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Abstract

Background: Fluoroquinolones, one of the most commonly prescribed antibiotic classes, have
been implicated in cases of central nervous system (CNS) and peripheral nervous system (PNS)

adverse events, which highlights the need for epidemiologic studies of the neurological safety of
fluoroquinolones.

Purpose: To evaluate the safety of fluoroquinolones with regard to risk of diagnosed
neurological dysfunction.

Methods: We conducted a propensity score-matched inception cohort study using claims

data from a commercially insured population. Our study included adults prescribed an oral
fluoroquinolone or comparator antibiotic between January 2000 and September 2015 for acute
bacterial sinusitis, acute bacterial exacerbation of chronic bronchitis, uncomplicated urinary tract
infection, or acute bronchitis. Our outcomes were CNS dysfunction, and four separate but
complementary PNS dysfunction outcomes. Cox proportional hazards models were estimated
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after matching on propensity scores fitted using the variables age, sex, epilepsy, hereditary
peripheral neuropathy, renal dysfunction, diabetes, gabapentinoid use, statin use, isoniazid use,
and chemotherapy use.

Results: Our cohort contained 976 568 individuals exposed to a fluoroguinolone antibiotic
matched 1:1 with a comparator. Matching produced balance (standardized mean difference <0.1)
on all variables included in the propensity score. The hazard ratio associated with fluoroquinolone
exposure was 1.08 (95% confidence interval 1.05-1.11) for CNS dysfunction, and 1.09 (95% ClI
1.07-1.11) for the most commonly occurring PNS dysfunction outcome.

Conclusions: Fluoroguinolone antibiotic use was associated with the development of
neurological dysfunction versus comparator antibiotic use in the adult population.

Keywords

comparative study; fluoroquinolones; neurologic manifestations; pharmacoepidemiology;
propensity score; survival analysis
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BACKGROUND

Fluoroquinolones are one of the most highly prescribed class of antibiotics, with around 30
million outpatient prescriptions dispensed each year in the United States.1=3 In 2004, the US
Food and Drug Administration (FDA) required that peripheral neuropathy (PN) be added to
fluoroquinolone warning labeling® because of an increase in reported cases of this severe
peripheral nervous system (PNS) disorder characterized by burning, numbness, pain, and
muscle weakness.>~7 Since then, FDA has extended its drug safety communications relating
to fluoroquinolones®? to include symptoms and disorders of the central nervous system
(CNS). Few epidemiologic studies have examined the association between fluoroguinolones
and nervous system dysfunction. One meta-analysis of randomized controlled trials (RCTs)
found that fluorogquinolones were associated with CNS-related adverse events, with an

odds ratio of 1.40 (95% confidence interval, 1.12-1.75). However, the trials captured only
198 CNS events in 4511 fluoroquinolone users,19 and some important CNS dysfunction
symptoms such as seizure, intracranial hypertension, and altered mental status were

not included in the meta-analysis. No large epidemiologic studies have examined the
association between fluorogquinolone use and a wide breadth of CNS symptoms, and only
two studies have evaluated the association with PNS dysfunction. The first, a US-based
case—control study conducted in men, found an odds ratio of 2.07 (95% confidence

interval, 1.56-2.74).11 The second, a UK-based nested case—control study comparing
fluoroquinolones to comparator antibiotics, found an odds ratio of 1.47 (95% confidence
interval, 1.13-1.92).12 Unfortunately the first study did not include women, yet the majority
of fluorogquinolone prescriptions are for genitourinary infections that predominantly affect
women.113 Additionally, both studies relied on identification codes that might not be
sufficiently broad or may be inappropriate for identifying PN. Therefore, we sought to
evaluate the neurological safety of fluoroquinolones in men and women by comparing
occurrences of CNS and PNS dysfunction in users of fluoroquinolones versus comparator
antibiotics, using propensity score matching and time-to-event analyses.
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METHODS

The Institutional Review Board (IRB) at the University of Pennsylvania determined that this
research met eligibility criteria for IRB review exemption.

Overview and study population

We conducted a propensity-score matched cohort study of adult new users of
fluoroquinolones vs. comparator antibiotics. Data came from 2000 to 2015 Optum’s de-
identified Clinformatics® Data Mart Database, which is comprised of billing claims from a
US commercially insured population. Clinformatics includes de-identified data on more than
55 million unique members, including both medical and pharmacy benefits, encompassing
12-13 million annual covered lives.14

Study cohort

The cohort consisted of adults age 18 years and older dispensed an oral fluoroquinolone
(ciprofloxacin, levofloxacin, ofloxacin, moxifloxacin, or gemifloxacin) or a comparator
antibiotic (azithromycin, amoxicillin, amoxicillin plus clavulanic acid, or cefixime; Tables
S1 and S2) used in temporal proximity to a diagnosis of one of four infectious indications
for which fluoroquinolones are highly prescribed: acute bronchitis, acute bacterial sinusitis,
uncomplicated urinary tract infection (UTI), and acute bacterial exacerbation of chronic
bronchitis. This inclusion criterion was operationalized by requiring individuals to have had
an /nternational Classification of Diseases Ninth Revision Clinical Modification (ICD-9-
CM) diagnosis code for any of the four infections recorded within 14 days before or after the
dispensing date of the first prescription for an antibiotic of interest (referred to as the index
prescription). These ICD-9-CM code sets, which have been used in prior studies,13-15-18 gre
listed in Table S3.

These comparator antibiotics were chosen because they are appropriate therapeutic
alternatives for fluoroquinolones, are commonly used to treat the four study indications,

and are not known to be associated with the neurological outcomes of interest (see Box S1
for further information). We defined new users as having no prescription dispensed for a
fluoroquinolone or a comparator antibiotic for at least 180 days prior to entering the cohort.
If an individual was eligible for inclusion multiple times, we included only the first instance.
We conducted our analysis in two separate eras: pre- and post-September 15, 2004 (era 1:
January 1, 2000 to September 14, 2004; era 2: September 15, 2004 to September 30, 2015)
to examine the possibility of diagnostic suspicion bias, since in the fall of 2004 the FDA
required that PN be added to all fluoroquinolone labels.

Patients were excluded if the days’ supply of the index prescription exceeded 30 days to
preclude prescriptions for antibiotic prophylaxis, or if the subject had a recorded diagnosis
of any of the outcomes of interest within the 180 days prior to their index prescription date.
Individuals were also excluded if they were dispensed a fluoroquinolone and a comparator
antibiotic on the same date. Patients had to have at least 180 days of uninterrupted

claims data available before their index prescription, and were excluded if their enroliment
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terminated on the same date as their index prescription. Individuals were also excluded if
their index prescription occurred on the last date of data availability (September 30, 2015).

Follow-up began on the day after the index prescription date, since events occurring on

the index prescription date may have preceded dispensing of the antibiotic prescription,

and continued until the first occurrence of the following: (a) outcome of interest (described
below); (b) the last day of follow up (120 days after the date of the index prescription);

(c) the last day of enrollment if this day occurred before 120 days; and (d) the last day of
data availability (September 30, 2015) if this day occurred before 120 days. Fluoroquinolone
associated symptoms have been reported to arise for up to 3 months after initiation of
exposure.19:20 We used a follow-up period of 120 days (4 months) in order to capture any
outcomes occurring just after 3 months and allow for any delays in diagnosis.

Exposure and covariate ascertainment

Exposure was defined as a dispensed prescription for an antibiotic of interest
(fluoroquinolone vs. comparator antibiotic) in oral form and with a 30 day supply or less.

We measured potential confounders in the 180 days prior to and including the index
prescription date. Demographic variables included age and sex. Drugs considered as
potential confounders included select chemotherapy agents,21:22 statins, gabapentinoids,
and isoniazid. Potentially confounding diseases included diabetes,23-2° hereditary PN, renal
dysfunction,2 and epilepsy. All covariates were used to estimate a propensity score.

To identify the antibiotics of interest and confounding drugs of interest, we used drug-
specific national drug codes (NDC) compiled from the Cerner Multum database. For
identifying confounding diseases of interest, we used ICD-9-CM discharge diagnosis codes
in any position of an inpatient claim or outpatient medical claim. A complete listing of
covariate ICD-9-CM codes are available in Tables S3 and S4.

Outcome ascertainment

CNS dysfunction was defined by the occurrence of any one of the following CNS diagnoses
during follow-up: seizures/convulsions, intracranial hypertension, psychosis/delirium, or
altered mental status/encephalopathy. We used ICD-9-CM discharge diagnosis codes in any
position of an outpatient medical claim or inpatient claim to identify these CNS symptoms
(complete list of ICD-9-CM codes available in Table S6). These CNS diagnoses are listed
as potential adverse reactions in the FDA prescribing information for fluoroguinolones, and
have ICD-9 codes with good face validity.

Four separate but complementary PNS dysfunction outcomes were defined: (a) Symptoms
(occurrence of one or more diagnoses consistent with PNS symptoms, including muscle
weakness, sensory disturbance, gait dysfunction, or PN); (b) symptoms + PN diagnosis
(symptoms as described in definition 1 plus a diagnosis of PN); (c) symptoms + EPT
(symptoms as described in definition 1 plus the performance of electrophysiological
testing of the PNS); and (4) symptoms + PN diagnosis + EPT (symptoms and PN
diagnosis as described in definition 2 plus performance of electrophysiological testing).
Electrophysiological testing, typically electromyography and nerve conduction studies,
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is a useful and definitive way of identifying PNs,26-28 and is often the gold standard

for evaluating nerve function.2”-28 We used ICD-9-CM discharge diagnosis codes in any
position of an outpatient medical claim or inpatient claim to identify these PNS symptoms
as well as any PN diagnoses, and we used Current Procedural Terminology (CPT) codes to
identify electrophysiological testing of peripheral nerves (complete list of ICD-9-CM and
CPT codes listed in Table S6). The algorithms used to define these outcomes were guided by
a neurologist-epidemiologist, but have not been validated.

Statistical analysis

In each era, we stratified the cohort by our four infectious indications to yield four separate
cohorts per era. For those individuals who experienced more than one indication of interest
in the 14 days prior to or after the index prescription, we assigned them to the indication
cohort with the smallest sample size. We then tabulated frequencies of baseline covariates by
exposure group. We examined balance in potential confounding variables before matching
by calculating standardized differences in proportions?® for each covariate (Table S7), and
considered covariate distributions to be balanced if standardized differences were <0.1.29:30

We next used logistic regression to estimate a separate propensity score, representing the
probability of receiving either a fluoroquinolone or comparator antibiotic, in each of the
eight cohorts (four indications x two eras) using all baseline covariates. We then examined
overlap in propensity scores between our exposure groups graphically using kernel density
plots (Figure S1). Next, we ordered individuals randomly within each cohort and performed
1:1 nearest neighbor matching on the propensity score, without replacement. For five of the
eight cohorts, we used a caliper size of 0.2 times the standard deviation of the logit of the
propensity score. For acute bacterial exacerbation of chronic bronchitis in era 1, we used

a caliper size of 0.01 times the standard deviation of the logit of the propensity score, and
for both uncomplicated UTI cohorts, we used a caliper size of 0.001 times the standard
deviation of the logit of the propensity score. We used tighter calipers for these three cohorts
to achieve closer matches, because there were fewer comparator antibiotic users available

to match to fluoroquinolone users. Additionally, for the uncomplicated UTI cohorts in era 1
and era 2, the fluoroquinolone group was much larger than the comparator antibiotic group,
precluding the possibility of 1:1 matching for all individuals in the fluoroquinolone group.
We therefore took a random sample of fluorogquinolone users equal in size to the comparator
antibiotic group and used this subsample in matched analyses.

After matching, antibiotic indication cohorts were combined within each era. The
cumulative incidence of each outcome and in each era was estimated at 120 days using

the Kaplan—-Meier estimator. We used Cox proportional-hazards regression models including
only the exposure variable and a variance estimator used to more accurately estimate
standard error by accounting for intragroup correlation between matched pairs in each era
and for each of our CNS and PNS outcomes. Propensity-score matched hazard ratios (HRs)
and 95% Cls were calculated for all outcomes in both eras, as well as in the combined
cohort if there was no more than a 5% difference between HRs in era 1 and era 2. The
proportional hazards assumption was assessed via graphical inspection of the correlation
between Schoenfeld residuals and time (Figures S2 and S3). For those outcomes where the

Pharmacoepidemiol Drug Saf. Author manuscript; available in PMC 2024 March 23.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Ellis et al.

3]

Page 6

proportional hazards assumption did not hold, we incorporated an interaction term between a
categorical time variable and exposure, to allow for time-varying HRs.

Statistical analyses were conducted using Stata MP v16.0 (StataCorp LP, College Station,
TX).

RESULTS

We identified 6 398 045 fluoroquinolone and comparator antibiotic users who met our
inclusion and exclusion criteria (see Figure 1), of whom 1 988 473 were prescribed a
fluoroquinolone and 4 409 572 were prescribed a comparator antibiotic index prescription.
Prior to matching, 19, 19, 59, and 3% of fluoroquinolone users, and 39, 56, 4, and 2%

of comparator antibiotic users had a diagnosis of acute bronchitis, acute bacterial sinusitis,
uncomplicated UT]I, and acute bacterial exacerbation of chronic bronchitis, respectively
(Figure 1).

Standardized differences for covariates before matching, stratified by treatment and era,

are shown in Table S7. Prior to propensity score matching, the majority of covariates

were balanced (standardized difference <0.1); pre-matching standardized differences larger
than 0.1 were found for age, sex, and diabetes in era 1 and age, sex, renal dysfunction,
diabetes, and statin exposure in era 2. The fluoroguinolone group had a higher percentage of
female subjects, and diabetes, renal dysfunction, hereditary PN, gabapentinoid exposure, and
statin exposure were more prevalent. Using Kernel density plots (Figure S1), we observed
substantial overlap in propensity scores between the fluoroquinolone and comparator groups
before matching, indicating that the propensity score positivity assumption was met. After
matching, around 60% of the era 1 cohort and era 2 cohort were female, and around 50-60%
of individuals in the combined cohort were between the ages of 35 and 59. After matching,
all measured covariates were balanced across the two treatment groups (all standardized
differences <0.1; Table 1).

The frequency of CNS and PNS dysfunction outcomes in our propensity score matched
cohorts, stratified by treatment and era, are presented in Table 2. Among fluoroquinolone
users, the 120-day cumulative incidence of CNS dysfunction was 0.41% in era 1 (January 1,
2000 to September 14, 2004), 1.09% in era 2 (September 15, 2004 to September 30, 2015),
and 0.95% in the combined cohort. Of the four PNS dysfunction outcomes, the highest
cumulative incidences among fluoroquinolone users were for the symptoms outcome (1.42%
in eral and 2.99% in era 2) and symptoms + EPT outcome (0.26% in era 1 and 0.31% in era
2). For all CNS and PNS dysfunction outcomes across both eras, cumulative incidence was
similar but numerically greater in the fluoroquinolone group vs. the comparator antibiotic
group (Table 2).

Propensity score-matched HRs for CNS and PNS dysfunction are presented in Table 3.
Analyses were conducted in the combined cohorts for the CNS dysfunction and PNS
symptoms outcomes because the difference in era 1 and era 2 HRs for these two outcomes,
but not the other outcomes (PNS symptoms + PN diagnosis, symptoms + EPT, and
symptoms + PN diagnosis + EPT), differed by less than 5%. The HR for CNS dysfunction
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in the combined cohort was 1.08 (95% ClI: 1.05, 1.11) and that for PNS symptoms in the
combined cohort was 1.09 (95% ClI: 1.07, 1.11). HRs for the PNS symptoms + PN diagnosis
outcome were 1.23 (95% CI: 0.83, 1.83) in era 1 and 1.15 (95% ClI: 1.03, 1.28) in era 2. For
the symptoms + EPT outcome, HRs were 1.00 (95% CI: 0.88, 1.14) inera 1 and 1.12 (95%
Cl: 1.06, 1.19) in era 2. And for the symptoms + PN diagnosis + EPT outcome, HRs were
1.04 (95% CI: 0.61, 1.76) inera 1 and 1.25 (95% CI: 1.03, 1.52) in era 2.

The Cox proportional-hazards assumption was satisfied in both eras and in the combined
cohort for the PNS symptoms outcome, but the assumption failed in one or both eras for all
other outcomes (Figures S2 and S3). Time-varying HRs are presented in Table S8.

DISCUSSION

This study found that fluoroquinolones were associated with elevated hazards of both CNS
and PNS dysfunction. Specifically, we found an association between fluoroguinolones and
CNS dysfunction across both eras and in the combined cohort. Fluoroquinolones were also
associated with the PNS symptoms outcome across both eras and in the combined cohort,
and the PNS symptoms + PN diagnosis, PNS symptoms + EPT, and PNS symptoms + PN
diagnosis + EPT outcomes in era 2 only (combined cohort analyses were not performed).

Consistent with prior studies, we found a modest elevated risk (HR: 1.08 and 95% ClI:
1.05-1.11 in combined cohort) of CNS dysfunction with fluoroquinolone exposure. A meta-
analysis of RCTs found that fluorogquinolones were associated with CNS adverse outcomes
with an odds ratio of 1.49 versus macrolides and 1.90 versus amoxicillin plus clavulanic
acid.10 Also consistent with prior studies, mentioned in the background section, we found
an elevated risk of PNS dysfunction among fluoroquinolone users (ex. HR of 1.09 for
symptoms in the combined cohort).

The magnitude of the absolute risk difference associated with fluoroguinolone exposure
may be informative for clinical decision making. We found that fluoroquinolones were
associated with an increased hazard of CNS dysfunction of 8% in the combined cohort

and an increased hazard of 9% for the PNS symptoms outcome in the combined cohort.
Given a 120-day cumulative incidence of CNS dysfunction in the combined cohort of 8.8
per thousand individuals (0.88%) in users of comparator antibiotics and 9.5 per thousand
individuals (0.95%) in users of fluoroquinolones (Table 2), an 8% relative increase in

the incidence rate results in an absolute risk difference of 0.68 per thousand, and thus a
number needed to harm (NNH) of 1471. This NNH measure indicates that if the observed
association is causal, for every 1471 people receiving a fluoroquinolone instead of a
comparator antibiotic, one additional individual will experience CNS dysfunction. Similarly,
given the 120-day incidence of PNS symptoms of 24.7 per thousand (2.47%) in users of
comparator antibiotics and 26.8 per thousand (2.68%) in users of fluoroquinolones (Table 2)
and a relative increase of 9% gives a risk difference of 2.1 per thousand and a NNH of 476.

We performed analyses allowing for time-varying HRs for all outcomes in one or both eras
except for our PNS symptoms outcome. For CNS dysfunction, the time-varying analysis
revealed a null association in the earliest time window (0-30 days) in era 2 and the
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combined cohort. This might suggest either a delay in the onset of CNS symptoms after
fluoroquinolone exposure, or a delayed diagnosis of CNS symptoms. We also found a
positive association in era 2 with the PNS symptoms + PN diagnosis outcome, and the
PNS symptoms + PN diagnosis + EPT outcome. HRs for these outcomes varied widely and
inconsistently across time-windows in era 1, although there was suggestion of a possible
association in era 1 of our original analysis with all point estimates being one or greater
(Table 3). These inconsistent results might be explained by the very low number of events
captured for PNS outcomes. That is, there may be too few events to permit detection of
an association between fluoroquinolone exposure and study outcomes in this smaller era.
The differences seen in relative associations by era might also point to the possibility of
surveillance bias. For example, fluoroquinolones were associated with the PNS symptoms
+ EPT outcome in era 2, but not in era 1. Perhaps individuals in era 2, post-FDA safety
communication, were screened more for PNS symptoms using EPT or diagnosed with
symptoms more than individuals in era 1, prior to the FDA safety communication.

Our study has limitations. We used claims data, so some outcomes may not have been
captured due to errors in coding. However, we do not have reason to believe that

coding errors would differ between fluoroquinolone and the comparator groups. Diagnostic
suspicion may have led to differential outcome ascertainment between the fluoroquinolone
and comparator groups; therefore, we stratified our analyses into two different eras in order
to evaluate the possibility of this bias. After stratification, we found potential evidence of
this bias and observed differences in association in PNS but not the CNS outcomes between
the two eras. Additionally, we did not have data on antibiotic adherence so we cannot be
sure that individuals adhered to their prescribed medications. Our CNS and PNS outcomes
codes have also not been validated. However, our outcome definitions were determined
with guidance from a neurologist-epidemiologist, and our PNS dysfunction outcomes were
designed to complement each other with varying sensitivity and specificity. We also note
that individuals with an index prescription for one of our comparator antibiotics could have
been prescribed a fluoroquinolone antibiotic during follow-up, which was not reflected in
our analysis. However, in order to minimize bias due to post-treatment characteristics, we
have attempted to emulate an intention-to-treat analysis, with individuals analyzed according
to the exposure group that they were originally part of. Finally, while we were only able

to capture variables available from insurance billing information, we were able to note
important confounders of interest using our data source.

CONCLUSION

This study provides evidence that fluoroquinolone users are at an increased risk of

being diagnosed with acute CNS and PNS disorders relative to comparator antibiotic
users prescribed antibiotics for the same clinical indication. However, the absolute risk

is modest, and the absolute cumulative incidence of these disorders are generally low.
Use of fluorogquinolone antibiotics should be guided by both clinical data on microbial
susceptibility and the goal of avoiding adverse neurological and other outcomes, although
further research is required in order to understand those fluoroquinolone-users who are at
highest risk.
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Key Points

. We evaluated the association between fluoroquinolone antibiotics and central
(CNS) and peripheral nervous system (PNS) dysfunction in a commercially
insured U.S. adult population.

. We compared fluoroquinolone users to comparator antibiotic users prescribed
antibiotics for the same clinical indications using propensity score matching.

. Fluoroquinolone users were at an increased risk of being diagnosed with
acute CNS and PNS disorders relative to comparator antibiotic users.
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Individuals with fluoroquinolone or
comparator antibiotic prescriptions
assessed for eligibility: (n=28,076,144)

Page 12

Eligible individuals after exclusions:
(n=6,398,045)

Excluded (n=21,676,830)

e Comparator and fluoroquinolone prescribed
on same date: (n=14,742)

e Out of eligible time range: (n=8,885)

*  Less than 6mo claims data available prior to
index or age less than 18: (n=10,155,852)

*  No diagnosis in +- 14 days of index:
(n=9,938,997)

*  Fluoroquinolone or comparator used 6mo
prior to index: (n=1,176,730)

¢ Outcome 6mo prior to index: (n=375,679)

. End of eligibility date on same day as index
date: (n=5,945)

¢ End of ICD-9 data date (Sept. 30, 2015) on
same day as index date: (n=1,269)

Fluoroquinolone:
(n=1,988,473)

Comparator:
(n=4,409,572)

Acute bronchitis: (n=382,883)
Acute bacterial sinusitis: (n=368,316)
Uncomplicated UTI: (n=1,178,400)

Acute bacterial exacerbation of chronic
bronchitis: (n=58,874)

Acute bronchitis: (n=1,711,403)
Acute bacterial sinusitis: (n=2,446,984)
Uncomplicated UTI: (n=183,080)

Acute bacterial exacerbation of chronic
bronchitis: (n=68,105)
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FIGURE 1.
Study cohort and exclusions
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