistent trend of increased risk in the subsequent sixmonths
remain supportive of the primary conclusion regarding themonitoring
for MG symptoms following statin therapy. Lastly, given the potential
discrepancy in the diagnosis criteria of MG across different countries,
evidence from different nations is essential to confirm the findings to
inform global clinical practice in the future.

In conclusion, significantly increased risks of MG onset and the
exacerbation of pre-existingMGwere observed in the firstmonths and
subsequent six months following statin initiation, suggesting a mini-
mummonitoring period of approximately 6months forMG symptoms
in patients starting using statins, irrespective of whether MG is pre-
existing or not. The risk for MG onset in patients aged over 60 years
was more apparent compared to the younger adults, highlighting the
importance of enhanced attention towards this age group. Never-
theless, the benefits of the statin far outweigh the risk of this rare
adverse event, and our study could also provide reassurance to
patients regarding its overall low risk.

Methods
The study was approved by the Institutional Review Board of The
University of Hong Kong—the HA Hong Kong West Cluster (reference
number UW24-457). Since all data used in this studywere anonymized
and obtained from the electronic health records from the Hong Kong
Hospital Authority (HA), the patients’ consent to participate was not
required.

Overview of study design
Our study employed two study designs to investigate the association
between statin use and MG. For interpersonal comparison, we emu-
lated a sequence of nested target trials25,26 to compare the risk of
events between the patients who initiated statin therapy and those
whodid not. For intrapersonal comparison, we applied the self-control
cases series (SCCS)27 method to estimate the risk difference within the
same individuals before and after statin initiation. The risk of events
was also estimated in different time intervals following statin therapy,
in order to provide information on the appropriate monitoring period
to inform the clinical practice.

Data source
This study was conducted using the territory-wide electronic health
records from theHA. Thedatabase is an integrated clinicalworkstation
that provides access to all available electronic clinical information

(including prescription data, diagnosis codes, and clinical parameters)
to support the real-time routine clinical practice. The diagnostic data
has been validated with high coding accuracy28. The database was
widely applied in pharmacovigilance and pharmacoepidemiologic
studies29–31.

Exposure and outcomes
Statin therapy was defined as the treatment with simvastatin, ator-
vastatin, luvastatin, rosuvastatin, lovastatin, pitavastatin, and/or pra-
vastatin. In Hong Kong, the health care for MG patients is mainly
provided by public hospitals, where the inpatient department gen-
erally handles theMGpatients presentingwithmore severe symptoms,
while thosewithmild symptoms or in remission receive regular follow-
up care at the Specialist Out-patient Clinics (SOPCs) of the hospitals.
The diagnosis of MG is based on the following criteria23: (1) symptoms
and signs compatible with MG; (2) at least one of the following three
supportive diagnostic tests: presence of acetylcholine receptor anti-
body, significant decremental response on repetitive nerve stimula-
tion, or objective clinical response to edrophonium; and (3) exclusion
of other disease that mimic MG, such as myopathies or peripheral
neuropathy. Patients with any attendance records related to MG at
hospitals or SOPCs before baseline were classified as having pre-
existing MG history. The incidence of MG onset was determined by
considering patients who were newly diagnosed with MG (ICD-9-CM:
358.0) after baseline. Exacerbation of pre-existingMGwas determined
as the occurrence of hospital admissions in MG patients who initially
had mild symptoms or were in a state of remission, but subsequently
experienced a deterioration orMG crisis that led to the admission. The
patients without any MG-related hospitalizations for a minimum per-
iod of one year were included in the analysis32. Our study only inves-
tigated the incidence of first exacerbation.

Sequential trial emulation
The specification anddetails of theTTE canbe found in Supplementary
Table 11. The analysis included all adult patients fulfilling the indication
criteria for statin therapy in each calendarmonth from Jan2009 toDec
2016. The pre-defined indications for statin eligibility were derived
from local clinical guidelines to reflect real-world statin prescription
practices, similar to the 2019 ESC/EAS (Society of Cardiology/Eur-
opean Atherosclerosis Society) Guidelines for the Management of
Dyslipidaemias33. Additional details are presented in Supplementary
Table 12. Case definition was based on the International Classification
of Primary Care, 2nd Edition (ICPC-2) and International Classification
of Diseases, 9th Revision, Clinical Modification (ICD-9-CM), or relevant
clinical parameters (Supplementary Table 13). Further details on the
eligible criteria are presented in Fig. 1. The eligible patients were
extracted from the database on a rolling basis in each calendar month
from January 2009 to December 2016 (Supplementary Table 14), and
followed upuntil the outcomeof interest, death, or the end of the 24th
month after baseline, whichever occurred first.

The effect of statin initiation on MG onset or exacerbation was
analysed in both intention-to-treat (ITT) and per-protocol approaches.
A time-discrete dataset was constructed by month for each eligible
person-trial, where the marginal structural model (MSM) was adopted
to estimate the causal effect that accounts for the time-varying
information34. As the typical statistical model in MSM, the pooled
logistic model was employed34,35 to estimate the association between
statin therapy and the incidence ofMGonset or exacerbation. Because
the outcome of the models is rare at all times, the odds ratio from the
pooled logistic model approximates the hazard ratio (HR)36. The ITT
analysis compared the risk of MG onset or exacerbation between the
statin initiators and non-initiators defined by their treatment strategy
at baseline. A separate hazard ratio (HR) was estimated within each
time interval (i.e., month 1, months 2–4, months 5–7, months 8–13,
months 14–19, and months 20–25) by fitting a pooled logistic model
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for the outcome incidence with the interaction term between the
treatment indicator and factor variable of the pre-defined time inter-
vals as mentioned above. The length of the reviewed risk period and
the cut-off of examined time intervals were chosen based on the pre-
vious case reports16,18,20. The analysis was adjusted for the covariates of
demographic characteristics (sex and age), low-density lipoprotein
cholesterol (LDL-C) level, comorbidities (Charlson comorbidity index
(CCI), hypertension, diabetes, and Rheumatic/connective tissue dis-
ease), and drug history within 1 year before baseline (β-blocker, cal-
ciumchannel blockers, aminoglycosides, andfluoroquinolones). In the
per-protocol analysis for continuous statin use, the person-trials were
artificially censored when they deviated from their designated strat-
egy. Each person-trial was weighted by the inverse probability of
receiving their designated treatment strategy at each time point, to
adjust for potential selection bias introduced by the artificial censor-
ing. A pooled logistic model was fitted to predict the probability of
receiving statin therapy (conditional on the baseline and time-varying
covariates) at each time point. To obtain the stabilized weight, the
inverseprobabilityweightsweremultipliedby the subject’s probability
of having received the designated treatment strategy conditional on
the baseline covariates only. The absolute risk differences were esti-
mated in the fitted model, where the estimated incidence rate of MG
onset and exacerbation was standardized to the empirical distribution
of the confounders at baseline in the whole study population (Sup-
plementary Method 1).

Subgroup analysis was conducted regarding the sex, age ( < 60/
≥ 60) and CCI ( < 4/ ≥ 4) at baseline, where the HRs of MG onset and
exacerbation for the months 1–7 and months 8–25 were generated,
respectively. Due to variations in medical complexity and medication
tolerances between the younger and old patients, we examined the
differences in the risk patterns across age groups using the age of 60
years as the threshold22,37,38. Several sensitivity analyses were con-
ducted, including (1) excluding the patients with pre-existing
thymoma39,40; (2) adopting propensity score matching to improve
the balance in baseline confounders; (3) truncating theweights at their
0.5th and 99.5th percentile in per-protocol analysis; (4) additionally
adjusting for other common comorbidities; (5) additionally adjusting
for other clinical parameters in lipid profile, including high-density
lipoprotein, total cholesterol, triglyceride.

SCCS design
Patients who initiated statin therapy from Jan 2009 to Dec 2016 were
identified from the electronic health record database of HA. The study
design and the timeline for a single hypothetical participant are illu-
strated in Supplementary Fig. 3. Similar to the design in TTE, we divi-
ded thepatient-time into the aforementioned six riskwindowsandone
baseline period (i.e., the non-exposure period), and conducted the
analysis in ITT and per-protocol approach. Details of the SCCS
assumptions relevant to the current study are available in Supple-
mentaryMethod 2, and two sensitivity analyseswere conducted to test
the validity and robustness of study findings: (1) adding a 12-month
pre-exposure period; (2) excluding the patients with mortality during
the observation period. Subgroup analysis was conducted regarding
the sex.

The observation period for the cases of MG onset in the SCCS
spanned from Jan 2009 until the end of the second year after statin
initiation. The patients with MG onset during the observation period
were included for analysis. Further details in the eligible criteria for the
study participants were presented in Supplementary Fig. 1, which were
consistent with those in the TTE. The incidence rate ratios (IRRs) for
MG onset were estimated by conditional Poisson regression.

The observation period for the cases ofMG exacerbation spanned
from the later of January 2009 or the date of the first MG diagnosis to
the end of the second year after statin initiation. The patients with MG

history before statin initiation and experiencing the first MG exacer-
bation during the observation period were included for analysis
(details in Supplementary Fig. 1). The MG-related admission in the
patients with remission status (i.e., without another MG-related
admission occurred within the preceding 12 months) was considered
as MG exacerbation, for which the IRR was evaluated in the similar
model as specified above.

All analyses were performed in Stata/MP 17.0 and R version 4.1.1.
Statistical significance was defined as a two-tailed p-value < 0.05.

Reporting summary
Further information on research design is available in the Nature
Portfolio Reporting Summary linked to this article.

Data availability
The data underlying this article were provided by the Hospital
Authority of Hong Kong. The data contains confidential information
and therefore cannot be shared with the public due to restrictions
imposed by the third-party usage agreements. Local academic insti-
tutions, governmentdepartments, or non-governmentalorganizations
may apply for the access to data through theHospital Authority’s data-
sharing portal (https://www3.ha.org.hk/data). The investigators are
responsible for the archiving and safekeeping of the personal and
study data during and after the study. The study data will be kept for 5
years after the completion of the study.

Code availability
The codes used for this study are available online in Github (https://
github.com/w01092021/statin_mg.git) and Zenodo (https://doi.org/
10.5281/zenodo.13928836).
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