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ABSTRACT
Background Although intestinal and urinary microbiome perturbations are associated with nephrolithiasis, whether antibiotics are a risk factor for this condition remains unknown.
Methods We determined the association between 12 classes of oral antibiotics and nephrolithiasis in a
population-based, case–control study nested within 641 general practices providing electronic health
record data for .13 million children and adults from 1994 to 2015 in the United Kingdom. We used incidence density sampling to match 25,981 patients with nephrolithiasis to 259,797 controls by age, sex,
and practice at date of diagnosis (index date). Conditional logistic regression models were adjusted for the
rate of health care encounters, comorbidities, urinary tract infections, and use of thiazide and loop diuretics, proton-pump inhibitors, and statins.
Results Exposure to any of ﬁve different antibiotic classes 3–12 months before index date was associated
with nephrolithiasis. The adjusted odds ratio (95% conﬁdence interval) was 2.33 (2.19 to 2.48) for sulfas,
1.88 (1.75 to 2.01) for cephalosporins, 1.67 (1.54 to 1.81) for ﬂuoroquinolones, 1.70 (1.55 to 1.88) for
nitrofurantoin/methenamine, and 1.27 (1.18 to 1.36) for broad-spectrum penicillins. In exploratory analyses, the magnitude of associations was greatest for exposure at younger ages (P,0.001) and 3–6 months
before index date (P,0.001), with all but broad-spectrum penicillins remaining statistically signiﬁcant 3–5
years from exposure.
Conclusions Oral antibiotics associated with increased odds of nephrolithiasis, with the greatest odds for
recent exposure and exposure at younger age. These results have implications for disease pathogenesis
and the rising incidence of nephrolithiasis, particularly among children.
J Am Soc Nephrol 29: ccc–ccc, 2018. doi: https://doi.org/10.1681/ASN.2017111213

Prior studies have reported associations between
antibiotic exposure and diseases such as inﬂammatory bowel disease and asthma.1,2 These associations are thought to be mediated by disruption of
the human microbiome.
It is biologically plausible that antibiotics may
increase the risk of nephrolithiasis. Recent studies
reported differences in the composition of the intestinal microbiome between patients with and
without nephrolithiasis.3,4 Additionally, multidrug
resistant nonurease-producing bacteria have been
isolated from calcium-based kidney stones
J Am Soc Nephrol 29: ccc–ccc, 2018

extracted from patients without urinary tract infection (UTI), suggesting a role for selective pressure
on the urinary microbiome in kidney stone
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formation.5 However, despite the well established effect that
antibiotics have on the microbiome, it remains unclear
whether antibiotics are a risk factor for nephrolithiasis. This
information would have important implications for elucidating causal pathways for kidney stone formation, understanding the increase in the prevalence of nephrolithiasis (most
pronounced among children, adolescents, and young
adults),6,7 and promoting antibiotic stewardship.
In this nested case–control study, we evaluated the association between oral antibiotic exposure and nephrolithiasis,
and assessed its strength and temporality by antibiotic class.
Because prior murine studies demonstrated a greater effect of
early-life antibiotic exposure on host metabolism,8 we hypothesized that exposure to oral antibiotics at younger ages
would be associated with a greater risk of nephrolithiasis.

METHODS
Study Design

We conducted a population-based, nested case–control study,
using the February 2015 version of The Health Improvement
Network (THIN). THIN comprises data from 13.8 million
individuals receiving care in 641 general practitioner (GP)
practices in the United Kingdom from 1994 to 2015. These
patients are representative of the United Kingdom population
by age, sex, medical conditions, and death rates. Practices
enter clinical data for each patient encounter, generating a
longitudinal, patient-level record that includes outpatient prescriptions. Diagnoses and procedures are recorded with Read
codes, the standard classiﬁcation system in the United Kingdom. THIN facilitates population-based pharmacoepidemiologic studies because approximately 98% of the United
Kingdom population is registered with a GP practice,9 and
GPs have nearly exclusive prescribing rights within the National Health Service. This study was determined by the University of Pennsylvania Institutional Review Board to meet
criteria for institutional review board exemption.
Study Population and Outcome

The outcome was nephrolithiasis diagnosis. To be considered a
case, an individual had to be ,90 years old and registered with
his/her GP practice for 6 months before the ﬁrst qualifying
code for nephrolithiasis. Although this approach has been validated for ascertainment of incident diagnoses in THIN, it has
not been validated for nephrolithiasis, which can be characterized by recurrent acute episodes.10 Patients who only had
codes for renal colic, hypercalciuria, or nephrocalcinosis
were not considered to have nephrolithiasis. The date of nephrolithiasis diagnosis (index date) was the date that the ﬁrst
qualifying code for nephrolithiasis was recorded (see Supplemental Table 1 for nephrolithiasis codes).11,12 Patients with
codes for infectious calculi (e.g., calculous pyelonephritis) or
bladder calculi before the index date were excluded. This
deﬁnition of nephrolithiasis has produced estimates of
2
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Signiﬁcance Statement
Kidney stones are a disorder of crystallization related to the supersaturation of solutes in urine. For reasons that remain ill-deﬁned,
the prevalence has increased 70% over the past 30 years. Perturbations in the intestinal and urinary microbiome are associated with
nephrolithiasis, but it is uncertain whether antibiotics are a risk factor
for nephrolithiasis. This article reports that oral cephalosporins,
ﬂuoroquinolones, sulfas, nitrofurantoin, and broad-spectrum penicillins are associated with increased adjusted odds of nephrolithiasis
among children and adults. The greatest risk was estimated for
prescriptions at younger ages and for more recent exposures. Exposure to some oral antibiotics may represent a novel risk factor for
nephrolithiasis and might contribute to the rising incidence of kidney
stones, particularly among children.

associations between nephrolithiasis and hypertension and
CKD 12 similar to those reported in prospective cohort
studies that ascertained nephrolithiasis through validated
self-report.13,14
Patients ,90 years old without Read codes for nephrolithiasis, bladder calculi, renal colic, hypercalciuria, or nephrocalcinosis before the index date were eligible for selection
as controls. Ten controls were matched on age, sex, and GP
practice to each case at their index date by incidence density
sampling.
Exposure

The primary exposure was an outpatient oral antibiotic prescribed 3–12 months before the index date. This period was
selected because kidney stones form over weeks to months and
oral antibiotics cause changes in the quantity and composition
of the microbiome for months after exposure.15 Patients who
had antibiotic prescriptions within 3 months of the index date
were not considered exposed to mitigate exposure misclassiﬁcation (e.g., antibiotics recorded before the nephrolithiasis
diagnosis were actually prescribed afterward) and because antibiotics may have been prescribed for symptoms related to
stone presentations (e.g., dysuria or pyuria on urinalysis).
Antibiotics were categorized as cephalosporins, ﬂuoroquinolones, lincosamides, macrolides, metronidazole, nitrofurantoin/methenamine, penicillins, broad-spectrum penicillins,
sulfas, tetracyclines, and antimycobacterial drugs (see Supplemental Table 2 for drugs in each antibiotic class). We also
examined Helicobacter pylori treatment, because it is explicitly
identiﬁed in THIN and prior studies reported decreased intestinal colonization by Oxalobacter 6 months after H. pylori
treatment.16 Prescriptions for each antibiotic of any duration
and dosage within the exposure window was evaluated as a
binary variable.
Covariates

For each individual, we identiﬁed prevalent inﬂammatory
bowel disease, cystic ﬁbrosis, gout, diabetes, immobility, neurogenic bladder, congenital and acquired urinary tract obstruction, and neoplasm (see Supplemental Table 3 for Read codes).
J Am Soc Nephrol 29: ccc–ccc, 2018

www.jasn.org

We also identiﬁed UTIs during the period in which antibiotic
exposure was assessed. Because of their association with nephrolithiasis, outpatient prescriptions for proton-pump inhibitors (PPIs),16 statins,17 thiazide diuretics, and loop diuretics
were identiﬁed. We considered individuals exposed to these
drugs if they had a prescription of any duration and dose
during the period in which antibiotic exposure was assessed.
For each individual, we determined the rate of health care
encounters by dividing the total number of inpatient admissions, clinic visits, and emergency department visits by the
period from the date of patient registration with the GP practice until the index date. This rate was divided into deciles to
better approximate the relationship with each antibiotic and
included as a factor variable in the models. We also recorded
outpatient computed tomography scans, abdominal x-rays,
and abdominal ultrasounds obtained between practice registration and the index date (categorized as zero, one, or two or
more diagnostic imaging studies). Emergency department imaging was not available as only imaging studies ordered by GPs
are recorded in THIN.
Statistical Analyses

Accounting for the matched design, multivariable conditional
logistic regression models were ﬁt to estimate the association
between antibiotic exposure and nephrolithiasis. All models
were adjusted for prevalent disease, UTI, health care encounter
rate, and prescriptions for PPIs, statins, and diuretics. Model A
was not adjusted for other antibiotic use. Model B was adjusted
for antibiotic prescriptions other than the primary exposure
within 3–12 months of the index date as a binary variable.
Model C was adjusted for each antibiotic exposure other
than the primary exposure within the 3–12 month exposure
window as 11 separate indicator variables. A two-sided Bonferroni adjusted P value of ,0.004 was the threshold for statistical signiﬁcance.
In an exploratory analysis, we used generalized additive
models to estimate the smoothed interaction with age at
antibiotic exposure for each antibiotic associated with nephrolithiasis in the primary analysis, adjusting for sex and covariates.18 This approach ﬁt nonparametric regression splines
within the framework of a logistic regression model and estimated the odds of nephrolithiasis diagnosis for antibiotic exposures 3–12 months before the index date. We also examined
additional time windows for antibiotic exposures. Exposure
periods considered were 3 to ,6 months, 6 to ,12 months, 1
to ,3 years, and 3 to ,5 years before the index date. These
models were adjusted as described for model C.
Five sensitivity analyses were performed. First, we excluded
patients who had prior UTI. Second, we excluded patients with
antibiotic prescriptions ,5 days and those who were likely on
continuous antibiotic prophylaxis, deﬁned as recurrent 30day prescriptions for $6 months. Third, we adjusted for obesity (body mass index [BMI] $30 kg/m2) and for BMI as a
continuous variable among patients $18 years old with a recorded BMI within 2 years of the index date. Fourth, we
J Am Soc Nephrol 29: ccc–ccc, 2018
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excluded cases with nonqualifying Read codes for nephrolithiasis (e.g., renal colic, hypercalciuria, and nephrocalcinosis)
before the index date. This analysis was performed because
the stone event may have preceded documentation of the
qualifying code for nephrolithiasis or because patients were
prescribed antibiotics for symptoms from the stone that were
not attributed to it. Finally, we further adjusted model C for
outpatient computed tomography scans, ultrasounds, and abdominal x-rays ordered before the index date. All statistical
tests were two-sided. Analyses were performed with R version
3.2.2.

RESULTS
Population Characteristics

Our study included 25,981 patients with nephrolithiasis and
259,797 controls observed for a median of 5.4 years (Table 1;
see Supplemental Table 4 for age distribution). Prescriptions
for all oral antibiotics except lincosamides were greater
among patients with nephrolithiasis. The most frequent indications for outpatient antibiotic prescriptions were chest
infection, cough, upper respiratory tract infection, tonsillitis,
and UTI.
Association between Oral Antibiotics and Kidney
Stones

Sulfas, cephalosporins, ﬂuoroquinolones, nitrofurantoin/
methenamine, and broad-spectrum penicillins were associated with an increased odds of nephrolithiasis diagnosis 3–12
months after antibiotic prescription (model A, Table 2).
These antibiotics remained independently associated with
an increased odds of nephrolithiasis diagnosis after adjustment for exposure to other antibiotics (models B and C,
Table 2). Exposure to H. pylori treatment was associated
with nephrolithiasis diagnosis in model C (P=0.004; Table
2), but was not statistically signiﬁcant at the Bonferroni-corrected threshold in model A or B or most sensitivity analyses.
The fully adjusted model C had the best ﬁt, with an akaike
information criterion approximately 2% lower than models
A or B.
Effect Modiﬁcation by Age and Proximity of Exposure

There were interactions with age for all ﬁve antibiotic classes
(all P,0.001), with the highest magnitude of risk estimated
for exposure to these antibiotics at younger ages. The shape of
the relationship varied by antibiotic class (Figure 1; see Supplemental Table 5 for the point estimates and conﬁdence
intervals for antibiotic exposure at speciﬁc ages). Stratiﬁed
analyses within matched age groups showed a similar interaction between antibiotics and age (results not shown).
The odds of nephrolithiasis were greatest for exposure to the
ﬁve antibiotic classes within 3–6 months of the index date
(Figure 2, Table 3; all P,0.001). The magnitude of the association decreased with more distant exposure, but remained
Antibiotics and Nephrolithiasis
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DISCUSSION

Table 1. Study population characteristics
a

Characteristic

Cases (n=25,981)
Controls (n=259,797)
P Valueb
N (%) or Median (IQR) N (%) or Median (IQR)

Exposure to sulfas, ﬂuoroquinolones, cephalosporins, nitrofurantoin/methenamine,
Women
9070 (34.9)
90,698 (34.9)
NA
and broad-spectrum penicillins was associAge at ﬁrst stone, yr
51.6 (40.0–63.5)
51.6 (40.0–63.4)
,0.001
ated with increased odds of nephrolithiasis.
BMI, kg/m2
27.9 (24.7–31.9)c
27.1 (24.0–30.8)c
,0.001
Observation time, yr
5.34 (2.5–9.3)
5.36 (2.6–9.3)
0.07
These associations remained after adjustTotal visits per year
8.56 (4.4–14.9)
5.26 (2.26–10.2)
,0.001
ment for multiple confounding conditions
England
20,242 (77.9)
202,409 (77.9)
NA
and the rate of health care encounters, and
Northern Ireland
1064 (4.1)
10,640 (4.1)
were robust to excluding patients with prior
Scotland
2928 (11.3)
29,278 (11.3)
UTI. In exploratory analyses, the magniWales
1747 (6.7)
17,470 (6.7)
tude of these associations was greatest for
Comorbid diseased
exposures at younger ages. The strengths of
Cystic ﬁbrosis
9 (0.03)
26 (0.01)
0.002
the associations decreased with greater time
Gout
821 (3.2)
6216 (2.4)
,0.001
from the antibiotic prescription, but the
Diabetes
2765 (10.6)
17,398 (6.7)
,0.001
odds of nephrolithiasis diagnosis remained
Immobility
148 (0.6)
845 (0.3)
,0.001
elevated for up to 5 years from antibiotic
Inﬂammatory bowel disease
361 (1.4)
1360 (0.5)
,0.001
Urinary tract obstruction
561 (2.2)
699 (0.3)
,0.001
exposure. These results indicate that some
Neoplasm
3899 (15.0)
31,315 (12.1)
,0.001
oral antibiotics may be an important deterUTI
2386 (9.2)
5519 (2.1)
,0.001
minant of kidney stone disease.
Medications
Kidney stone disease affects people of all
PPIs
4418 (17)
29,150 (11.2)
,0.001
ages and large segments of the population
Statins
4485 (17.3)
35,624 (13.7)
,0.001
worldwide. The prevalence of nephrolithiaThiazide diuretics
1736 (6.7)
18,210 (7.0)
0.05
sis has increased 70% over the last 30 years
Loop diuretics
902 (3.5)
7607 (2.9)
,0.001
with the greatest increases in incidence obe
Antibiotic prescription
served among children and young
Sulfa
2846 (10.9)
6978 (2.7)
,0.001
women.7,19 In 2011, 262 million antibiotic
Cephalosporins
1703 (6.5)
4569 (1.8)
,0.001
courses were prescribed in the United
Fluoroquinolones
1101 (4.2)
3033 (1.2)
,0.001
Nitrofurantoin
916 (3.5)
1969 (0.8)
,0.001
States, with the highest rates of administraBroad-spectrum penicillins
1127 (4.3)
4960 (1.9)
,0.001
tion for children ,10 years old and
Metronidazole
402 (1.6)
2053 (0.8)
,0.001
women.20 In the United Kingdom, 30%
Macrolides
1527 (5.9)
9824 (3.8)
,0.001
of patients are prescribed at least one antiH. pylori treatment
35 (0.1)
140 (0.05)
,0.001
biotic annually.21 Our ﬁndings support the
Tetracyclines
959 (3.7)
6832 (2.6)
,0.001
hypothesis that antibiotics may be contribMycobacterial treatment
20 (0.08)
91 (0.04)
0.002
uting to the increasing prevalence and earLincosamides
15 (0.06)
84 (0.03)
0.05
lier age at onset of nephrolithiasis.22 Given
Penicillins
4694 (18.1)
34,939 (13.4)
,0.001
that children receive more antibiotics than
IQR, interquartile range; NA, not applicable.
a
any other age group, and 30% of antibiotics
For three cases, there were nine, rather than ten, matched control participants.
b
P values were determined through chi-square tests for binary variables and Wilcoxon rank sum tests for
prescribed during ambulatory care visits
continuous variables.
are inappropriate,23–25 these ﬁndings proc
Reduced sample sizes: n=12,490 cases, n=103,059 controls.
d
vide another reason to reduce inappropriComorbid disease diagnosed at any time from registration with THIN practice to index date.
e
Antibiotic prescription within 3–12 months before index date.
ate outpatient antibiotic use.
Our study has several strengths. First, the
primary exposure was a prescription for a
speciﬁc oral antibiotic, which allowed for examination of hetstatistically signiﬁcant from 3 to 5 years from antibiotic expoerogeneity among antibiotic classes. Second, in the United
sure for all classes except broad-spectrum penicillins.
Kingdom, GPs are the “gatekeepers” for care and have responIn the sensitivity analysis excluding patients with any
prior UTI, the magnitude of the association increased for sibility for prescribing antibiotics and recording diagnoses in
the electronic health record, thereby reducing differential assulfas and nitrofurantoin, decreased for broad-spectrum
penicillins, and was similar for other classes. The most com- certainment of antibiotic exposure. We also matched cases and
controls from the same GP practice to mitigate differences in
mon indications for nitrofurantoin after excluding prior
antibiotic prescribing, diagnostic imaging, and referral pracUTI were dysuria, abdominal pain, urinary symptoms, hetices. Third, we were able to account for potential confoundmaturia, and loin pain. Results did not change in the other
ing due to UTI by adjusting for prior UTI, excluding patients
sensitivity analyses (Table 4), including when performed on
with infectious stones, which account for ,5% of calculi,26
the additional exposure windows.
4
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P Value

OR (95% CI)

Table 2. Odds of kidney stone disease according to oral antibiotic class
Model A

Antibiotic Class
Sulfa
Cephalosporins
Fluoroquinolones
Nitrofurantoin
Broad-spectrum penicillins
Metronidazole
Macrolides
H. pylori treatment
Tetracyclines
Mycobacterial treatment
Lincosamides
Penicillins

Model B
P Value

OR (95% CI)
a

2.37 (2.23 to 2.52)
1.93 (1.81 to 2.07)a
1.84 (1.7 to 1.99)a
1.84 (1.67 to 2.02)a
1.37 (1.28 to 1.47)a
1.25 (1.12 to 1.4)a
1.11 (1.04 to 1.17)a
1.7 (1.15 to 2.51)
1.03 (0.96 to 1.11)
1.52 (0.92 to 2.49)
0.94 (0.53 to 1.66)
1 (0.97 to 1.04)

,0.001
,0.001
,0.001
,0.001
,0.001
,0.001
0.001
0.01
0.39
0.10
0.82
0.97

OR (95% CI)
a

2.35 (2.22 to 2.5)
1.88 (1.76 to 2.01)a
1.77 (1.64 to 1.91)a
1.84 (1.67 to 2.02)a
1.31 (1.22 to 1.4)a
1.14 (1.01 to 1.27)
1.04 (0.98 to 1.1)
1.69 (1.14 to 2.49)
0.98 (0.91 to 1.05)
1.44 (0.87 to 2.37)
0.86 (0.48 to 1.52)
0.95 (0.91 to 0.98)

Model C
,0.001
,0.001
,0.001
,0.001
,0.001
0.03
0.22
,0.01
0.53
0.15
0.59
0.004

P Value
a

2.33 (2.19 to 2.48)
1.88 (1.75 to 2.01)a
1.67 (1.54 to 1.81)a
1.7 (1.55 to 1.88)a
1.27 (1.18 to 1.36)a
1.09 (0.97 to 1.23)
1.04 (0.98 to 1.1)
1.79 (1.21 to 2.65)a
0.97 (0.9 to 1.04)
1.35 (0.81 to 2.24)
0.74 (0.41 to 1.34)
0.97 (0.94 to 1.01)

,0.001
,0.001
,0.001
,0.001
,0.001
0.14
0.24
0.003
0.37
0.25
0.32
0.15

All conditional logistic regression models were adjusted for cystic ﬁbrosis, gout, diabetes, immobility, urinary tract obstruction, neoplasm, and inﬂammatory bowel
disease (all prevalent); UTI within the 3–12 month exposure window; exposure to PPIs, statins, thiazide diuretics, and loop diuretics within the 3–12 month exposure
window; and total rate of outpatient, inpatient and emergency department visits. Model A made no adjustment for other antibiotic use. Model B was adjusted for
any other antibiotic use within the exposure window. Model C was adjusted for each other antibiotic as separate indicator variables in the model. OR, odds ratio;
95% CI, 95% conﬁdence interval.
a
Below Bonferroni P value (0.05/12=0.00417).

and in sensitivity analyses, by excluding patients with any
prior UTI. The stability of the results across these analyses
supports the credibility of an independent association between antibiotic exposure and nephrolithiasis. Third, the large
number of children and adults included in this study allowed
us to explore heterogeneity of the magnitude of the association
by age at exposure and time between exposure and nephrolithiasis diagnosis. The shape of the age at antibiotic exposure
curves was not monotonic, which suggests that risk at a given
age may depend not only on the age at exposure, but also the
particular antibiotic given. If conﬁrmed by others, these results may help inform antibiotic selection when alternative
options exist. However, the frequency of clindamycin and antimycobacterial prescriptions was low, which limits the conclusions that can be drawn about the lack of an association for
these antibiotics. Fourth, the longitudinal nature of data in
THIN allowed for demonstration of the temporal relationship
between antibiotic prescriptions and stones.
The strength of the associations between antibiotics and
nephrolithiasis diagnosis decreased with more distant antibiotic
exposure. The greatest magnitude was estimated for antibiotic
exposure 3–6 months before diagnosis. This relatively short time
lag suggests that for individuals who are susceptible to stone
formation/growth, antibiotic exposure may be sufﬁcient to temporarily change the urinary environment to facilitate stone
growth. This is consistent with simulation experiments that
demonstrated short-term changes in the urinary environment
induced rapid crystallization,27 and time-series studies that reported increased kidney stone presentations within days of high
temperatures.28 However, the fewer patients within shorter exposure windows limited the precision of these estimates, and
these results should be considered exploratory.
Because 85%–90% of individuals with nephrolithiasis in
industrialized countries form calcium-based calculi, our
J Am Soc Nephrol 29: ccc–ccc, 2018

ﬁndings likely reﬂect an increased risk of calcium stone formation. One potential mechanism is that antibiotics change
composition of the intestinal microbiome and consequently
alter macronutrient metabolism.8 Our results are consistent
with prior reports that there is persistent reduction in the
relative proportion of gut bacteria for months after antibiotic
exposure.16,29,30 The greater magnitude of risk estimated for
children, which was consistent for all ﬁve antibiotics, is also
consistent with reports that antibiotic exposures at younger
ages produce more profound alterations of host macronutrient metabolism than those later in life.8
Most prior research has focused on intestinal bacteria that
degrade oxalate, particularly Oxalobacter formigenes.31–33
However, recent case–control studies have not found differences in the abundance of Oxalobacter in stool samples obtained from patients with and without kidney stone disease.
Our results are consistent with these prior studies because
Oxalobacter is resistant to many of the antibiotics associated
with the increased odds of nephrolithiasis in this study,
namely cephalosporins, nitrofurantoin, and broad-spectrum
penicillins.34 These prior studies, however, identiﬁed differences in the abundance of other bacteria such as Eubacterium
and reported that patients with kidney stones had an lower
overall diversity of the gut microbiome.3,4 This lower diversity
is consistent with the loss of microbiota diversity reported in
other diseases, such as asthma.35 It is likely that multiple organisms would mediate the association between antibiotics
and nephrolithiasis because intestinal microbes exist as a community of organisms, with the metabolic functions of one
species affecting growth of others.36 The potential differential
effect of antibiotic classes on these bacterial communities may
explain why certain classes were not associated with nephrolithiasis (e.g., macrolides), but there was a strong signal for
others. Future studies should examine the underlying
Antibiotics and Nephrolithiasis
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Figure 1. Odds of kidney stone disease were greatest for antibiotic exposures at younger ages. Generalized additive regression
models were adjusted for cystic ﬁbrosis, gout, diabetes, immobility, urinary tract obstruction, neoplasm, inﬂammatory bowel disease
(all prevalent), UTI within the exposure window, rate of health care encounters, and prescriptions for PPIs, statins, thiazide diuretics, and
loop diuretics, as well as exposure to other antibiotic classes within the 3–12 months exposure window. These models estimated the
odds of nephrolithiasis diagnosis for antibiotic exposures 3–12 months before the index date. The dotted line represents the 95%
credible intervals at each age. The R package “mgcv” was used and splines were ﬁt with the default thin plate spline basis functions.

microbial biomolecular mechanisms and change in intestinal
metabolic products caused by different antibiotics.
It is also possible that antibiotics select for multidrug resistant bacteria in the urinary microbiome that promote stone
formation.5,37 Investigators have isolated bacteria from calcium stones and reported that up to 70% of isolates were resistant to multiple antibiotics,5 raising the possibility that
6
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antibiotics place selective pressure on the urine microbiome,
and that these bacteria may have a role in stone formation. We
also cannot exclude direct antibiotic crystallization in the
kidney, which has been described for sulfamethoxazoletrimethoprim and ciproﬂoxacin.38 Lastly, it is possible that
these associations reﬂect the underlying infection for which
antibiotics were prescribed (e.g., decreased ﬂuid intake).
J Am Soc Nephrol 29: ccc–ccc, 2018
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Figure 2. Odds of kidney stone disease were greatest for more
recent antibiotic exposures. Conditional logistic regression
models were adjusted for prevalent cystic ﬁbrosis, gout, diabetes, immobility, urinary tract obstruction, neoplasm, and inﬂammatory bowel disease, and rate of health care encounters
since registration. Models were also adjusted for UTI and exposure to PPIs, statins, thiazide diuretics, loop diuretics, and other
antibiotic classes within each antibiotic exposure window.

However, prescriptions in this study were for oral antibiotics,
and so it is unlikely that patients had infections that profoundly decreased ﬂuid intake or increased insensible losses.
Additionally, if underlying illness explained these associations,
one would expect all antibiotic classes to be associated with
nephrolithiasis, rather than only ﬁve.
We acknowledge this study’s limitations. First, we performed this study in THIN because the dataset included
important confounders such as medications, comorbid conditions, and health care encounters. Nevertheless, unrecorded
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or misclassiﬁed UTI (as suggested by indications for nitrofurantoin prescriptions after excluding prior UTI) are possible
unmeasured confounders, as are dietary intake, insensible
ﬂuid loss and/or poor ﬂuid intake due to the underlying illness, and undiagnosed or unreported comorbid conditions.
Additionally, some patients may have had undiagnosed,
asymptomatic stones39 before antibiotic prescription. Second,
infrequent documentation of urinary chemistries and stone
composition limited our ability to deﬁne the underlying pathophysiology. Third, the odds ratios presented in the primary
analysis are likely an oversimpliﬁcation because of the interaction with age and time since exposure. Further research is
needed to clarify the attributable risk of antibiotic exposure
accounting for genetics, age at exposure, and underlying metabolic risk. Fourth, intravenous antibiotics were not captured.
Nevertheless, these results are likely generalizable to most patients because the majority of therapeutic antibiotic use occurs
among outpatients, although future studies are needed to verify these results in other geographic areas.40 Finally, these results reﬂect antibiotics prescribed. However, nonadherence to
treatment courses of oral antibiotics, which is high in community settings in Europe, would bias results toward the
null.41 Additionally, we did not examine for a dose-response
relationship because of the low frequency of multiple prescriptions for the same antibiotic within the exposure window.
In conclusion, exposure to some oral antibiotics was associated with increased odds of nephrolithiasis with the greatest
risk for more recent and younger age exposures. These ﬁndings
suggest that exposure to some oral antibiotics is a novel risk
factor for nephrolithiasis, one that may be modiﬁable for the
30% of patients who receive inappropriate outpatient prescriptions for antibiotics.25 These results have implications for the
pathogenesis of the disease and for the rising incidence of
nephrolithiasis, particularly among children.7,19

Table 3. Odds of kidney stone disease, according to recentness of oral antibiotic exposure
Antibiotic Class
Sulfa
Cephalosporins
Fluoroquinolones
Nitrofurantoin
Broad-spectrum penicillins
Metronidazole
Macrolides
H. pylori treatment
Tetracyclines
Mycobacterial treatment
Lincosamides
Penicillins

3 to <6 mo

6 to <12 mo
P Value

OR (95% CI)
a

2.63 (2.42 to 2.85)
2.26 (2.06 to 2.48)a
1.98 (1.77 to 2.22)a
2.16 (1.9 to 2.46)a
1.44 (1.29 to 1.61)a
1.16 (0.96 to 1.39)
1.04 (0.95 to 1.14)
1.68 (0.81 to 3.49)
0.98 (0.88 to 1.08)
1.39 (0.74 to 2.62)
0.87 (0.36 to 2.14)
0.99 (0.94 to 1.05)

,0.001
,0.001
,0.001
,0.001
,0.001
0.12
0.40
0.17
0.66
0.30
0.76
0.83

P Value

OR (95% CI)
a

2.06 (1.92 to 2.22)
1.7 (1.57 to 1.84)a
1.59 (1.44 to 1.75)a
1.69 (1.51 to 1.9)a
1.21 (1.11 to 1.32)a
1.04 (0.9 to 1.2)
1.06 (0.99 to 1.13)
1.76 (1.12 to 2.76)
0.97 (0.89 to 1.06)
1.49 (0.85 to 2.59)
0.73 (0.36 to 1.45)
0.97 (0.93 to 1.01)

,0.001
,0.001
,0.001
,0.001
,0.001
0.57
0.11
0.01
0.51
0.16
0.36
0.18

1 to <3 yr

3–5 yr
P Value

OR (95% CI)
a

1.46 (1.38 to 1.55)
1.32 (1.25 to 1.4)a
1.3 (1.22 to 1.39)a
1.44 (1.31 to 1.58)a
1.1 (1.03 to 1.16)a
1.03 (0.95 to 1.13)
1.05 (1 to 1.1)
0.86 (0.63 to 1.17)
1.01 (0.96 to 1.07)
0.87 (0.53 to 1.42)
0.92 (0.59 to 1.42)
0.98 (0.95 to 1.01)

,0.001
,0.001
,0.001
,0.001
0.002
0.46
0.04
0.33
0.69
0.56
0.71
0.30

P Value

OR (95% CI)
a

1.55 (1.48 to 1.62)
1.33 (1.26 to 1.4)a
1.27 (1.2 to 1.34)a
1.59 (1.46 to 1.72)a
1.06 (1.01 to 1.12)
0.99 (0.92 to 1.06)
1.01 (0.97 to 1.05)
0.92 (0.74 to 1.14)
1.01 (0.96 to 1.06)
0.76 (0.51 to 1.14)
0.98 (0.69 to 1.4)
0.99 (0.96 to 1.02)

,0.001
,0.001
,0.001
,0.001
0.02
0.69
0.77
0.45
0.71
0.18
0.91
0.61

Models were adjusted for each other antibiotic as separate indicator variables in model, cystic ﬁbrosis, gout, diabetes, immobility, urinary tract obstruction,
neoplasm, inﬂammatory bowel disease (all prior) and rate of health care encounters since registration. Models were also adjusted for UTI and exposure to PPIs,
statins, thiazide diuretics, loop diuretics, and other antibiotic classes within each antibiotic exposure window. OR, odds ratio; 95% CI, 95% conﬁdence interval.
a
Below Bonferroni P value (0.05/12=0.00417).
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1.11 (0.95 to 1.29)
1.05 (0.97 to 1.13)
1.62 (1.03 to 2.55)
0.97 (0.89 to 1.06)
1.42 (0.74 to 2.71)
0.55 (0.23 to 1.32)
0.96 (0.92 to 1)

1.09 (0.97 to 1.23)
1.04 (0.98 to 1.1)
1.79 (1.21 to 2.65)a
0.97 (0.9 to 1.04)
1.35 (0.81 to 2.24)

0.74 (0.41 to 1.34)
0.97 (0.94 to 1.01)

0.79 (0.41 to 1.53)
0.98 (0.94 to 1.02)

1.13 (0.98 to 1.29)
1.09 (1.01 to 1.16)
0.94 (0.26 to 3.36)
0.97 (0.89 to 1.05)
1.15 (0.6 to 2.19)

2.3 (2.11 to 2.5)a
1.84 (1.69 to 2.01)a
1.64 (1.47 to 1.83)a
1.82 (1.59 to 2.07) a
1.19 (1.09 to 1.3)a

OR (95% CI

OR (95% CI)
3.36 (3.07 to 3.67)a
1.73 (1.56 to 1.92)a
1.58 (1.41 to 1.77)a
2.31 (1.84 to 2.9)a
1.14 (1.03 to 1.26)

OR (95% CI)

2.33 (2.19 to 2.48)a
1.88 (1.75 to 2.01)a
1.67 (1.54 to 1.81)a
1.7 (1.55 to 1.88)a
1.27 (1.18 to 1.36)a

Model C: Excluding
Treatment Duration
<5 d or >6 mo

Model B: Excluding
UTI

0.87 (0.41 to 1.83)
0.98 (0.93 to 1.04)

1.24 (1.05 to 1.46)
1.04 (0.95 to 1.13)
1.98 (1.08 to 3.64)
0.95 (0.86 to 1.06)
1.43 (0.69 to 2.93)

2.23 (2.04 to 2.44)a
1.96 (1.77 to 2.18)a
1.49 (1.32 to 1.68)a
1.75 (1.53 to 2.01)a
1.24 (1.12 to 1.38)a

OR (95% CI)

Model D: Adjusting
for Obesity

1.01 (0.54 to 1.9)
1 (0.95 to 1.04)

1.16 (1.02 to 1.32)
1.07 (1 to 1.14)
1.25 (0.77 to 2.02)
0.97 (0.89 to 1.06)
1.14 (0.63 to 2.08)

2.4 (2.24 to 2.56)a
1.9 (1.76 to 2.05)a
1.63 (1.49 to 1.78)a
1.74 (1.57 to 1.94)a
1.22 (1.13 to 1.33)a

OR (95% CI)

Model E: Excluding
Nonqualifying
Stone Codes

0.74 (0.4 to 1.37)
0.97 (0.93 to 1.01)

1.07 (0.95 to 1.2)
1.02 (0.96 to 1.08)
1.88 (1.26 to 2.8)a
0.94 (0.87 to 1.01)
1.31 (0.77 to 2.21)

2.29 (2.15 to 2.44)a
1.83 (1.71 to 1.96)a
1.63 (1.5 to 1.77)a
1.68 (1.53 to 1.86)a
1.22 (1.13 to 1.31)a

OR (95% CI)

Model F: Adjusting
for Diagnostic
Imaging

All conditional logistic regression models were adjusted for cystic ﬁbrosis, gout, diabetes, immobility, urinary tract obstruction, neoplasm, inﬂammatory bowel disease (all prevalent); UTI within the exposure
window from 3 to 12 months before the index date; exposure to PPIs, statins, thiazide diuretics, and loop diuretics within the exposure window from 3 to 12 months before the index date; and total rate of outpatient,
inpatient, and emergency department visits. Model A (results from primary analysis, same as Model C in Table 2) was adjusted for each other antibiotic as separate indicator variables in the model. Model B only
included those who did not have a UTI; if a case had a UTI, the whole match group was dropped, but if a control had a UTI, only the control was dropped (n=242,134; 22,978 cases, 219,156 controls). Model C
excluded cases and controls who received antibiotics for ,5 days or had sequential 30-day antibiotic prescriptions for $6 months (n=224,288; 21,468 cases, 202,820 controls). Model D was adjusted for obesity
among those patients $18 years old with BMI recorded (n=115,549; 12,490 cases, 103,059 controls). Model E excluded cases with nonqualifying Read codes for nephrolithiasis (renal colic, hypercalciuria, or
nephrocalcinosis) that occurred before the index date of the qualifying stone diagnosis codes (n=215,796; 19,619 cases, 196,177 controls). Model F was additionally adjusted for computed tomography scans,
abdominal ultrasounds, and abdominal x-rays ordered by GPs from practice registration in THIN to the index date (n=285,778; 25,981 cases, 259,797 controls). OR, odds ratio; 95% CI, 95% conﬁdence interval.
a
Below Bonferroni P value (0.05/12=0.00417).

Sulfa
Cephalosporins
Fluoroquinolones
Nitrofurantoin
Broad-spectrum
penicillins
Metronidazole
Macrolides
H. pylori treatment
Tetracyclines
Mycobacterial
treatment
Lincosamides
Penicillins

Antibiotic Class

Model A: Primary
Results

Table 4. Sensitivity analyses
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