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Introduction: Diuretic use may reduce volume-related complications in hemodialysis. We evaluated the

efficacy, safety, and tolerability of furosemide in patients with hemodialysis-dependent kidney failure.

Methods: We conducted an open label, single-arm, 18-week, dose titration pilot study of oral furosemide

(maximum dose 320 mg/day) among patients receiving maintenance hemodialysis who reported at least 1

cup of urine output per day. The primary efficacy outcome was an increase from baseline to a specified

threshold of 24-hour urine volume, with the threshold based on baseline urine volume (<200 ml/day

vs. $200 ml/day). Safety outcomes included hypokalemia and hypomagnesemia, and tolerability was

assessed by prespecified patient-reported symptoms.

Results: Of the 39 participants, 28 (72%) received the expected furosemide dose, 3 (8%) underwent dose

reduction, 5 (12%) discontinued furosemide without dose reduction, and 3 (8%) underwent dose reduction

and subsequently discontinued furosemide. The median (quartile 1, quartile 3) baseline 24-hour urine

volume was 290 ml (110, 740), and the maximum, average daily study furosemide dose ranged from 69

mg/day to 320 mg/d. The urine output efficacy outcome was met by 12 (33%), 11 (33%), and 7 (22%)

participants at weeks 5, 12, and 18, respectively, in the intention-to-treat analysis, and by 12 (39%), 9 (35%),

and 7 (28%) participants at weeks 5, 12, and 18, respectively, in the on-treatment analysis. There were no

electrolyte, furosemide level, or patient-reported hearing change safety events.

Conclusion: Furosemide was generally safe and well tolerated, but only one-third of participants met the

efficacy definition at week 5. The clinical importance of the efficacy findings is uncertain.
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V
olume-related factors including extracellular
hypervolemia, larger interdialytic weight gains,

and higher ultrafiltration rates are modifiable contrib-
utors to the high rates of cardiovascular complications
in people with hemodialysis-dependent kidney fail-
ure.1,2 Nevertheless, over 50% of patients receiving he-
modialysis are chronically volume-overloaded,3 more
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than 35% have interdialytic weight gains exceeding
3.5% of body weight,4 and 40% have average ultrafil-
tration rates more than 10 ml/h/kg.5 Despite enhanced
regulatory and clinical emphasis on volume manage-
ment in the last decade, volume control remains a major
challenge in hemodialysis care.

Oral loop diuretic therapy, a mainstay of advanced
chronic kidney disease and peritoneal dialysis treat-
ment regimens, represents a potential strategy to
mitigate volume-related complications. Nevertheless,
the practice of prescribing diuretics in hemodialysis
care is inconsistent. More than 50% of patients in the
United States stop diuretic therapy at hemodialysis
Kidney International Reports (2022) 7, 2186–2195
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initiation irrespective of residual urine output, and
more than 25% of patients in the United States remain
on diuretics 6 months after starting hemodialysis.6,7 In
contrast, adjunctive diuretic therapy is common in
Europe and Japan, regions with lower interdialytic
weight gains and ultrafiltration rates.7,8 Observational
studies have suggested benefits of diuretic use versus
nonuse among patients with hemodialysis-dependent
kidney failure, including lower interdialytic weight
gains, fewer hypotensive events, and lower hospitali-
zation and mortality rates,7,9 but potential confounding
from residual kidney function limits interpretation of
these findings.

Mechanistic data suggest that adaptive renal tu-
bule changes preserve diuretic response even in the
setting of substantially impaired kidney function,
but higher dosing is typically required.10,11 High-
dose loop diuretics can cause electrolyte de-
rangements, ototoxicity, and bullous rashes, among
other untoward side effects.10,12 Currently, there are
limited clinical trial data on the efficacy, safety, and
optimal dosing of oral loop diuretic therapy in pa-
tients receiving maintenance hemodialysis. To that
end, we conducted a pilot dose titration study of
furosemide among patients receiving in-center
maintenance hemodialysis.
METHODS

Design and Oversight

The study was an open label, single-arm, 18-week, dose
titration pilot study designed to provide pilot data on the
efficacy, safety, tolerability, and acceptability of oral
furosemide. The study protocol (SupplementaryMaterial)
was approved by the University of North Carolina at
Chapel Hill Institutional Review Board (#19-3550) and
registered on clinicaltrials.gov (NCT04622709).We report
our findings in accordance with the Consolidated
Dose titration (6 weeks)
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Figure 1. Study design.
aDuring the 6-week dose titration period, participants who were not taking
for 14 days and then, if the dose was tolerated, they received 120 mg oral fu
they received 160 mg oral furosemide twice a day for 14 days. During the
diuretic at study entry received their baseline furosemide dose (or furos
uretics) for 14 days. If tolerated, the baseline furosemide dose was increas
was increased by 50% for 14 days. The maximum dose for any participan
remained on their maximally tolerated dose from the dose titration period
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Standards of Reporting Trials 2010 statement: extension
to randomized pilot and feasibility trials.13,14 All partici-
pants provided written informed consent.

Study Participants and Recruitment

We enrolled participants from 3 outpatient dialysis
clinics that are affiliated with the University of North
Carolina, between October 2020 and January 2021,
with the last follow-up on June 1, 2021. Study in-
clusion criteria were: aged at least 18 years, treatment
with 3-times-weekly maintenance hemodialysis for at
least 60 days, and urine volume of at least 1 cup (250
ml) of urine per 24 hours by self-report. Major
exclusion criteria included the following: (i) allergy to
loop diuretic; (ii) use of a nonloop diuretic; (iii) use of
a medication or substance that can interact with loop
diuretics (e.g., aminoglycosides, cisplatin, metho-
trexate, lithium, natural licorice); (iv) predialysis
serum potassium less than 3.5 mEq/l, magnesium less
than 1 mg/dl, or corrected calcium less than 8 mg/dl
in the 30 days before enrollment; (v) cirrhosis; (vi)
pregnancy or breastfeeding; (vii) known hearing
impairment; (viii) history of poor adherence to he-
modialysis; (ix) more than 1 hospitalization in the 30
days before enrollment; and (x) frequent hypotension,
defined as a systolic blood pressure less than 80 mmHg
during more than 30% of hemodialysis sessions in the
30 days before enrollment.

Intervention and Treatment Algorithm

The study consisted of a 6-week dose titration period of
oral furosemide and a 12-week follow-up period
(Figure 1). During the dose titration period, partici-
pants who were not taking a loop diuretic at study
enrollment received 80 mg oral furosemide 2 times per
day for 14 days and then, if the dose was tolerated, 120
mg 2 times per day for 14 days and then, if the dose
was tolerated, 160 mg 2 times per day for 14 days.
Follow-up (12 weeks)

18
t to scale)

ontinue maximum tolerated dose

a loop diuretic at study entry received 80 mg furosemide twice a day
rosemide twice a day for 14 days and then, if the dose was tolerated,
6-week dose titration period, participants who were taking a loop
emide-equivalent dose for those receiving nonfurosemide loop di-
ed by 50% for 14 days, and then, if the dose was tolerated, the dose
t was 320 mg/day. During the 12-week follow-up period, participants
.
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Participants who were taking a loop diuretic at study
enrollment received their baseline furosemide dose (or
furosemide-equivalent dose for those taking bumeta-
nide or torsemide) for 14 days. If the starting furose-
mide dose was tolerated, the dose was then increased
by 50% for 14 days, and then, if tolerated, the new
dose was increased by 50% for 14 days. The maximum
furosemide dose for any participant was 320 mg per
day. During the 12-week follow-up period, participants
remained on the maximum tolerated furosemide dose
achieved during the dose titration period. Furosemide
was dispensed in 20 mg, 40 mg, and 80 mg strength
tablets by the University of North Carolina Health
Investigational Drug Services.

During the dose titration period there were no
further dose increases if any of the following events
occurred: (i) predialysis serum potassium less than 3.2
mEq/l; (ii) predialysis serum magnesium less than 0.8
mg/dl; (iii) predialysis serum corrected calcium less
than 7 mg/dl; (iv) rash attributed to furosemide; (v)
tinnitus attributed to furosemide; (vi) hearing change
attributed to furosemide; (vii) at least 10-point decline
from baseline in inner effectiveness of auditory reha-
bilitation (inner EAR) score, a patient-reported outcome
correlate for pure tone audiometry, attributed to
furosemide;15-17 and (viii) intradialytic systolic blood
pressure less than 80 mmHg attributed to furosemide.18

Upon the occurrence of a dose-limiting event, partici-
pants returned to the prior tolerated furosemide dose.
If an event occurred at the lowest administered dose,
furosemide was discontinued.
Study Visits and Data Collection

All study visits occurred during routine hemodialysis
sessions. Medical history, hemodialysis prescription,
medications, laboratory values, symptoms, and inner
EAR assessments were recorded at baseline. Twenty-
four-hour urine collections were performed at base-
line, at the end of the dose titration period, and at the
midpoint and end of the follow-up period for a total of
4 collections. Laboratory, symptom, and pill count as-
sessments were performed on a weekly basis during the
dose titration period. During the follow-up period,
laboratory assessments were performed every 4 weeks,
and symptom and pill count assessments were per-
formed every 2 weeks. Symptoms were assessed with a
questionnaire measuring 12 patient-reported symptoms
with 5-point Likert scales (response options: none,
mild, moderate, severe, very severe). The inner EAR
instrument was administered every 2 weeks during the
dose titration period and every 4 weeks during the
follow-up period. Information about each hemodialysis
session (blood pressures, weights, ultrafiltration
2188
volumes, treatment length) and hospitalizations were
extracted from the electronic health record.

Laboratory parameters were measured predialysis
during the midweek dialysis session, and 24-hour urine
collections occurred between the first and second
dialysis sessions of the week (i.e., in the 24 hours
before the Wednesday session for Monday-
Wednesday-Friday patients, and in the 24 hours
before the Thursday session for Tuesday-Thursday-
Saturday patients). Serum furosemide levels were
determined in batched measurements by liquid chro-
matography mass spectrometry (AB Sciex Triple Quad
LC-MS/MS Systems, Framingham, MA).

Outcomes

The primary efficacy outcome was defined as: either (a)
an increase from baseline 24-hour urine volume of at
least 25% for participants with a baseline 24-hour
urine volume of at least 200 ml, or (b) an increase
from baseline 24-hour urine volume of at least 50 ml to
at least 100 ml for participants with a baseline 24-hour
urine volume less than 200 ml. Exploratory efficacy
outcomes included interdialytic weight gain, delivered
ultrafiltration rate, difference between target weight
and postdialysis weight, and predialysis systolic blood
pressure.

Safety outcomes included the following: (i) serum
potassium less than 3.2 mEq/l, (ii) serum magnesium
less than 0.8 mg/dl, (iii) serum corrected calcium less
than 7 mg/dl, (iv) serum furosemide level more than 12
mcg/L, (v) dialysis-associated hypotension requiring
hospital treatment not attributable to other causes, (vi)
rash attributable to furosemide, (vii) tinnitus attribut-
able to furosemide, (viii) hearing change attributable to
furosemide, and (ix) at least 10-point decline from
baseline in inner EAR score. Tolerability outcomes
included cramping, dizziness or presyncope, unusual
tiredness or weakness, chest pain, nausea, vomiting,
and diarrhea. Acceptability was assessed by the ques-
tion, “If recommended, would you be willing to stay
on the dose of furosemide you have received during the
last week?” adherence to furosemide was assessed with
pill counts, with “adherent” defined as returning less
than 20% of the dispensed tablets.

Statistical Analyses

All statistical analyses were performed using R (3.6.3
R Foundation, Vienna, Austria). Baseline characteris-
tics are presented as count (%) for categorical vari-
ables and as mean � SD or median (quartile 1,
quartile 3) for continuous variables. Categorical
outcome variables are presented as the number (%)
of participants with an event of interest during the
specified period. In addition, we determined the
Kidney International Reports (2022) 7, 2186–2195



Potential participants
(N=221)

Eligible for study
(n=51)

Ineligible (n=170)
• Inadequate urine output (n=113)
• Dementia/mental illness (n=26)
• History of non-adherence (n=10)
• Corrected calcium <8 mg/dL (n=5)
• Use of non-loop diuretic (n=3)
• Time on HD <60 days (n=3)
• >1 hospitalization (n=3)
• Furosemide allergy (n=1)
• Acute kidney injury (n=1)
• Cirrhosis (n=1)
• Potassium <3.5 mEq/L (n=1)
• Hearing disorder (n=1)
• Planned modality change (n=1)
• Planned hospice enrollment (n=1)

Declined (n=9)
• Not interested (n=5)
• Did not want more pills (n=2)
• Did not want to collect urine (n=2)

Enrolled in study
(n=42)

Started study furosemide
(n=39)

[Included in intention-to-treat analyses]

Completed 18-week study
(n=32)

Withdrew (n=3)
• Worried about side effects (n=2)
• Kidney transplant (n=1)

Withdrew (n=7)
• Modality change (n=2)
• Death (n=2)
• Clinic transfer (n=1)
• Admitted to nursing facility (n=1)
• Not interested (n=1)

Figure 2. Participant enrollment and follow-up.
HD, hemodialysis.
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number (%) of participants that experienced at least
1 outcome event during the dose titration and
follow-up periods, separately, and computed the rate
of outcome events per 100 person-weeks during each
period. Hemodialysis session-related exploratory effi-
cacy outcomes were reported as the median (quartile
1, quartile 3) of individual participant median values
during the baseline, dose titration, and follow-up
periods. Analyses were performed as intention-to-
treat (i.e., all patients included regardless of study
furosemide use) and, where specified, as on-treatment
(i.e., patients taking study furosemide at the time of
outcome ascertainment).

RESULTS

Participants

Among 221 patients screened, 51 were eligible, and
42 agreed to participate (Figure 2). The most common
reason for ineligibility was urine output of less than
1 cup per day n ¼ 113 (66%). Of the 42 enrollees, 39
Kidney International Reports (2022) 7, 2186–2195
(93%) initiated study furosemide and 32 (76%)
completed the study. Three patients withdrew con-
sent prior to furosemide initiation, and 7 participants
withdrew from the study after furosemide initiation
due to death (n ¼ 2), clinic or modality transfer (n ¼
3), admission to skilled nursing facility (n ¼ 1), and
personal choice (n ¼ 1).

Participant characteristics are presented in Table 1.
Participants initiating study furosemide had a median
age of 65 years, 26% were women, 59% were Black,
15% were Hispanic, the most common cause of kidney
failure was diabetes, and 67% had diabetes, 41% had
heart failure, and 90% had hypertension. The median
time on dialysis was 1.5 (1, 3) years. The median
baseline 24-hour urine volume was 290 ml (110, 740)
with volumes ranging from 22 to 1400 ml.
Furosemide Administration

The expected maximum study furosemide dosing for
participants are presented in Figure 3 and
Supplementary Table S1. Of the 39 participants, 22
(56%) were taking a loop diuretic at baseline (furose-
mide, n ¼ 16; bumetanide, n ¼ 4; and torsemide, n ¼
2), with average daily furosemide-equivalent doses
ranging from 23 mg/day to 320 mg/day. During the
study, 28 (72%) participants achieved and remained on
the expected maximum furosemide dose, 3 (8%) un-
derwent dose reduction and remained on study furo-
semide, 5 (12%) discontinued furosemide without dose
reduction, and 3 (8%) underwent dose reduction and
subsequently discontinued furosemide. The maximum
achieved daily dose of furosemide ranged from 69 mg/
day to 320 mg/d. Patterns of furosemide dosing during
the study, stratified by baseline loop diuretic use status
are presented in Figure 4. Of the 11 participants who
reduced and/or discontinued furosemide during the
study, 8 (73%) were not taking a loop diuretic at
baseline.

Furosemide pill counts demonstrated that partici-
pants took, on average, 86% � 21% of dispensed pills
during the dose titration period and 82% � 21% of
dispensed pills during the follow-up period. Among
the 26 participants who completed pill count assess-
ments at the end of the dose titration period, 21 (81%)
met the adherence definition. Among the 23 partici-
pants who completed pill count assessments at the end
of the follow-up period, 16 (70%) met the adherence
definition. Overall, adherence to study assessments was
high with more than 98% adherence to serum labora-
tory testing, 24-hour urine collections, as well as
symptom, hearing, and acceptability questionnaires,
and 88% adherence to pill count assessments
(Supplementary Table S2).
2189



Table 1. Baseline participant characteristicsa

Characteristic Participants (N [ 39)

Demographic characteristics

Age (yrs) 65 [58, 75]

Female sex 10 (26%)

Black race 23 (59%)

White race 14 (36%)

Other race 2 (5%)

Hispanic ethnicity 6 (15%)

Comorbid medical conditions

Diabetes 26 (67%)

Congestive heart failure 16 (41%)

Coronary artery disease 17 (44%)

Hypertension 35 (90%)

Kidney failure cause

Diabetes 17 (44%)

Hypertension 16 (41%)

Glomerular disease 2 (5%)

Other 4 (10%)

Dialysis treatment characteristics

Dialysis vintage (yrs) 1.5 [1, 3]

Hemodialysis treatment time (mins) 229 [210, 249]

Postdialysis weight (kg) 88 [68, 102]

Interdialytic weight gain (kg) 2.0 [1.6, 3.0]

Predialysis systolic blood pressure (mmHg) 153 [136, 168]

Vascular access type

Fistula 29 (74%)

Graft 3 (8%)

Catheter 7 (18%)

Laboratory measures

Serum potassium (mEq/l) 4.5 [4.2, 4.9]

Serum magnesium (mg/dl) 2.0 [1.8, 2.2]

Serum corrected calcium (mg/dl) 8.8 [8.4, 9.2]

Serum albumin (g/dl) 4.0 [3.9, 4.3]

24-h urine volume (ml) 290 [110, 740]

Medications

ACE-inhibitor or ARB use 13 (33%)

Beta blocker use 27 (69%)

Calcium channel blocker use 21 (54%)

Loop diuretic use 22 (56%)

Vasodilator use 2 (5%)

Other antihypertensive use 8 (21%)

Patient-reported outcome measures

Inner EAR score 42 [38, 55]

Symptoms reported as severe or very severeb

Cramping 6 (15%)

Dizziness or lightheadedness 0 (0%)

Unusual tiredness 2 (5%)

Unusual weakness 2 (5%)

Chest pain 1 (3%)

New rash 0 (0%)

Nausea or upset stomach 0 (0%)

Vomiting 0 (0%)

Diarrhea 0 (0%)

Tinnitus 1 (3%)

Hearing change 0 (0%)

Numbness or tingling 2 (5%)

ACE, angiotensin converting enzyme; ARB, angiotensin receptor blocker; EAR, effec-
tiveness of auditory rehabilitation.
aValues are presented as number (%) or median [quartile 1, quartile 3].
bSymptoms during hemodialysis in the last week reported by the participant as severe
or very severe on a 5-point severity Likert scale.
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Efficacy

As shown in Figure 5, the urine output efficacy
outcome was met by 12 (33%), 11 (33%), and 7 (22%)
participants at weeks 5, 12, and 18, respectively, in the
intention-to-treat analysis, and by 12 (39%), 9 (35%),
and 7 (28%) participants at weeks 5, 12, and 18,
respectively, in the on-treatment analysis. The mean
(SD) change in urine volume was 39 � 201 ml
(range: �490 to 525 ml) for baseline to week 5 and �17
� 280 ml (range: �550 to 800 ml) for baseline to week
18 (Supplementary Table S3). There were no changes
from baseline evident in the exploratory efficacy out-
comes of predialysis systolic blood pressure, inter-
dialytic weight gain, delivered ultrafiltration rate, or
difference in postdialysis and target weight
(Supplementary Table S4). Changes in serum laboratory
values from baseline are shown in Supplementary
Table S5, and 24-hour urine sodium values are shown
in Supplementary Table S3.

Safety

Safety and tolerability outcomes for both the intention-
to-treat and on-treatment populations are presented in
Table 2, and adverse events are presented in
Supplementary Table S6. There were no safety events
meeting the study definitions of hypokalemia, hypo-
magnesemia, hypocalcemia, elevated serum furosemide
level, severe or very severe rash, or severe or very
severe hearing change. Severe or very severe tinnitus
occurred at rates of 1 and 2 events per 100 person-
weeks during the dose titration and follow-up pe-
riods, respectively, with all events occurring in a single
participant. The participant reported long-standing
tinnitus and no change related to study furosemide
initiation or titration. At least 10-point decline in the
inner EAR score occurred at rates of 0.9 and 3 events
per 100 person-weeks during the dose titration and
follow-up periods, respectively. None of the safety
events necessitated permanent discontinuation of
furosemide. Nevertheless, furosemide was discontinued
in one participant who developed vertigo and a hearing
change not meeting the severity threshold for a safety
event.

Tolerability and Acceptability

Severe or very severe cramping was the most
commonly reported tolerability event and occurred at
rates of 12 and 11 events per 100 person-weeks of
follow-up during the dose titration and follow-up pe-
riods, respectively. One severe dizziness or presyncope
tolerability event led to down-titration of furosemide in
1 participant, and 1 severe nausea and vomiting
tolerability event led to study drug discontinuation in
Kidney International Reports (2022) 7, 2186–2195



Expected peak study 
furosemide dose

320 mg/day

183 mg/day

180 mg/day

114 mg/day

103 mg/day

100 mg/day

69 mg/day 3%

5%

8%

3%

10%

15%

56%

0% 10% 20% 30% 40% 50% 60%0% 10% 20% 30% 40% 50%

Percentage of participants
60%

Figure 3. Expected maximum study furosemide dosing among study participants (N ¼ 39).
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another participant. Other reasons for furosemide dose
reduction and/or discontinuation not meeting the pre-
specified tolerability event definitions included, no
subjective change in urine output and back pain
(reduction), and no subjective change in urine output,
foot pain, chest pain, diarrhea, and personal choice
(discontinuation).

DISCUSSION

Prescribing diuretics to maximize urine output is a
plausible strategy for reducing volume overload,
interdialytic weight gains, and ultrafiltration rates and,
in turn, mitigating hemodynamic-related symptoms
and cardiovascular complications in hemodialysis care.
n = 28

n = 3

Expected maximum 
study furosemide dosing 

throughout study

Dose reduction and 
then remained on 
study furosemidea

Figure 4. Study furosemide dosing patterns stratified by use of a loop diu
aTwo participants reduced study furosemide dose and remained on the lo
participant reduced study furosemide dose for one week and then returned

Kidney International Reports (2022) 7, 2186–2195
In this open label, single-arm, 18-week, dose titration
pilot study among individuals with hemodialysis-
dependent kidney failure who reported at least 1 cup
urine output per day, we found that oral furosemide
appeared to be safe and generally well tolerated and
was modestly efficacious for increasing urine output
among about one-third of participants. However, the
clinical significance and durability of the efficacy
findings beyond 18 weeks are uncertain.

Though diuretics promote urine output and may
support more consistent volume control in patients
with kidney failure and residual kidney function, ev-
idence supporting the effectiveness of loop diuretics in
the hemodialysis setting is weak compared to evidence
n = 5
n = 3

Dose reduction and 
then discontinued 
study furosemide

Discontinued study 
furosemide without a 
prior dose adjustment

retic at baseline.
wer study furosemide dose for the remainder of the study, and one
to the higher study furosemide dose for the remainder of the study.
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n = 32

Figure 5. Percentage of participants meeting the urine output effi-
cacy definition stratified by study furosemide status at the time of 24-
hour urine collection (on vs. off study furosemide).
aEfficacy for urine output was defined as (a) an increase from
baseline 24-hour urine volume of $25% among participants with a
baseline 24-hour urine volume $200 ml and (b) a $50 ml increase in
24-hour urine volume to a 24-hour urine volume of at least 100 ml
among participants with a baseline 24-hour urine volume <200 ml.
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in the settings of advanced chronic kidney disease and
peritoneal dialysis.2,6,19 To date, there have been no
rigorous interventional studies of loop diuretics in
hemodialysis care. Two observational studies found
associations between diuretic use (vs. nonuse) and
lower rates of volume-related morbidity and mortality
in hemodialysis-dependent kidney failure,7,9 but po-
tential confounding from residual kidney function and
other factors limit conclusions from these data. There
are also concerns about the safety and tolerability of
loop diuretics. Furosemide at any dose can lead to
hypokalemia, hypomagnesemia, and hypocalcemia, and
high-dose furosemide can cause ototoxicity and bullous
dermatosis.10,12 Though ototoxicity has not been
observed with oral furosemide administered at recom-
mended doses in the absence of interacting medication
use (e.g., cisplatin, aminoglycosides),20 uncertainty
about optimal dosing remains. The dearth of clinical
trial data on furosemide effectiveness and safety is a
barrier to the broader use of furosemide in hemodial-
ysis care.

Although our study was small, the findings suggest
that oral furosemide, up to doses of 320 mg/day, in-
creases urine output in some patients. Approximately
one-third of participants met the study definition of
efficacy in the intention-to-treat analysis, with the
proportion meeting the efficacy definition declining
over the course of the study. Though this decline could
reflect decrements in response to furosemide, it is also
possible that adherence to the study drug and/or
completeness of 24-hour urine collections declined over
the 18-week study period. In the on-treatment analysis,
compared with the intention-to-treat analysis, a higher
proportion of participants met the primary efficacy
outcome, suggesting that the observed increase in urine
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output was potentially attributable to study furose-
mide use. In exploratory efficacy analyses, we did not
detect changes from baseline in mean interdialytic
weight gains, delivered ultrafiltration rates, or
achievement of target weight postdialysis. These re-
sults raise question about whether furosemide, dosed
per our study protocol, can induce clinically important
changes in volume-related outcomes, and whether such
changes can be sustained over time. Nevertheless, these
findings should be considered in the context of study
furosemide dosing. Because the dose of study furose-
mide received by participants was contingent on pre-
study loop diuretic use and dose, participants achieved
a range of maximum average daily study furosemide
doses (69 to 320 mg/day) during the study. Almost
20% of participants had a per-protocol maximum
average daily study furosemide dose of less than 120
mg/day. The protocol-specified dosing algorithm may
have resulted in the administration of furosemide doses
that were too low to trigger a physiological response in
the setting of dialysis-dependent kidney failure.

In general, furosemide appeared in our study to be
safe and generally well-tolerated by patients receiving
maintenance hemodialysis. There were no safety events
meeting the study definitions of hypokalemia, hypo-
magnesemia, hypocalcemia, high serum furosemide
level, rash, or patient-reported hearing change. Our
selection criteria excluding patients with similar events
in the 30 days preceding enrollment may have reduced
the risk of these events, but confirmation in future
studies with broader selection criteria is warranted.
One participant experienced severe tinnitus, and 3
participants had clinically important declines ($10
points) from baseline in inner EAR scores. The partic-
ipant with tinnitus reported a long-standing history of
this issue, and the tinnitus persisted despite discon-
tinuation of furosemide for other reasons. All the par-
ticipants with inner EAR score declines showed
improvement in scores at later timepoints while still
taking study furosemide, and none reported subjective
changes in their hearing. Though we cannot determine
if these hearing-related events were attributable to
furosemide, monitoring for furosemide-induced
ototoxicity is prudent, particularly when prescribing
higher doses (>300 mg/day).20 If hearing changes are
reported, patients should be evaluated with audiom-
etry and potentially referred for otolaryngologic
evaluation.

In addition to studying safety, we examined furose-
mide tolerability. Severe or very severe cramping was
the tolerability event that occurred most frequently,
affecting 10 participants and approximately 10% of
study dialysis sessions. Nevertheless, cramping may be
precipitated by a range of hemodynamic, electrolyte,
Kidney International Reports (2022) 7, 2186–2195



Table 2. Safety and tolerability outcomesa

Outcome

Intention-to-treat On-treatment

Dose titration (N [ 39) Follow-up (N [ 36) Dose titration (N [ 38) Follow-up (N [ 31)

Safety

Serum potassium <3.2 mEq/l 0 0 0 0

Serum magnesium <0.8 mg/dl 0b 0 0b 0

Serum corrected calcium <7.0 mg/dl 0 0 0 0

Serum furosemide level >12 mcg/l 0 0 0 0

Dialysis-associated hypotension 0 0 0 0

Severe or very severe rash 0 0 0 0

Severe or very severe hearing change 0 0 0 0

Severe or very severe tinnitus

Events per 100 person-wks 1 2 1 1

Proportion of participants with $1 event 1 (3%)c 1 (3%)c 1 (3%)c 1 (3%)c

$10-point decline in inner EAR score

Events per 100 person-wks 0.9 3 1 4

Proportion of participants with $1 event 1 (3%) 3 (8%) 1 (3%) 3 (10%)

Tolerability

Severe or very severe cramping

Events per 100 person-wks 12 11 11 10

Proportion of participants with $1 event 10 (26%) 9 (25%) 10 (26%) 9 (29%)

Severe or very severe dizziness/presyncope

Events per 100 person-wks 3 0.5 2 0.6

Proportion of participants with $1 event 5 (13%) 1 (3%) 5 (13%) 1 (3%)

Severe or very severe unusual tiredness

Events per 100 person-wks 0 1 0 1

Proportion of participants with $1 event 0 (0%) 2 (6%) 0 (0 %) 2 (6%)

Severe or very severe nausea

Events per 100 person-wks 3 2 3 2

Proportion of participants with $1 event 5 (13%) 3 (8%) 5 (13 %) 3 (10%)

Severe or very severe vomiting

Events per 100 person-wks 0.4 2 0.5 1

Proportion of participants with $1 event 1 (3%) 2 (6%) 1 (3%) 2 (6%)

Severe or very severe diarrhea

Events per 100 person-wks 0.4 2 0.5 3

Proportion of participants with $1 event 1 (3%) 4 (13%) 1 (3%) 4 (13%)

EAR, effectiveness of auditory rehabilitation.
aSerum laboratory values were assessed every week during dose titration and every 4 weeks during follow-up. Dialysis-associated hypotension was assessed during each treatment
throughout the study. Symptoms were assessed every week during dose titration and every 2 weeks during follow-up, each with a 1-week recall period. Hearing was assessed every 2
weeks during dose titration and every 4 weeks during follow-up, each with a 1-week recall period.
bOne participant was missing serum magnesium values at weeks 3 and 4 (laboratory error).
cOne participant reported severe tinnitus a total of 9 times during the study, stating that it was a long-standing symptom that was unchanged during the study period. The participant
discontinued study furosemide in week 9 because of perceived inefficacy of study medication and concern about falls, and continued to report severe tinnitus after discontinuation of
study furosemide.
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and neural factors and is a common intradialytic
symptom, affecting approximately 50% of patients in
the USA and 7% of hemodialysis sessions.21-23 Whether
furosemide precipitated the reported cramping in our
study is unknown, but it is reassuring that the rate of
cramping during study treatments was similar to rates
reported in the broader hemodialysis population. In one
participant, severe dizziness led to reduction of furose-
mide dose, and severe nausea or vomiting prompted
furosemide discontinuation in another participant. In
both instances, the symptoms improved after the furo-
semide was reduced or discontinued. Two participants
attributed new back pain and foot pain, symptoms that
are not typical of furosemide, to the study drug and
opted to reduce (for back pain) and discontinue (for foot
Kidney International Reports (2022) 7, 2186–2195
pain) furosemide. Given the frequency of dialysis-
related symptoms and challenges with distinguishing
study drug-induced symptoms from routine, nondrug-
related symptoms, we also assessed patient willingness
to continue furosemide as a marker of treatment
acceptability. Overall, furosemide was largely acceptable
to participants with more than 90% of participants on
study furosemide indicating willingness to continue
furosemide at the end of the 18-week study.

Our study suggests that conducting a larger-scale
trial of oral diuretics among patients with
hemodialysis-dependent kidney failure may be
feasible. Of the 51 patients meeting the eligibility
criteria, 82% expressed interest in participating in the
study, and 76% began study furosemide. Adherence to
2193
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study procedures, including furosemide and 24-hour
urine collections, was high. In addition, the efficacy
findings suggest that some but not all patients who
report at least 1 cup of urine output per day may
experience increased urine output in response to oral
furosemide. Similarly, not all participants tolerated the
drug. Notably, more than 70% of dose reduction or
discontinuation events occurred among participants
who were not taking a loop diuretic at baseline, sug-
gesting that individuals newly initiating furosemide
may have a higher likelihood of therapy cessation.
Given the modest efficacy findings, it may be important
to consider a different dosing scheme and/or use of a
diuretic with different pharmacokinetic properties that
may have greater efficacy and be more likely to have an
important clinical effect. Our results also inform other
aspects of the design of future randomized clinical
trials. Specifically, the incorporation of a run-in period
in which patient tolerance of and urine output response
to a loop diuretic are established prerandomization may
enhance trial participant retention and facilitate the
selection of patients most likely to have an increase in
urine output, and thus, benefit clinically from furose-
mide. In addition, modification of the furosemide
dosing algorithm so the target dose is not linked to a
pretrial loop diuretic dose may increase the effective-
ness of the intervention. Finally, more detailed infor-
mation about the urine collections, such as the timing
of the collection relative to furosemide dosing, as well
as consideration of collections that span the entire
interdialytic interval may be informative.

Our study has several strengths. The study popula-
tion was racially and ethnically diverse, composed of
59% Black and 15% Hispanic participants, and baseline
24-hour urine volumes ranged from 22 ml to 1400 ml.
Overall, participants were adherent to study procedures,
and missing data and patient dropout were minimal.
Nevertheless, our findings should be considered in the
context of study limitations such as the small sample
size, single-arm design, relatively short duration
(limiting insights into the durability of the findings),
and use of unsupervised 24-hour (vs. entire interdialytic
period) urine collections. In addition, as discussed
above, some participants received maximum furosemide
doses lower than doses expected to be effective in the
setting of dialysis-dependent kidney failure. Moreover,
the study did not have the statistical power to detect
differences in outcomes by furosemide dose nor was it
designed to examine volume-related hospitalizations or
mortality. Related to this, increases in urine volumes
that met the study definition for efficacy may not result
in clinically meaningful changes to interdialytic weight
gain, ultrafiltration rates, and/or blood pressure. Finally,
the study was conducted among patients who reported
2194
at least 1 cup urine output per day and were cared for
by 1 academic faculty practice in North Carolina and
may not generalize to other patients and/or practices.

This study indicates that oral furosemide modestly
increases urine output in a subset of patients with
hemodialysis-dependent kidney failure who report
urine output of at least 1 cup per day. However, the
clinical importance of this finding is uncertain. Taken
together with the acceptable safety and tolerability
data, this finding suggests that larger trials designed to
evaluate volume-related clinical outcomes are likely
feasible.
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