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Summary

Background Amoxicillin crystalluria (AC), potentially responsible for acute kidney injury (AKI), is reported more eClinicalMedicine
and more frequently in patients treated with high doses of intravenous amoxicillin (HDIVA). The main objective of ~ 2022i45: 101340

this study was to evaluate AC incidence in these patients. The secondary objectives were to identify factors associated E:tbls'?/';ggi((’)?l"/’fox?& o
with AC and to evaluate its impact on the risk of AKI. ecl'rr)w i, 022'1901 340 !
Methods This multicentre, observational, cohort study was conducted between Mar 18, 2014 and Aug 16, 2019 in

Dijon, Nancy, and Reims University Hospitals as well as Chalon-sur-Saone, Charleville-Méziéres, and Troyes gen-

eral hospitals in France. Adult patients (>18 years) treated with HDIVA and having been tested for AC at least once

during treatment were included. Clinical, biological, and therapeutic characteristics of the patients were collected. A

univariable mixed logistic regression model assessed the factors associated with AC. A multivariable Cox model with

AC as a time-dependent variable assessed the prognostic factors for AKI. ClinicalTrials.gov number: NCT02853292.

Findings Of the 112 included patients, 27 (24.1%, 95% CI [16.2-32.0]) developed at least one episode of AC within a
mean of 5.1 days. The factors associated with its occurrence were the concomitant use of angiotensin converting
enzyme (ACE) inhibitors (OR=4.6, 95% CI [2.2-9.3], p<o.0001) and the decrease of urinary pH (OR=2.1 for one pH
point decrease, 95% CI [1.2-3.7], p=0.009). 20 patients (17.9%) presented with AKI, within a mean time of
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10.9 days. The main factor associated with the occurrence of AKI was the occurrence of AC (aHR=7.4, 95% CI [2.5-

22.2], p=0.0003).

Interpretation AC occurred in a quarter of patients treated with HDIVA and was highly prognostic of AKI.

Funding None.

Copyright © 2022 The Author(s). Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND
license (http://creativecommons.org/licenses/by-nc-nd/4.0/)
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Research in context

Evidence before this study

We searched for articles in all languages in MEDLINE (via
PubMed) using the following search request: “(ampicil-
lin or amoxicillin) and crystalluria” before Nov 25, 2021
and found 29 articles. Amoxicillin is known to cause
urine crystallization. Amoxicillin crystalluria (AC) usually
occurs with high-dose amoxicillin therapy, in urines
with high density and low pH. It can be asymptomatic
or can be responsible for hematuria or acute renal fail-
ure. Mechanisms are currently uncertain but it may be
attributable to intratubular precipitation or urinary tract
obstruction. However, its incidence has been unknown
up until now.

Added value of this study

In a cohort of 112 patients treated with high doses of
intravenous amoxicillin and tested systematically for
AC, 27 developed at least one episode of AC, which was
very strongly predictive of the subsequent occurrence
of acute kidney injury.

Implications of all the available evidence

These results may encourage clinicians to change their
attitude toward the screening and prevention of this
underrated adverse effect of a frequently prescribed
drug. Future research is needed for the prevention of
this event and to assess whether angiotensin-convert-
ing enzyme inhibitors are associated with its
occurrence.

Introduction

Amoxicillin, because of its wide range of indications, is
one of the most widely prescribed antibiotics world-
wide." In France, it accounts for 65.2% and 50.9% of
antibiotic use in general practitioners’ practices and
hospitals, respectively, in 2018.” Its main side effects
are digestive (diarrhea, nausea) and cutaneous (skin

rash, mostly allergic).”> Occasionally, it can have renal
adverse reactions: allergic acute tubulointerstitial
nephritis and amoxicillin crystalluria (AC).2

AC was described for the first time in 1985 in a study
evaluating renal excretion of intravenous (IV) amoxicil-
lin: immediately after administration of 2.3 g of amoxi-
cillin over 20 minutes, a healthy 26-year-old volunteer
presented macroscopic crystalluria, resolved spontane-
ously in 3 hours without renal function damage.* AC
stems from urine oversaturation favored by high doses
of amoxicillin, dehydration and low urine output that
induce high density urine, acidic urinary pH or hypoal-
buminemia. AC is described in patients treated with
amoxicillin, with or without clavulanic acid, dispensed
by mouth or intravenous, for curative or prophylactic
use. It can present with macroscopic hematuria and/or
acute kidney injury (AKI), which can be obstructive
(lithiasis or amoxicillin “sludge”) and/or intrinsic’. The
microscopic examination of first morning urine, voided
less than 2 hours before analysis and kept at room tem-
perature, can find trihydrated amoxicillin crystals
shaped like thin needles or rods, aggregated into
“broom bush-like” forms and highly birefringent under
polarized light.°

Treatment consists of discontinuing amoxicillin or
reducing the dosage, hydration, and urine alkaliniza-
tion. Dialysis or urinary diversion is sometimes neces-
sary. The outcome is mostly positive and without
sequelae.’ In most cases, AC disappears in less than
24 hours, macroscopic hematuria in 1 to 3 days and AKI
in 3 to 17 days.”

To this day, about twenty case reports or small case
series have been reported worldwide.” ** Since 2010,
the French regional pharmacovigilance center’'s mean
notification rate of sodium amoxicillin crystalluria
cases, either proved or suspected, for all the marketing
authorization holders, increased significantly, rising
from 8.7 to 124 cases for 100 0oo0 treated patient-years.’
This is probably underestimated since one study esti-
mated that only 37.5% of AC-linked nephropathies were
even declared to a pharmacovigilance center.”* A rise in
AKI cases since the mid-2o10s has been shown in a
French series of patients treated with high doses of
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intravenous amoxicillin (HDIVA) for osteoarticular
infection, regardless of any practice change. Indeed,
this complication affected 4% of 228 patients between
2004 and 2014, as compared to 18% of 56 patients
between 2014 and 2015.**> A French retrospective sin-
gle-center study evaluated AC nephropathy incidence at
4.5% in patients treated with HDIVA, but there was no
systematic testing for AC and no data on AC indi-
dence.”® This consistent signal of crystal nephropathy
with amoxicillin emerged in France but also in the FDA
Adverse Event Reporting System.>®

Few studies have evaluated the incidence of this phe-
nomena, described more and more frequently and
involving an antibiotic frequently prescribed at high
dosage and intravenously, nor the predictive impact of
AC on the risk of AKI.

The main objective of this study was to assess AC
incidence in hospitalized patients treated with HDIVA,
which is the situation most likely to result in crystallu-
ria.”” The secondary objectives were to identify the fac-
tors associated with the occurrence of AC and to
evaluate its impact on the risk of AKI.

Methods

Study design

This was a multicentre, observational historical-prospec-
tive cohort study with descriptive and analytical aims
carried out between MAR 18, 2014 and AUG 16, 2019
(start of the prospective phase in May 2016) in the inter-
nal medicine and infectious diseases departments of
Dijon, Nancy and Reims University Hospitals as well as
Chalon-sur-Sadéne, Charleville-Mézieres, and Troyes
general hospitals, in France.

Study population

Included patients were adults (>18 years), treated with
HDIVA (>150 mg/kg/day of IV amoxicillin, like most
indications for prolonged intravenous amoxicillin,
which is the main at-risk population for AC, lead to dos-
ages of around 200 mg.kg/day), initiated in the recruit-
ing department or within 48 hours of patient admission
to this department (to ascertain that the patient was in a
participating department when Day 3 AC sampling was
possible). Dialysis or kidney transplant patients were
not included, as their renal function generally does not
allow for receiving HDIA treatment, and as they may be
anuric or have a modified urinary sediment. Patients
who did not benefit from an AC test while on HDIVA
were secondarily excluded. If a patient had more than
one hospitalization while receiving HDIVA and was
screened for AC, only the first hospitalization was con-
sidered, as we expected very few of these patients. The
patients were followed up until the end of their hospital-
ization or at the latest until the 28th day.

www.thelancet.com Vol 45 Month March, 2022

Data collection

Since the observation of a case in one of the participat-
ing departments and a pharmacovigilance alert sent
out over the infectious disease specialist network (infec-
tioflash) in 2015, participating departments have imple-
mented systematic urine sampling for AC testing into
clinical practice on D3 + 1 day, D7 + 2 days and/or D14
+ 2 days, from the start of HDIVA and as long as the
treatment lasts. A symptomatic patient was defined by
the occurrence of macroscopic hematuria and/or AKI.
In this case, additional testing for AC could be carried
out by the unit responsible for the patient. The collec-
tion and analysis techniques were as follows: fresh first
morning urine was collected, transported at room tem-
perature without adding any preservative, and under-
went laboratory analysis within 2 hours of voiding:
investigation of AC, urine dipstick, a cytobacteriological
examination (CBEU) and urine pH measurement. The
observational study design and need for a quick analysis
of the samples used in clinical care meant that AC
investigation was not performed in a blind manner.
Renal function was monitored regularly, at the discre-
tion of the practitioner in charge of the patient.

Data was collected using a standardized case
report form from patient medical records: socio-
demographic data (age and sex); weight and height;
medical history (urinary lithiasis, chronic renal fail-
ure, diabetes, hypertension, myeloma); start and end
dates of hospitalization; start and end dates of
HDIVA; indications, dosage and number of injec-
tions per day of amoxicillin; treatments in progress
when starting HDIVA; investigation of AC (date of
sampling, context, presence or absence of AC), cyto-
bacteriological examination, urine dipstick, urine pH
by pHmetry; serum creatinine and albumin measure-
ment at the initiation of treatment, peak serum cre-
atinine within 28 days of treatment initiation, serum
creatinine level on day 28; occurrence of AKI defined
by an increase of more than 50% in serum creati-
nine at the start of treatment (Kidney Disease:
Improving Global Outcomes (KDIGO)>1); patient's
situation at the end of hospitalization or at the latest
on the 28" day.

The data was acquired retrospectively during the his-
torical phase and prospectively during the prospective
phase.

The diagnosis of AC was made using direct examina-
tion of urine under polarized optical microscopy, upon
detection of fine non-polarizing needles with pointed
ends, or thicker rods with monochrome polarization,
isolated or asymmetrically aggregated in a "broom
bush-like” fashion.®

The primary outcome was the incidence of the occur-
rence of AC during treatment with HDIVA. The second-
ary outcomes were the factors associated with AC and
the impact of this AC on the subsequent risk an in-hos-
pital AKI episode.
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Statistical analysis

To detect a risk of AC of 10% — which we considered
the minimum clinically significant value given the
absence of published data at that time — with an accu-
racy of 5%, and an alpha risk at 5%, we planned to
include 137 patients. Considering a 10% exclusion rate,
we increased this number to include 153 subjects. Quali-
tative variables were described under frequency (per-
centage) and quantitative variables under mean =+
standard deviation. The incidence of AC was expressed
as a percentage with its 95% confidence interval.

For the analysis of the factors associated with the
occurrence of AC, as there was potentially several sam-
ples for each patient and some explanatory variables
were measured at the same time as AC, a repeated
measures univariable logistic regression model was per-
formed to obtain odds ratios (OR) and their confidence
intervals.

For the analysis of the factors associated with the
occurrence of an episode of intra-hospital AKI, we gen-
erated Kaplan Meier curves representing the risk of AKI
over time as a function of the occurrence of AC and
associated 95% confidence interval. The Kaplan Meier
curves and the corresponding results of the log rank test
were intended only for presentation purpose, as a Cox
model using the occurrence of AC as a time-dependent
explanatory variable would lead to a less-biased associa-
tion between the two variables. Therefore, a Cox model
was used considering the occurrence of AC as a time-
varying covariate, allowing the estimation of hazard
ratios (HR) and 95% confidence intervals. For multivari-
able analysis, variable selection was performed includ-
ing all variables with a p-value lower than o.20 then
using a backward method with a p-value for the removal
of o.10. For this analysis, patients who presented with
AKI before the first AC test were not included as AC
results were not known before AKI occurrence. To
assess whether the exclusion of patients who developed
AKI without knowledge of AC status may have signifi-
cantly altered the results, we performed a “worst case
scenario” sensitivity analysis including these patients
and considering they had no AC before AKI occurrence.
To assess whether the presence of AC investigations
performed in symptomatic patients could also alter
these findings, we performed another sensitivity analy-
sis not taking into account AC investigations performed
in symptomatic patients. No imputation was performed
for missing data. A value of p <o.05 was considered sig-
nificant. Analyses were performed using SAS software
version 9.4 (SAS Institute Inc., Cary, NC, USA).

Ethical considerations

This study obtained the favorable opinion of the Institu-
tional Review Board of the University Hospital of Reims
(January 2015), the favorable opinion of the Advisory
Committee on the Processing of Information in

Research in the field of Health (CCTIRS - No. 15.380 of
06/10/2015) and the authorization of the French Data
Protection Authority (CNIL - decision DR-2015-618 of
12/24/2015). It is listed on clinicaltrials.gov under the
number NCTo02853292. All patients received an infor-
mation notice, either prospectively or retrospectively, in
accordance with French legislation.

Role of the funding source

There was no funding source for this study. All authors
confirm they had full access to all the data in the study
and accept responsibility to submit for publication.

Results

Study population

Among the 154 patients initially recruited, 42 were
excluded for the following reasons: dosage less than 150
mg/kg/day, treatment initiated more than 48 hours
before admission to the inclusion department, no inves-
tigation of AC during the treatment, or patients already
included during a previous hospitalization. 112 patients
were finally included. Forty-two patients were recruited
retrospectively and 7o were recruited prospectively. The
flow chart is presented in Figure 1.

The main clinical characteristics of the 112 patients
included are presented in Table 1 and the main charac-
teristics of the 186 urine samples taken from the 112
patients included are presented in Supplementary table
1. The patients included were predominantly men
(65.2%), with a mean age of 66.9 + 16.0 years and a
mean body mass index (BMI) of 28.0 + 6.9 kg/m?, fre-
quently hypertensive (48.2%), diabetic (33.9%) and/or
with chronic renal failure (22.3%).

The main indications for HDIVA were infectious
endocarditis (IE) (75.4%) and bone and joint infections
(23.2%). The mean daily dose of HDIVA was 14.0 +
3.2 g, with a mean number of daily injections of 5.0 +
1.4, for a mean duration of 22.5 £ 21.0 days. No patient
received continuous infusions. HDIVA was associated
with an aminoglycoside in 63.4% of patients (for a
mean duration of 9.4 £ 6.1 days), and with at least one
diuretic in 42.0% of patients.

Incidence and factors associated with amoxicillin
crystalluria in patients receiving HDIVA

The characteristics of AC research are presented in
Table 2. Twenty-seven patients (24.1%, 95% CI [16.2-
32.0]) developed at least one episode of AC, within a
mean of 5.1 & 3.6 days of treatment initiation. No signif-
icant difference of AC incidence was observed between
the retrospective and the prospective phase of the study:
11/42 (26.2%) and 16/70 (22.9%) for the retrospective
and the prospective phases, respectively, p=0.69. There
was also no increasing trend for the AC occurrence
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Screened patients

Excluded patients
- daily dosage < 150 mg/kg (n=11)

department (n = 13)
- absence of AC research during the treatment (n = 13)

42

- treatment initiated more than 48 hours before admission to the inclusion

- patients already included during a previous hospitalization (n=5)

— — 1

Patients finally
included

Figure 1. Flow chart of the 112 patients who received high-dose intravenous amoxicillin treatment, included between 2014 and

2019 in participating centers in north-eastern France.
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Clinical characteristics (N=112) Missing data
N (%)
Age (years) (meanzsd) 66.9 +16.0 0
Male gender 73 (65.2) 0
Weight (kg) (meanzsd) 80.5 +216 3
BMI (kg/m?) (mean=sd) 28.0 +6.9 16
History of
Urinary lithiasis 6 (5.4) 0
Chronic renal insufficiency (KDIGO classification) 25 (223) 0
Mild (G1/G2) 11 (9.8)
Moderate (G3) 10 (8.9)
Severe (G4) 3 2.7)
Terminal (G5) 0 (0.0)
Diabetes mellitus 38 (33.9) 0
Hypertension 54 (48.2) 0
Multiple myeloma 4 (3.6) 0
Known indications for high-dose amoxicillin* 112 (100.0) 0
Infectious endocarditis 92 (75.4)
Osteoarticular infections 26 (23.2)
Meningitis 8 (7.1)
Other 5 (4.5)
Initial amoxicillin daily dosage (g per day) (mean=sd) 14.0 +3.2 0
Number of injections per day (mean=sd) 5.0 +14 8
Intravenous treatment duration (days) (meanzsd) 225 +21.0 2
Treatment discontinuation before 28" day of treatment 73 (67.0) 3
Reason:
Switched to another antibiotic 20 (17.9)
Side effects 10 (8.9)
End of treatment 19 (17.0)
Death 2 (1.8)
Oral amoxicillin 10 (8.9)
Unknown 12 (10.7)
Table 1 (Continued)
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Clinical characteristics (N=112) Missing data
N (%)
Associated antibiotics during amoxicillin course
Aminoglycosides 71 (63.4) 0
Ceftriaxone 20 (17.9) 0
Vancomycin 2 (1.8) 0
Other 32 (28.6) 0
Other treatments received at amoxicillin initiation
Diuretics 47 (42.0) 0
Loop diuretics 37 (33.0)
Thiazide diuretics 8 (7.1)
Potassium-sparing diuretics 5 (4.5)
ACE inhibitors 23 (20.5) 0
Angiotensin Il receptor blockers 16 (14.3) 0

ACE: angiotensin-converting enzyme.
BMI: body mass index.
sd: standard deviation.

Table 1: Clinical characteristics of the 112 included patients receiving high doses of intravenous amoxicillin.
All these patients were included between 2014 and 2019 in the participating centers of Northeast France.

“ Some patients had several indications for high-dose amoxicillin. Initial reasons for hospitalization were not recorded.

Crystalluria Missing data
N % [95%Cl]

At least one positive crystalluria 27 24.1[16.2-32.0] 0

On systematic samples (n=124) 16 12.9[7.0-18.8]

On symptomatic samples* (n=14) 3 21.4[0.0-42.9]

On unknown context (n= 48) 10 20.8[9.3-32.3]
Positive crystalluria at D3 & 1d 18 21.7 [12.8-30.6] 29
Positive crystalluria at D7 & 2d 6 9.4 [2.2-16.5] 48
Positive crystalluria at D14 + 2d 4 12.9[1.1-24.7] 81
Positive crystalluria in other searches 1 12.5[0.0-35.4] 104

intravenous amoxicillin.

more than one dayCI: confidence interval.

Table 2: Characteristics of the different AC studies carried out on samples from the 112 included patients receiving high doses of

All these patients were included between 2014 and 2019 in the participating centers of Northeast France.
samples collected from patients presenting macroscopic hematuria and/or AKID3 =+ 1d: third day after initiation of amoxicillin, with a delay of less or

between the first half of patients included and the sec-
ond half: (12/56 (21.4%) versus 15/56 (26.8%) respec-
tively, p=o0.51). AC was identified in 12.9% of systematic
samples and 21.4% of samples taken from symptomatic
patients. Of the 29 positive AC, only 3 (10.3%) were
from symptomatic patients. Eighty-three patients
(74.1%) were tested for AC at D3 =+ 1 day, 18 (21.7%) of
whom were positive. Sixty-four patients (57.1%) were
tested for AC at Dy £ 2 days, of whom 6 (9.4%) were
positive. Thirty-one patients (27.7%) were tested for AC
at D14 =+ 2 days, of whom 4 (12.9%) were positive. Eight
patients (7.1%) received additional AC investigation,
which was positive in one (12.5%). Among the 112
included patients, 16 were tested for AC at each time
point, 36 twice and 6o once.

The univariable analysis of factors associated with the
occurrence of AC is presented in Table 3. Significantly
associated factors were the use of angiotensin-converting
enzyme (ACE) inhibitor (OR = 4.55, 95% CI [2.22-9.34], p
<0.0001), the urinary dipstick pH (OR = 2.13 by reduction
of a pH point, 95% CI [1.21 - 3.74], p = 0.009), age
(OR = 1.04, 95% CI [1.01-1.06], p = 0.01) and hematuria
on CBEU (defined by > 10 red blood cells/mm?)
(OR =1.01, 95% CI [1.0O-1.02], p = 0.03).

Occurrence and associated factors with AKI in patients
receiving HDIVA

Mean serum creatinine at the start of treatment was
86.6 £ 49.6 pmol/L and peak serum creatinine during

www.thelancet.com Vol 45 Month March, 2022
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OR [95%Cl] p value Missing data

Clinical characteristics (N=112)
Male gender 1.68 [0.72-3.94] 0.23 0
Age (per increase of 1 year) 1.04[1.01-1.06] 0.01 0
BMI (per increase of 1 kg/m?) 1.01 [0.93-1.09] 0.90 16
Chronic renal insufficiency 1.45 [0.60-3.48] 041 0
Diabetes mellitus 1.27 [0.61-2.64] 0.51 0
Aminoglycosides 1.45 [0.60-3.46] 041 0
Vancomycin 2.83[0.70-11.46] 0.14 0
Diuretics 1.44 [0.67-3.09] 035 0
Loop diuretics 1.63 [0.74-3.60] 0.22 0
ACE inhibitors 4.55 [2.22-9.34] < 0.0001 o
Angiotensin Il receptor blockers 0.65 [0.21-2.02] 045 0
Initial amoxicillin daily dosage (per increase of 1 g/day) 1.06 [0.96-1.17] 0.24 0
Number of injections per day (per increase of 1 injection/day) 0.98 [0.73-1.32] 0.90 8
Initial blood creatinine value (per increase of 1 pmol/L) 1.00 [0.99-1.01] 0.94 3
Albuminemia (per increase of 1 g/L) 1.08 [0.97-1.21] 0.17 44
Sample characteristics (N=186)
Negative direct exam (CBEU) 1.88 [0.16-22.21] 0.62 59
Sterile culture (CBEU) 1.62 [0.55-4.76] 0.38 20
Leucocyturia (per increase of 1/mm3) (CBEU) 1.00 [1.00-1.00] 0.72 12
Hematuria (per increase of 10/mm3) (CBEU) 1.01 [1.00-1.02] 0.03 12
Proteinuria (urinary dipstick) (per increase of 1 cross) 1.61 [0.69-3.74] 0.27 49
Urinary density (urinary dipstick) (per increase of 0,001 point) 2.25[0.00-2.78] 0.19 56
Urinary pH (urinary dipstick) (per decrease of 1 point of pH) 2.13[1.21-3.74] 0.009 52
Urinary pH (pHmetry) (per decrease of 1 point of pH) 1.57 [0.90-2.74] 0.1 32

Table 3: Factors associated in univariable analysis with the occurrence of AC in the 112 included patients receiving high doses of

intravenous amoxicillin.

All these patients were included between 2014 and 2019 in the participating centers of Northeast France.

ACE: angiotensin-converting enzyme.

BMI: body mass index.

CBEU: cytobacteriological exam of urine.

CI: confidence interval.

OR: odds ratio.

the 28 days after initiation of treatment was 151.1 +
142.0 tmol/L. Of the 112 patients, 20 (17.9%) developed
an AKI within the first 28 days of treatment, with a
mean duration of 10.9 £+ 6.3 days after initiation of
HDIVA. The serum creatinine at the end of hospitaliza-
tion or at the latest on the 28" day of hospitalization
was 97.8 £ 76.4 pmol/L.

Five patients developed AKI before the first screen-
ing for AC and were not included in the analysis of the
impact of the occurrence of AC on the occurrence of
AKI. Of the remaining 107 patients, 15 (14.0%) devel-
oped an AKI within 28 days of starting treatment with
HDIVA, with a mean duration of 10.4 £ 6.0 days after
initiation of HDIVA. In these patients, mean peak
serum creatinine was 353 £ 202 pmol/L. Of the fifteen
patients, 7 presented stage 2 AKI and the other 8 pre-
sented stage 3 AKI, based on KDIGO classification.

Kaplan Meier curves for the association between the
risk of AKI over time and the occurrence of AC are
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available as supplementary material. The analysis of the
factors associated with the occurrence of AKI is pre-
sented in Table 4. The factors significantly associated in
univariable analysis were the occurrence of AC
(HR = 8.65, 95%CI [2.91-25.67], p = 0.0001), the pres-
ence of hypertension (HR = 4.41, 95%ClI [1.25-15.65],
p = 0.02), increase in BMI (HR = 1.08 per one point
increase, 95%CI [1.01-1.16], p = 0.03) and increase in
age (HR = 1.05 per one year, 95%Cl [1.00-1.10],
p = 0.04). In multivariable analysis, the variables
retained in the model were the occurrence of AC
(HR =7.41, 95% CI [2.48-22.16], p = 0.0003) and hyper-
tension (HR = 3.43, 95%CI [0.96-12.28], p = 0.006).

In sensitivity analyses, considering patients who did
not have AC investigation before the occurrence of AKI
as having no crystalluria (worst-case scenario), the only
variable retained in the model was the occurrence of
amoxicillin  crystalluria (HR=5.00, 95%CI[2.00
12.49], p=0.00006]. Excluding crystalluria testing
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Univariate analysis Multivariate analysis Missing data
HR [95%Cl] p value HR [95%(Cl] p value

Female gender 0.49 [0.14-1.73] 0.26 0

Age (per increase of 1 year) 1.05 [1.00-1.10] 0.04 0

BMI (per increase of 1 kg/m?) 1.08 [1.01-1.16] 0.03 16

Chronic renal insufficiency 1.81[0.62-5.30] 0.28 0

Diabetes mellitus 2.20 [0.79-6.07] 0.13 0

Hypertension 4.41[1.25-15.65] 0.02 3.43 [0.96-12.28] 0.06 0

Infectious endocarditis 2.50[0.33-19.11] 038 0

Aminoglycosides 1.73[0.48-6.19] 0.40 0

Vancomycin 3.80[0.50-29.07] 0.20 0

Diuretics 2.22[0.79-6.24] 013 0

Loop diuretics 1.39 [0.49-3.90] 0.53 0

ACE inhibitors 1.46 [0.50-4.29] 0.49 0

Angiotensin Il receptor blockers 0.91[0.21-4.03] 0.90 0

NSAIDs 2.09 [0.27-15.99] 0.48 0

Initial amoxicillin daily dosage (per increase of 1 g/day) 1.09 [0.95-1.25] 0.23 0

Initial blood creatinine value 1.00 [0.99-1.01] 0.98 3

(per increase of 1 pmol/L)

Amoxicillin crystalluria 8.65 [2.91-25.67] 0.0001 7.41 [2.48-22.16] 0.0003 0
Table 4: Factors associated in univariable and multivariable analyses with the occurrence of AKl in the 112 included patients receiving
high doses of intravenous amoxicillin.

All these patients were included between 2014 and 2019 in the participating centers of Northeast France.
Amoxicillin crystalluria was fitted as a time-varying covariate.

ACE: angiotensin-converting enzyme.

BMI: body mass index.

CI: confidence interval.

HR: hazard ratio.

NSAIDs: non-steroidal anti-inflammatory drugs.

performed in symptomatic patients, the two variables
retained in the model were the occurrence of AC
(HR = 6.70, 95% CI [2.38-18.85], p = 0.0003) and hyper-
tension (HR = 3.75, 95% CI [1.06-13.27], p = 0.04).

Other outcomes. Mean hospital stay was 26.1 +
27.3 days. By day 28, 8 patients (7.1%) had died, 4 of
whom presented with AC followed by AKI, 3 had nei-
ther AC nor AKI and 1 had developed AKI without docu-
mented AC.

Discussion

In this study of 112 patients treated with HDIVA who
benefited from at least one systematic investigation of
AC, we showed that AC was a frequent phenomenon
since it was found in about a quarter of patients, that it
seemed to be associated with both taking ACE inhibitors
and urinary pH, and that its occurrence was the main
predictor of the development of in-hospital AKI.

We found AC incidence to be 24.1% (95% CI [16.2-
32.0]) in patients treated with HDIVA. Little data on
incidence is currently available in the literature. One
other study, with similar methodology but of smaller
size, involving 32 patients treated with HDIVA for

suspected IE, estimated the incidence of AC at 43.8%.>"
Another French single-center prospective study involv-
ing 32 patients found the incidence of AC during treat-
ment with HDIVA to be 21.9%, the diagnosis being
retained in the event of evidence of AC but also in the
event of obstructive AKI without other obvious identi-
fied cause.*?

In univariable analysis, factors associated with the
occurrence of AC were the presence of hematuria in the
cytobacteriological examination, acidification of pH on
urinary dipstick, increased age and use of ACE inhibi-
tors. Hematuria appears to be more of a consequence,
through tubular damage and medullary congestion sec-
ondary to intrarenal crystal precipitation, than a cause
of AC. The acidity of urine pH has long been known to
favor AC in patients treated with amoxicillin, because it
increases the proportion of amoxicillin excreted in the
urine in the unmetabolized trihydrate form *°, which is
less soluble than the sodium form™. This data is corrob-
orated by a recent study that found the acidification of
urine pH (OR = 0.78 by one increasing pH point, 95%
CI [0.62-0.97]) ** and the increase in amoxicillin blood
concentration (OR = 1.03, 95% CI [1.01-1.05]) as risk fac-
tors for AC. ACE inhibitors, by vasodilation of the effer-
ent arteriole, induce a decrease in glomerular filtration
rate and therefore a decrease in urine output, a factor
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known to promote AC.> However, we have not found a
similar association with angiotensin II receptor antago-
nists whose effect on renal physiology is similar. Taking
ACE inhibitors could be epidemiologically associated
with conditions favoring urinary acidification such as
obesity *° or heart failure, given that ACE inhibitors
may be used preferentially in situations of heart fail-
ure.*" The effect of ACE inhibitors on the occurrence of
AC has never been described previously in the literature
and should be considered, subject to confirmation by
further studies.

In our study, 17.9% of patients developed AKI within
28 days of starting treatment. In a retrospective study of
358 patients treated with HDIVA, 20.4% of patients
developed an episode of AKI, attributed to AC or not.*
By multivariable analysis, we found that the main factor
associated with the occurrence of AKI was the occur-
rence of AC. This impact was potentially underesti-
mated because the detection of asymptomatic AC could
lead to corrective measures (stopping or reducing the
dosage of amoxicillin, increasing hydration, alkaliniza-
tion of the urine). The impact of the occurrence of AC
on the occurrence of AKI, widely assumed since the
mid-1980s , is supported by our study as well as
another study using similar methodology which found
a predictive impact of the same order (cause-specific
hazard = 7.44, p = 0.005).>

In our study, AC occurred within a mean time of
5 days after treatment initiation and AKI occurred
within a mean time of 10 days after treatment initiation.
Only 10.3% of positive AC tests occurred in symptom-
atic patients. It may seem relevant to systematically
check for AC during the first week of treatment to antic-
ipate and prevent the occurrence of AKI through correc-
tive measures, whose effectiveness remains to be
demonstrated. However, the implementation AC inves-
tigation can be complicated: urine samples must be ana-
lyzed by an experienced operator within two hours of
voiding, and cannot be collected in a borate tube. Avail-
ability of AC investigation depends on the center and is
often not feasible on weekends and public holidays.

An interesting predictive marker for AC could be the
amoxicillin residual dosage, performed just before the
subsequent amoxicillin injection (not analyzed in our
study due to the lack of usable data). It is easily per-
formed in clinical practice in centers where it is avail-
able and would allow practitioners to optimize
amoxicillin doses rapidly in terms of PK / PD according
to the minimum inhibitory concentrations of the identi-
fied pathogens.>® However, this analysis is not available
in all centers and may be subject to a long rendering
time, while AC testing can be performed in all laborato-
ries using a simple microscope with the results being
immediate.

Our study has several limitations. First, some of the
data was collected retrospectively, which resulted in
missing data and may have introduced classification
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bias. Unfortunately, most of the amoxicillin blood con-
centration dosages corresponded to peak concentrations
rather than residual concentrations. The lack of reliable
data for amoxicillin residual dosage precluded analysis
of this variable. As the biologists who carried out the AC
testing were not blinded from the clinical context, classi-
fication bias may have arisen, although AC investigation
is generally easy to perform. The analysis of the factors
associated with the occurrence of AC probably suffered
from a lack of power, because of the number of patients
included, but this was not the main objective of our
study. The number of excluded patients, larger than
anticipated, limited the power of the study and may
have resulted in selection bias (for example, patients
who were excluded because they were not tested for AC
may be at lower risk of AC). Exclusion criteria may also
alter the generalizability of the findings; however, we
restricted our population to those who would most ben-
efit from systematic AC investigation. Most patients did
not benefit from systematic AC investigation at each
stage and therefore the incidence of its occurrence,
which may be transient, could be an underestimate. It
must be acknowledged that our study could not deter-
mine a relationship of causality between AC and subse-
quent AKI, as the patients were severe cases whose AKI
could have other causes. Characteristics of AKI episodes
were not collected, whereas these could have elucidated
the link with AC, for example the simultaneous occur-
rence of macroscopic hematuria.

Our study has several strengths. AC investigation
was carried out systematically, regardless of the pres-
ence of symptoms. This allowed for a more accurate
analysis of the impact of AC and its impact on the occur-
rence of AKI. To our knowledge, among the studies of
similar methodology published to date, ours has the
largest number of patients.

In conclusion, in our study, almost a quarter of
patients treated with HDIVA developed AC, which was
very strongly correlated with the subsequent occurrence
of AKI, advocating for systematic investigation of this
frequent and potentially serious complication of the
widespread amoxicillin antibiotic therapy. Future
research should focus on the means of preventing AC.
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