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ABSTRACT
Objective: We quantified the magnitude of systolic blood pressure (SBP) adverse effects associated with intravenous furosemide 
(IVFu), compared to other factors, during treatment for acute decompensated heart failure (ADHF).
Methods: Continuous BP monitoring (598.2 person-hours, 91,210 observations) before and after IVFu was performed in a pro-
spective multicenter ADHF cohort (n = 253). Multivariable-adjusted mixed effects regression was used to determine the amount 
of SBP reduction and the risk of hypotension attributable to IVFu administration, as opposed to confounders (e.g., non-IVFu 
treatments and baseline patient characteristics).
Results: Median SBP was 124 mmHg (IQR: 105–149) at baseline. Hypotension occurred in 5515 observations (6.0%). The mul-
tivariable models explained 79.6% and 58.1% of variance in SBP and risk of hypotension, respectively. Only 1.4% of variance in 
SBP and 1.7% of hypotension risk were related to IVFu, with the remainder accounted for by confounders. After multivariable 
adjustment, SBP dropped −11.9 mmHg on average after 80 mg IVFu, reaching a nadir at 147 min (−15.2 mmHg) and partial re-
turn to baseline by 6 h (−8.5 mmHg). IVFu-related risk of hypotension after multivariable adjustment depended predominantly 
on baseline SBP and dose. Risk of hypotension associated with 80 mg IVFu was ≤ 2% with baseline SBP ≥ 120 mmHg. For 40 mg, 
IVFu-associated hypotensive risk was ≤ 2% with SBPs of 90–100 mmHg, and < 1% with SBP ≥ 110 mmHg. IVFu-associated risk 
of hypotension returned to zero at 6 h after administration, regardless of dose.
Conclusions: Blood pressure reductions after IVFu during ADHF treatment are modest, and hypotension is rare and transient. 
Most variance in SBP during ADHF treatment is due to other factors.

This is an open access article under the terms of the Creative Commons Attribution License, which permits use, distribution and reproduction in any medium, 
provided the original work is properly cited.
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1   |   Introduction

One million Americans are treated every year for acute de-
compensated heart failure (ADHF), and intravenous (IV) loop 
diuretics are the backbone of guideline-recommended medi-
cal management [1, 2]. Hypotension is an adverse effect of IV 
furosemide ubiquitously referred to in popular clinical refer-
ences (e.g., “UpToDate,” “Micromedex,” “AccessMedicine”) 
[3–5]. Interestingly, we are aware of no literature evaluating IV 
furosemide-related effects on blood pressure in an ADHF pop-
ulation. While furosemide-related hypotension is described in 
healthy volunteers and patients with chronic compensated heart 
failure, data are lacking on the rate and predictors of hypoten-
sion in ADHF patients.

Understanding the effects of IV furosemide on systolic blood 
pressure (SBP) during ADHF treatment is critical, because the 
fear of hypotension may lead clinicians to withhold this neces-
sary therapy or administer it at lower doses than guidelines rec-
ommend [1, 2, 6]. Up to 50% of ADHF patients are discharged 
from the hospital without receiving enough IV loop diuresis to 
achieve complete decongestion, which is in turn associated with 
a three- to sixfold increase in short-term ADHF-related read-
mission or death [1, 7, 8].

Additional data on IV loop diuretic-related risk of hypotension 
in the ADHF population specifically will help clinicians make 
informed decisions about harm avoidance during standard of 
care decongestive therapy. Our objective was to characterize 
trends in SBP and rates of hypotension before versus after IV 
loop diuretic treatment in ADHF, analyzing continuous blood 
pressure monitoring adjusted for confounders and time-varying 
effects.

2   |   Methods

2.1   |   Study Design and Setting

This multicenter prospective observational study was approved 
as minimal-risk research by the Wayne State University (WSU) 
and Indiana University (IU) institutional review boards. This 
cohort study prospectively enrolled patients from five hospital 
emergency departments (EDs) in two US states. A detailed de-
scription of the study design, from which this pre-planned sec-
ondary analysis was performed, has been published previously 
as CLEAR-AHF [9]. This manuscript was prepared according to 
the STROBE guidelines [10].

2.2   |   Selection of Participants

Patients with ED physician suspicion of ADHF and any 
of the following were included: dyspnea due primarily to 
ADHF per physician judgment, pulmonary edema on chest 
radiograph (CXR), and/or BNP (N-terminal pro B-type na-
triuretic peptide) > 300 pg/mL. Exclusion criteria were tem-
perature > 38.5°C, suspected sepsis, ST-elevation myocardial 
infarction, pregnancy, prisoners, unknown ejection fraction 
(EF) within 12 months, and patients without diagnostically 
adjudicated ADHF.

2.3   |   Interventions

After enrollment, two study authors with extensive ADHF 
research experience (P.P. and P.L.), blinded to one another, 
reviewed cases to adjudicate the ED diagnosis of ADHF. 
Disagreements were decided by discussion. A ClearSight tech-
nician, blinded to the analysis and clinical data, reviewed 
all monitor waveforms offline and excluded measurements 
where device internal diagnostics suggested a low-quality sig-
nal (e.g., if a patient adjusted or removed the monitor to get up 
to the bathroom).

Clinical decision-making by the treating physician determined 
the interventions (e.g., IV furosemide, noninvasive positive pres-
sure ventilation [NIPPV], and nitroglycerin) used for ADHF. 
Interventions were recorded based on the ClearSight monitor's 
internal clock to harmonize the timing of clinical and hemody-
namic data. No other IV loop diuretics were used in the hospital 
besides IV furosemide.

2.4   |   Measurements

2.4.1   |   Demographics and Treatment Data Collection

Research assistants used standardized data sheets to record pa-
tient demographics, medications, medical history, vital signs, 
clinical tests, and ED treatments. Data were obtained through 
the electronic medical record (EMR), and the reports of treating 
physicians were recorded in REDCap (Research Electronic Data 
Capture; http://​proje​ct-​redcap.​org/​).

2.4.2   |   Blood Pressure Monitoring

Patients with ADHF meeting inclusion and exclusion criteria 
were fitted with a ClearSight finger-cuff monitor (Edwards 
Lifesciences, Irvine, California). The device continuously mon-
itors BP and heart rate (HR) at the digital and radial arteries 
to noninvasively reconstruct an arterial pressure waveform. 
Measurements of systolic, diastolic, and mean arterial pressures 
(SBP, DBP, MAP) and HR were timestamped to 20-s intervals for 
regression analysis. A prior version of the device (“NexFin”) was 
validated for R2 = 0.96 agreement with invasive blood pressure 
monitoring [11]. A recent meta-analysis found an average differ-
ence of 4.2 mmHg (95% CI: 2.8–5.6) between finger-cuff monitor 
BP and invasive gold standard (i.e., arterial line). Patients were 
monitored continuously for 3–6 h.

2.5   |   Outcomes

The following clinical data were collected prospectively: SBP, 
DBP, MAP, HR, interventions, and timing and dose of IV loop 
diuretics. The primary study outcome was SBP. The primary 
comparison was the difference in SBP relative to administra-
tion, timing, and dose of IV loop diuresis, as opposed to other 
interventions and patient factors. The dose of furosemide used 
was the dose deemed clinically appropriate by the treating 
emergency department physician. SBP was analyzed as a con-
tinuous variable and as a binary for hypotension, defined as 
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SBP < 90 mmHg. A secondary outcome of “sustained hypoten-
sion” was defined as mean SBP < 90 mmHg across 10-, 20-, and 
30-min periods.

2.6   |   Statistical Analysis

Mixed effects regression modeling was employed to account 
for within-subject and between-subject variation, and to per-
form multivariable adjustment for confounders of the associ-
ation between IV loop diuresis and SBP. Two models were fit, 
a linear mixed model (LMM) of SBP as a continuous variable 
and a generalized LMM (GLMM) logistic regression for pres-
ence/absence of hypotension at any time point (n = 91,210). 
The primary fixed-effects predictor of interest was admin-
istration of IV loop diuresis, including interaction terms for 
minutes since administration (modeled with a restricted 
cubic spline to allow for time-varying effects), diuretic dose 
(in IV furosemide equivalents, FEq), and home diuretic status 
(chronic loop diuretic therapy versus diuretic-naïve). Based on 
two important pharmacokinetic considerations, we chose to 
model outcomes up to 6 h after IV loop diuretic administration 
(and any amount of time beforehand). First, the time to peak 
effects and terminal half-life of IV furosemide are approxi-
mately 2 h, but duration of action can extend as long as 6 [12]. 
Second, the “braking-phenomenon” of IV loop diuretics has 
an onset around 6 h, and therefore, repeat administrations are 
typically given 6–8 h after an initial dose [12].

Use of IV nitroglycerin, NIPPV, and cumulative furosemide 
dose were fit as random intercepts to adjust for suspected clus-
tering on blood pressure; a random intercept for unique patients 
modeled within-subject correlation. Total monitoring time 
was fit as a random slope. Expected confounders (fixed effects 
in each model for multivariable adjustment) included: base-
line vital signs (SBP, DBP, respiratory rate, oxygen saturation), 
total time monitored, ED therapies besides IV loop diuretics, 
age, sex, body mass index (BMI), HR (repeated measurement), 
medical history (hypertension, diabetes, chronic heart fail-
ure, myocardial infarction, renal disease, atrial arrhythmias, 
valvular heart disease, COPD), pre-ED home medications, ED 
labs (troponin, BNP, sodium, potassium, blood urea nitrogen 
{BUN}), EF, and presence/absence of atrial fibrillation/flutter 
on the ED electrocardiogram (ECG). Interaction terms in-
cluded baseline SBP versus each ED therapy (IV or PO renin-
angiotensin-aldosterone system blockers {ACEi, ARB}, IV or 
PO beta-blockers, IV or PO calcium channel blockers {CCB}, 
PO loop diuretics, IV or sublingual nitroglycerin, NIPPV, 
supplemental oxygen). Interactions between these therapies 
and IV loop diuretic administration were further included to 
test for effects of co-administrations. Variable distributions 
of the response and random effects were evaluated to ensure 
distributional model assumptions were met. Relationships to 
the outcomes were assessed, and continuous variables were 
transformed to maximize linearity where appropriate. Model 
residuals were evaluated for homoscedasticity.

The LMM and GLMMs were tested for fit by Nagelkerke's ad-
justed R2 statistic, representing the proportion of variance in 
each outcome explained by the model [13–15]. R2 values were 
calculated with and without the IV loop diuretic model terms to 

determine how much variance in SBP and hypotension was ex-
plained by IV loop diuresis versus other multivariable-adjusted 
factors. Adjusted mean difference by parameters of interest (e.g., 
SBP with versus without IV calcium channel blocker) was eval-
uated by model effects estimated at the median values or major-
ity class (i.e., with exception of the variable of interest). Patients 
with missing data (n = 4) were excluded. Comparisons of base-
line variables were calculated (alpha = 0.05) using Wilcoxon 
rank sum (continuous) and Chi Squared or Fisher's exact test 
(categorical). Analyses were performed in R.

3   |   Results

3.1   |   Characteristics of Study Subjects

Of 330 patients enrolled, 257 were adjudicated as ADHF, and 4 
were excluded due to missing data. The analysis included 91,210 
observations (598.2 person-hours of monitoring) from 253 pa-
tients. A detailed inclusion and exclusion diagram has been pub-
lished previously [9]. A majority of patients (85% vs. 92% with/
without IV loop diuresis, Table 1) had ≤ 10 cumulative minutes 
of hypotension. A total of 6% of observations (n = 5150) were hy-
potensive (< 90 mmHg).

Patients had a median (interquartile range [IQR]) age of 60 
(50–67), EF 40% (25%–59%), and BNP 1070 (414-2055). Further 
baseline and treatment characteristics, presented in Table 1, dif-
fered between patients receiving versus not receiving IV loop 
diuretics with regard to dialysis history, home loop diuretic use, 
serum sodium, and ED administration of oral loop diuretics 
(p < 0.05). Other characteristics were similar with versus with-
out diuresis (Table 1). The median IV loop diuretic dose admin-
istered was 40 mg FEq, and the median SBP was 148 mmHg 
(126–174 mmHg) at the time of administration.

3.2   |   Systolic Blood Pressure and Hypotension 
Before vs. After Intravenous Loop Diuretics

On average, SBP decreased 6 mmHg lower after IV loop di-
uretic administration (p < 0.001, Table  2). Incidence of hy-
potension was 6.0% across observations overall, with similar  
rates before versus after IV loop diuretics (6.1% vs. 6.0%, 
p = 0.7). While 155 patients had at least one measured 
SBP < 90 mmHg, the vast majority were non-sustained. The 
rates of hypotension sustained for ≥ 10 and ≥ 20 min were 4.9% 
and 4.7%, respectively, with similar rates before/after diure-
sis (Table  2). No episodes of hypotension were sustained for 
≥ 30 min. Incidence of hypotension, including sustained hy-
potension, was most common with baseline SBP < 100 mmHg. 
With increasing baseline deciles of SBP, the incidence of hypo-
tension decreased (Figure 1). No patients required vasopres-
sors or other blood pressure support.

3.3   |   Multivariable-Adjusted Effect of IV Loop 
Diuresis on Systolic Blood Pressure

After multivariable adjustment, IV loop diuresis (including dose 
in FEq and minutes since administration up to 6 h) explained 
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TABLE 1    |    Patient and treatment characteristics.

Characteristic Overall, N = 253a
No IV loop 

diuretic, n = 76a IV loop diuretic, n = 177a pb

Baseline characteristics and home medications

Age 60 (50, 67) 60 (48, 68) 60 (51, 67) 0.7

Female sex 114 (45%) 36 (47%) 78 (44%) 0.6

BMI 32 (26, 39) 30 (26, 36) 33 (26, 40) 0.053

Systolic blood pressure, triage 154 (132, 178) 156 (139, 183) 153 (129, 175) 0.2

Diastolic blood pressure, triage 91 (79, 105) 93 (80, 103) 91 (78, 106) 0.8

Heart rate, triage 92 (81, 105) 93 (80, 105) 92 (81, 105) > 0.9

Respiratory rate, triage 20 (18, 22) 20 (18, 23) 20.0 (18.0, 22.0) 0.2

Oxygen saturation, triage 97 (95, 99) 97 (95, 98) 98 (95, 99) 0.3

Hypertension 236 (93%) 69 (91%) 167 (94%) 0.3

Diabetes 125 (49%) 35 (46%) 90 (51%) 0.5

Dialysis 19 (7.5%) 10 (13%) 9 (5.1%) 0.026

Pulmonary hypertension 74 (29%) 20 (26%) 54 (31%) 0.5

Atrial fibrillation or flutter 48 (19%) 11 (14%) 37 (21%) 0.2

Myocardial infarction 80 (32%) 21 (28%) 59 (33%) 0.4

Heart failure 234 (92%) 69 (91%) 165 (93%) 0.5

Valvular heart disease 90 (36%) 27 (36%) 63 (36%) > 0.9

COPD 97 (38%) 25 (33%) 72 (41%) 0.2

Ejection fraction 40 (25, 59) 45 (25, 58) 40 (23, 60) 0.5

ACE inhibitor 91 (36%) 25 (33%) 66 (37%) 0.5

Angiotensin receptor blocker (ARB) 32 (13%) 14 (18%) 18 (10%) 0.070

Beta blocker 176 (70%) 56 (74%) 120 (68%) 0.4

Calcium channel blocker 75 (30%) 27 (36%) 48 (27%) 0.2

Home loop diuretic 154 (61%) 36 (47%) 118 (67%) 0.004

Nitroglycerin 58 (23%) 15 (20%) 43 (24%) 0.4

Troponin I 0.03 (0.00, 0.07) 0.03 (0.00, 0.06) 0.03 (0.00, 0.08) 0.9

Brain natriuretic peptide 1070 (414, 2055) 1007 (422, 2344) 1107 (414, 2024) 0.7

Sodium 139.0 (137.0, 142.0) 138.0 (136.0, 140.0) 140.0 (137.0, 142.0) < 0.001

Potassium 4.10 (3.80, 4.50) 4.10 (3.78, 4.50) 4.10 (3.80, 4.50) > 0.9

BUN 21 (15, 31) 21 (13, 33) 21 (16, 30) 0.3

Atrial fibrillation on ED ECG 21 (8.3%) 6 (7.9%) 15 (8.5%) 0.9

Treatment characteristics

Intravenous nitroglycerin 28 (11%) 11 (14%) 17 (9.6%) 0.3

Noninvasive positive pressure 
ventilation

16 (6.3%) 5 (6.6%) 11 (6.2%) > 0.9

Supplemental oxygen 65 (26%) 19 (25%) 46 (26%) 0.9

ACE inhibitor or ARB 29 (11%) 6 (7.9%) 23 (13%) 0.2

(Continues)
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only 1.4% of the overall variance in SBP (Figure 2A). Overall, 
the multivariable model explained 79.6% of SBP variation during 
the 598.2 h of ADHF patient monitoring (Figure 2A, n = 91,210 
observations).

Figure 2B presents the multivariable-adjusted trends in SBP over 
the 6-h period following an 80 mg IV furosemide dose, stratified by 
“baseline” SBP at the time of administration. The shape of the trend 
included an early nadir in SBP around 147 min (Figure 2B), consis-
tent with furosemide's 2-h peak effect. SBP thereafter increased, 
followed by a plateau, without completely returning to baseline by 
6 h (Figure 2B). Comparing 80 mg of IV furosemide to no treat-
ment at the median baseline SBP of 145 mmHg, the multivariable-
adjusted mean, nadir, and peak post-diuresis differences in SBP 
were −11.9, −15.2, and −8.5 mmHg, respectively. Doses of 40 mg 
and 100 mg were associated with lesser versus greater changes in 
SBP, respectively (Figure 2C).

The 78.1% of SBP variation not attributed to IV furosemide 
was accounted for by 36 observed confounders, along with 
co-administered treatments having multiplicative effects on 

SBP when IV furosemide was given (i.e., significant model 
treatment interactions). Patient-level characteristics with 
multivariable-adjusted associations with lower SBP were 
lower EF, advanced age, lower baseline SBP, higher BMI, di-
abetes, outpatient beta blocker use, higher troponin, hypona-
tremia, hypokalemia, bradycardia on the continuous monitor, 
and atrial fibrillation on ED ECG (p < 0.05). Higher SBP was 
associated with histories of hypertension and/or chronic HF, 
outpatient use of ACE inhibitors, ARBs, or nitroglycerin, and 
higher BNP.

The effects of selected co-administrations and patient charac-
teristics after receiving 80 mg IV furosemide are presented in 
Figure 2C. Many co-administrations with IV furosemide had 
multiplicative effects on SBP. Co-administration of furose-
mide with ACE inhibitors or ARBs (adjusted mean difference 
{MD} treatment vs. no treatment −17.3 mmHg), NIPPV (MD: 
−24.9 mmHg), and oral diltiazem (−33.2 mmHg) was associ-
ated with a significantly greater reduction in SBP than furose-
mide and the co-administered treatment alone (p interaction 
< 0.05). Nitroglycerin and IV furosemide co-administration 

Characteristic Overall, N = 253a
No IV loop 

diuretic, n = 76a IV loop diuretic, n = 177a pb

Beta blocker 69 (27%) 23 (30%) 46 (26%) 0.5

IV diltiazem 4 (1.6%) 0 (0%) 4 (2.3%) 0.6

Oral dihydropyridine CCB 21 (8.3%) 7 (9.2%) 14 (7.9%)

Oral diltiazem 1 (0.4%) 0 (0%) 1 (0.6%)

No CCB 227 (90%) 69 (91%) 158 (89%)

Oral loop diuretic 6 (2.4%) 6 (7.9%) 0 (0%) < 0.001

Intravenous loop diuretic dose 40 (40, 40) NA

Initial systolic blood pressure at IV loop diuretic administration 148 (126, 174) NA

Events

Total minutes of hypotension

0 98 (39%) 32 (42%) 66 (37%) 0.6

1–10 123 (49%) 38 (50%) 85 (48%)

11–20 8 (3.2%) 1 (1.3%) 7 (4.0%)

21–30 4 (1.6%) 0 (0%) 4 (2.3%)

31–60 12 (4.7%) 2 (2.6%) 10 (5.6%)

61–120 7 (2.8%) 3 (3.9%) 4 (2.3%)

> 120 1 (0.4%) 0 (0%) 1 (0.6%)

Proportion of time hypotensive 0.4% (0.0, 3.1) 0.3% (0.0, 2.6) 0.6% (0.0, 3.2) 0.3

Sustained hypotension ≥ 10 min 11 (4.3%) 4 (5.3%) 7 (4.0%) 0.7

Sustained hypotension ≥ 20 min 10 (4.0%) 4 (5.3%) 6 (3.4%) 0.5

Sustained hypotension ≥ 30 min 0 (0%) 0 (0%) 0 (0%) NA
aMedian (IQR); n (%).
bWilcoxon rank sum test; Pearson's Chi-squared test; Fisher's exact test.

TABLE 1    |    (Continued)
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was associated with a similar SBP reduction as furosemide 
alone when baseline SBP was normal-high, but a significant 
multiplicative effect at the lowest deciles of baseline SBP. 

Diltiazem, both with (MD: −46.9 mmHg IV, −32.3 mmHg PO) 
and without furosemide (−32.8 mmHg IV, −21.83 mmHg PO), 
was the strongest treatment predictor of lower SBP.

TABLE 2    |    Blood pressure before vs. after intravenous loop diuretic.

Characteristic Overall, N = 91,210a

Before IV 
loop diuretic, 
n = 29,348a,b

After IV loop 
diuretic, n = 61,862a pc

Systolic blood pressure, mmHg 136 (115, 158) 140 (118, 163) 134 (114, 156) < 0.001

Diastolic blood pressure, mmHg 79 (67, 91) 79 (66, 91) 79 (68, 91) 0.6

Mean arterial pressure, mmHg 99 (85, 115) 101 (85, 118) 99 (85, 114) < 0.001

Heart rate, bpm 84 (73, 95) 83 (71, 94) 85 (74, 96) < 0.001

Hypotension (Systolic blood 
pressure < 90 mmHg)

5515 (6.0%) 1794 (6.1%) 3721 (6.0%) 0.7

Sustained hypotension ≥ 10 min 4483 (4.9%) 1485 (5.1%) 2998 (4.8%) 0.2

Sustained hypotension ≥ 20 min 4320 (4.7%) 1415 (4.8%) 2905 (4.7%) 0.4

Sustained hypotension ≥ 30 min 0 (0%) 0 (0%) 0 (0%) NA
aMedian (IQR); n (%).
bIncludes observations of patients who did not receive a diuretic during the monitoring period.
cWilcoxon rank sum test; Pearson's Chi-squared test.

FIGURE 1    |    Incidence of hypotension stratified before versus after intravenous loop diuresis and by decile of baseline systolic blood pressure 
(SBP). Continuous measurements, n = 91,210, were taken every 20 s from 253 patients with acute decompensated heart failure.
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3.4   |   Multivariable-Adjusted Risk of Hypotension 
After IV Loop Diuresis

The second multivariable model explained 58.1% of the over-
all variance in risk of hypotension, with 1.7% related to IV fu-
rosemide and 56.4% related to non-furosemide confounders 
(Figure 3A). Figure 3B presents the multivariable-adjusted risk 
of hypotension associated with IV furosemide over time, strat-
ified by dose and baseline SBP. Like the SBP model, the risk of 
hypotension increased with higher doses of furosemide and 
lower baseline SBP and varied over time with peaks between 
100–200 min (Figure 3B).

Total incidence of hypotension related to IV furosemide during 
the 6 h following administration is presented in Figure 3C. For 
all doses of furosemide, the risk of hypotension was dramatically 
lower at baseline SBPs ≥ 110 mmHg compared to 90–100 mmHg. 
Furosemide-related incidence of hypotension overall was < 1%, 
< 3%, and < 4% for 40 mg, 80 mg, and 100 mg (respectively) 
at baseline SBPs of 110–180 mmHg. At SBP baselines of 90–
100 mmHg, the incidence of 1%–2%, 3%–4%, and 4%–7% respec-
tively were estimated for the same doses (Figure 3C).

Other significant multivariable-adjusted predictors of hypoten-
sion besides IV furosemide included lower baseline SBP, male 

FIGURE 2    |    Multivariable-adjusted association between IV furosemide and systolic blood pressure (SBP). (A) Variance in SBP during acute de-
compensated heart failure (ADHF) treatment explained by IV furosemide versus other factors. (B) Multivariable-adjusted effect of 80 mg IV furose-
mide on SBP, stratified by baseline (pre-treatment) blood pressure. (C) Differences in multivariable-adjusted association of IV furosemide and SBP 
by dose, patient characteristics, and co-administered treatments.
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sex, outpatient beta blocker use, uremia, and ED treatment with 
IV diltiazem (p < 0.05). IV nitroglycerin was associated with 
significantly less hypotension at normal-high baseline SBP and 
greater hypotension at low baselines. Outpatient ACE inhibitor 
use, low HR on continuous monitoring, and ED treatment with 
PO or IV beta blockers and NIPPV were associated with lower 
rates of hypotension. Co-administration of NIPPV or beta block-
ers with IV furosemide, however, was associated with increased 
hypotension risk.

4   |   Discussion

We describe, for the first time, the blood-pressure effects and 
risk of hypotension associated with IV furosemide in ADHF 
patients. Our data should be reassuring, especially finding that 
the association between SBP and IV furosemide within 6 h of 
administration is modest at commonly used doses (Figure 2B), 
and all but 1.4% of variance in SBP over time was explained by 
factors besides IV furosemide (Figure  2A). Hypotension was 

FIGURE 3    |    Multivariable-adjusted risk of systolic hypotension associated with IV furosemide. (A) Variance in hypotension risk during acute 
decompensated heart failure (ADHF) treatment explained by IV furosemide versus other factors. (B) Multivariable-adjusted risk of hypotension 
associated with IV furosemide over time, up to 6 h following administration, and stratified by baseline (pre-treatment) blood pressure and dose (40, 
80, or 100 mg). (C) Cumulative multivariable adjusted incidence of hypotension associated with IV furosemide during the 6 h after administration, 
stratified by baseline blood pressure and IV furosemide dose. Error bars = 95% confidence.
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9

How much risk of hypotension (SBP < 90mmHg) due 
specifically to IV furosemide occurs during ADHF 
treatment, and what predicts greater vs. lesser risk?

Multivariable-adjusted mixed e�ects modeling

Continuous blood pressure monitoring
91,210 observations (recorded every 20s)
253 unique ADHF patients
598.2 person-hours of monitoring time

Clinical question

IV Furosemide
Confounders

- Baseline hemodynamics
- Other treatments
- Comorbidities

- LVEF
- Serum biomarkers

- Other factors 

Systolic BP Risk of Hypotension

Regression modeling

Cumulative minutes of hypotension related to IV furosemide 
within 360 minutes of administration✣✣  (with 95% confidence)

1.4% attributable 
to IV Furosemide*

1.7% attributable 
to IV Furosemide*

*Remainder attributable to observed confounders

Baseline 
SBP 

Dose of IV Furosemide

40mg 80mg 100mg

90 mmHg 6 (2-10) 14 (9-21) 23 (16-30)

100 mmHg 4 (1-8) 11 (6-17) 17 (11-25)

110 mmHg 3 (1-7) 9 (4-13) 14 (8-20)

120 mmHg 2 (0-5) 7 (2-11) 10 (6-16)

130 mmHg 2 (0-4) 5 (2-9) 8 (4-13)

150 mmHg 1 (0-3) 3 (0-6) 5 (2-9)

180 mmHg 0 (0-1) 1 (0-3) 2 (0-5)

≤25th percentile 
SBP in ADHF 
patients

25th - 50th 

percentile SBP
>50th percentile 
SBP

✣Incidence of furosemide-related hypotension  = 0% (all doses) at ≥360 minutes after 
administration

Conclusions
Hypotension related specifically to IV furosemide in ADHF is 
uncommon, transient, and largely predictable as a function of 
baseline blood pressure and dose.

Risk of IV furosemide-related hypotension by time

Ri
sk

0 min 
Administration

100-200 min
Peak Risk

6 hours
No risk

Duration of hypotensive episodes
Continuous duration at SBP < 
90mmHg

Proportion of Total Monitoring Time 
(minutes hypotensive / minutes monitored)

Before IV Furosemide After IV Furosemide

Hypotensive < 10 minutes 1.1% 1.2%

Hypotensive 10-29.9 minutes 5.1% 4.8%

Hypotensive >30 minutes 0% 0%

FIGURE 4    |    Central Illustration and Key Study Findings. Continuous blood pressure monitoring, recorded every 20 s (n = 91,210 observations, 
598.2 person-hours), was performed in a multicenter prospective ADHF cohort (n = 253 patients). Episodes of hypotension (SBP < 90 mmHg) were 
recorded and analyzed before versus after IV furosemide. Multivariable-adjusted mixed effects regression modeling was used to identify the con-
tribution of IV furosemide versus confounders to the incidence of hypotension and identify modifiers that increased the risk of furosemide-related 
hypotension over time. ADHF, acute decompensated heart failure; IV, intravenous; min, minutes; SBP, systolic blood pressure.
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similarly rare when administered to patients with baseline SBP 
above 110 mmHg (Figure  4). Risk of hypotension associated 
with 80 mg IVFu was ≤ 2% with baseline SBP ≥ 120 mmHg. For 
40 mg, IVFu-associated hypotensive risk was ≤ 2% with SBPs 
of 90–100 mmHg, and < 1% with SBP ≥ 110 mmHg.

These rates of furosemide-associated hypotension arguably ap-
pear even less clinically significant when one considers a few ad-
ditional factors. First, there was no observed risk of hypotension 
due to IV furosemide after 6 h (i.e., all hypotension associated 
with IV furosemide was transient, regardless of dose or starting 
SBP). Second, zero patients experienced hypotension sustained 
for ≥ 30 consecutive minutes (Table 2), also regardless of dose 
or baseline SBP (Figure 3B). Third, the cumulative minutes of 
furosemide-related hypotension across the 6-h monitoring pe-
riod were few. With a baseline SBP of 120 mmHg, administra-
tion of 40 mg of IV furosemide was associated with an average of 
2 cumulative minutes of hypotension (95% CI: 0–5 min) during 
6 h of post-diuretic monitoring (Figure  4). The same baseline 
blood pressure yielded 7 total minutes (2–11) of hypotension 
after 80 mg IV furosemide, and 10 min (6–16) after 100 mg.

Lower blood pressure and higher dose were the primary cor-
relates of hypotension risk related specifically to IV furosemide. 
The 100 mg dose was associated with a nearly 4-fold decrease in 
SBP compared to 80 mg (−38.4 mmHg, Figure  2C), and higher 
rates of hypotension. Still, the maximum cumulative duration 
of hypotension related to IV furosemide, which occurred at 
starting SBPs of 90 mmHg and doses of 100 mg, was just 23 min 
(16–30 min), or 6.3% of the 6-h monitoring time (Figure  4). In 
a typical ED patient with blood pressure monitoring occurring 
every 30–60 min (as opposed to every 20 s in our study), such a 
small duration of hypotension may go unnoticed during typical 
clinical blood pressure checks. Moreover, few ADHF patients 
will ever have a baseline SBP as low as 90 mmHg, making this 
“maximal” 23-min cumulative duration of hypotension largely 
inapplicable to most scenarios. In large multinational registries, 
the mean SBP at hospitalization for ADHF patients has been re-
ported at around 130–140 mmHg [16, 17]. Given the transience of 
hypotension risk observed and most patients presenting with el-
evated baseline SBP, the benefit of aggressive diuresis will there-
fore outweigh hypotension risk in many cases where a high dose 
is clinically indicated (e.g., patients on high PO doses and signs of 
loop diuretic resistance [2, 18]). Overall, our findings should help 
clinicians recognize that baseline SBP may increase the risk of 
hypotension, allowing more patient-specific treatment choices.

Patient-level factors, such as severely low EF, advanced age, and 
atrial fibrillation, significantly increased blood pressure reduc-
tion and risk of hypotension in the ED. In patients with these 
features, it may be reasonable to administer lower doses of furo-
semide (e.g., 40 mg) when pre-treatment SBP is borderline to low 
(e.g., < 110 mmHg). By examining the confounding effects of co-
administered treatments with and without IV furosemide, we found 
that multiple co-administered treatments also had profound effects  
on SBP which, at times, were multiplicative with IV furosemide's 
effects. Some of these are likely unavoidable based on specific clin-
ical situations, such as NIPPV in patients with respiratory failure.

Others, like calcium channel blockers, are relatively con-
traindicated in heart failure per AHA guidelines [1]. Use of 

diltiazem in combination with furosemide was the single great-
est multivariable-adjusted predictor of reduced SBP (Figure 2C), 
which underscores that these agents should be avoided or used 
with extreme caution in ADHF patients who require IV loop 
diuresis. Patients administered ACEi/ARB alongside IV furo-
semide had small but significantly greater SBP reduction than 
those with equivalent IV furosemide doses alone. Other medi-
cations administered in the ED (e.g., beta blockers, MRAs, di-
hydropyridine CCBs) did not show significant effects on SBP 
reduction; but the analysis was not specifically powered to de-
tect subtle effects in these subgroups.

Of the 234 patients without a dialysis history, 66 (28.2%) were 
not administered IV furosemide until after ED disposition. 
Another 15.8% of those receiving IV furosemide were admin-
istered 10–20 mg, below the minimum dose of 40 mg recom-
mended in current American College of Cardiology (ACC) and 
American Heart Association (AHA) guidelines [1, 2]. While 
multiple factors likely affect decisions to withhold or under-
dose IV furosemide, in a previous survey of ED physicians 
nearly 20% stated that they routinely withhold IV furose-
mide in ADHF patients without cardiogenic shock or baseline 
SBP < 90 mmHg due to a fear of hypotension [6]. Our results 
suggest these fears can be assuaged in patients without low 
baseline blood pressure.

The risk of furosemide-related hypotension has been previously 
reported in chronic heart failure patients; and generally suggests 
more frequent occurrence of furosemide-related hypotension 
in this population than we observed here in ADHF [19–21]. It 
makes intuitive sense that we observed hypotensive risk as far 
less common in ADHF patients. Acute volume overload and/or 
uncontrolled hypertension, common in ADHF, likely protects 
against hypotension compared to compensated heart failure 
patients.

A strength of our study design is more precise measurement of 
BP than standard brachial cuffs, with a monitor validated for 
high correlation to invasive monitoring [11, 22, 23]. Brachial 
BP cuffs are, by contrast, highly variable and moderately inac-
curate compared to invasive BP [24], and may introduce sys-
tematic biases by sex and height [25]. Continuous monitoring 
is another methodological strength, allowing hypotensive ep-
isodes to be observed directly before and after treatment with 
precise timing and attribution of treatment effects. Standard of 
care BP measurements are infrequent—every 30 min to 4 h in 
a typical acute care setting—which makes estimation of SBP 
changes related to a drug like IV furosemide difficult without 
continuous monitoring (i.e., given a 1–2 peak effect and 6-h 
duration of action). These methodological strengths are likely 
as rigorous as possible for a direct study of real-world IV fu-
rosemide use, since a randomized clinical trial evaluating IV 
furosemide versus no furosemide for hypotension risk is un-
likely to ever occur.

4.1   |   Limitations

Our results are limited by being observational rather than exper-
imental, but an IV furosemide versus placebo trial is unlikely to 
occur. We used precise timing of interventions versus continuous 
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monitoring alongside a robust multivariable-adjustment strat-
egy to control for selection biases and confounders. This yielded 
models which explained the majority of variance in SBP and 
hypotension overall. Nevertheless, no observational study can 
infer causality like a randomized trial.

Other potential limitations may apply. First, we excluded 4 pa-
tients due to missing monitoring or baseline data and observa-
tions where internal device signals indicated suboptimal signal 
quality, which could bias results. However, a sensitivity analysis 
using multiple imputation to include these patients yielded simi-
lar results. Second, the sample included few IV furosemide doses 
above 80–100 mg, meaning that estimates at higher doses should 
be treated with caution. Third, while the monitoring device used 
has been validated to have nearly perfect (R2 = 0.96 [11]) cor-
relation with invasive monitoring, it is not the gold standard. A 
study with strictly intra-arterial SBP may not be feasible with as 
many patients as we studied, since invasive arterial monitoring 
is not standard or common in this population. Fourth, our study 
population was restricted to relatively uncomplicated ADHF ep-
isodes almost exclusively in patients with Stage C heart failure. 
While this patient profile represents the majority of the patients 
hospitalized for ADHF annually, our results do not likely apply 
to ADHF patients presenting with advanced (i.e., Stage D) heart 
failure, cardiogenic shock, or ST-elevation myocardial infarction. 
Fifth, NYHA classifications prior to acute decompensation and 
ED arrival were unknown for patients in the cohort, and thus we 
could not adjust for this factor, which may have been relevant. 
However, this does reflect the clinical reality at these hospitals; 
most patients arrive at the ED without a known recent NYHA 
classification (e.g., due to lack of recent outpatient cardiology 
follow-up or incomplete documentation) and ED providers must 
nevertheless make treatment decisions in the absence of this 
information. Sixth, while this was a preplanned analysis with 
a convenience sample, it is possible a larger sample could have 
been more robust to detect hypotensive effects (e.g., particularly 
in detecting interactions between co-administrations, or acquir-
ing more precision in point estimates of effect of IV furosemide 
on SBP and hypotension). Finally, we studied the association of 
initial IV furosemide dosing in the ED setting but not additional 
dosing during hospitalization. Thus, we did not evaluate effects 
like dose-stacking or theoretically worsening hypotensive risk 
near the end of hospitalization as patients approach euvolemia.

5   |   Conclusion

In this prospective cohort study, we found that the risk of hy-
potension associated with IV furosemide during ADHF treat-
ment is low and predominantly occurs at low baseline blood 
pressures and higher furosemide doses. These results should 
reassure clinicians that administration of guideline-directed IV 
loop diuretic doses is hemodynamically safe in the vast majority 
of ADHF patients.
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