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Role of bicarbonate and volume therapy in the prevention
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Background: Although bicarbonate has traditionally been used to treat patients with rhabdomyolysis at high risk of acute kidney inju-
ry (AKI), it is unclear whether this is beneficial. This study compared bicarbonate therapy to non-bicarbonate therapy for the prevention
of AKI and mortality in rhabdomyolysis patients.

Methods: In a propensity score-matched cohort study, patients with a creatine kinase (CK) level of >1,000 U/L during hospitalization
were divided into bicarbonate and non-bicarbonate groups. Patients were subgrouped based on low-volume (<3 mL/kg/hr) or
high-volume (=3 mL/kg/hr) fluid resuscitation in the first 72 hours. Logistic regression analyses were used to identify the impacts of
bicarbonate use and fluid resuscitation on AKI risk and need for dialysis. The Kaplan-Meier method was used to estimate survival.
Volume overload and electrolyte imbalances were assessed.

Results: Among 4,077 patients, we assembled a cohort of 887 pairs of patients treated with and without bicarbonate. Bicarbonate
group had a higher incidence of AKI, higher rate of dialysis dependency, higher 30-day mortality, and longer hospital stay than the
non-bicarbonate group. Further, patients who received high-volume fluid therapy had worse renal outcomes and a higher mortality
than those who received low-volume fluids regardless of bicarbonate use. Bicarbonate use, volume overload, and AKI were associat-
ed with higher mortality. Volume overload was significantly higher in the bicarbonate group than in the non-bicarbonate group.
Conclusion: Bicarbonate or high-volume fluid therapy for patients with rhabdomyolysis did not reduce AKI or improve mortality com-
pared to non-bicarbonate or low-volume fluid therapy. Limited use of bicarbonate and adjustment of fluid volume may improve the
short- and long-term outcomes of patients with rhabdomyolysis.
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Introduction

Acute kidney injury (AKI) occurs in 14% to 46% of patients
with rhabdomyolysis [1]. When muscle cells are damaged,
intracellular myoglobin is released into the circulation
causing renal damage due to direct tubule injury, tubular
obstruction, or renal vasoconstriction. Subsequently, a
large amount of water is rapidly expelled into the extracel-
lular fluid, causing a decreased glomerular filtration rate
with worsening of AKI [2]. Life-threatening AKI leads to
electrolyte and volume imbalances, which can cause ar-
rhythmia or cardiac arrest, and renal replacement therapy
is required. de Meijer et al. [3] reported that mortality in
patients who developed AKI was twice as high as in those
who did not. Therefore, for patients with severe rhabdo-
myolysis with a high risk of AKI and death, judicious and
timely treatment remains essential.

The hypotheses that acidic urine worsens acute tubu-
lonephropathy and that the risk of AKI is associated with
dehydration were used to support bicarbonate therapy for
patients with rhabdomyolysis, wherein bicarbonate inhib-
its myoglobin cast formation, and a large amount of fluid
results in solute diuresis due to alkalization of the urine
[4]. However, there are only a few studies, with no clear
consensus, on whether the routine use of bicarbonate can
prevent the development of AKI [5,6]. No randomized con-
trolled clinical trials have compared bicarbonate therapy
with fluid therapy alone. Indeed, some studies suggested
that early, rather than late initiation of fluid therapy can
help improve outcomes [7-9]; however, fluid type and
target fluid volume, duration of therapy, monitoring pa-
rameters, target urine output, and the onset of initiation of
fluid therapy used in these studies varied widely. Various
studies have attempted to identify the optimal fluid therapy
in various diseases or situations, such as renal transplant
[10]. However, no prior study has investigated what fluid
is optimal for the treatment of rhabdomyolysis despite the
importance of fluid therapy in this condition. Thus, we in-
vestigated whether bicarbonate therapy could prevent AKI
compared to fluid therapy alone and assessed the effect of
fluid volume on patient outcomes. Further, we analyzed
predictors of AKI, dialysis, and death in patients hospital-
ized for rhabdomyolysis.

Methods
Study design

We conducted a propensity score-matched cohort study in
Seoul National University Bundang Hospital (a 1,334-bed,
public, university-affiliated, teaching hospital). Patients
with a creatine kinase (CK) level of >1,000 U/L during hos-
pitalization were divided into two groups; patients who
received fluid with bicarbonate and those who received
fluid without bicarbonate. Patients were subgrouped based
on low-volume (<3 mL/kg/hr) and high-volume (>3 mL/
kg/hr) fluid resuscitation in the first 72 hours of admission.
Primary outcomes were the development of AKI, the in-
cidence of dialysis, and mortality in the propensity score-
matched cohort of patients exposed and unexposed to
bicarbonate. The study protocol complied with the Decla-
ration of Helsinki and received ethics approval from the In-
stitutional Review Board of Seoul National University Bun-
dang Hospital (No. B-1809/495-105); the need for informed
consent was waived as the study did not infringe on patient
privacy or health status.

Study population

We identified 6,492 hospitalized patients with a CK level of
>1,000 U/L between March 2003 and August 2018. Based
on preestablished exclusion criteria, we excluded children
and adolescents under 18 years (n = 130) and patients with
chronic kidney disease (CKD) undergoing renal replace-
ment treatment (n = 684) or with cardiac enzyme elevation
owing to myocardial infarction or cardiomyopathy (n =
1,601). Finally, 4,077 patients were included in this study.
The study flow chart is presented in Fig. 1.

Data collection

All clinical records and laboratory data, including age, sex,
length of hospital stay, inpatient vital signs, and laborato-
ry values such as levels of serum CK, blood urea nitrogen
(BUN), serum creatinine (Cr), sodium, potassium, serum
bicarbonate measured as total carbon dioxide (TCO,), cal-
cium, and albumin, were gathered from electronic medical
records. Shock was defined as an initial systolic blood pres-
sure (BP) of <90 mmHg; additionally, a BUN/Cr ratio of >20
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Figure 1. Study flow chart; eligible and excluded patients in the analytic data set.

CK, creatine kinase.

was used as a surrogate marker of prerenal status; that is,
volume depletion. An increase of over 10% in body weight
during hospitalization was regarded as volume overload.
Mortality and date of death were determined from death
certificates as well as the database of the Ministry of Interi-
or and Safety of Korea.

Definitions and measurements

Onset of rhabdomyolysis was recorded as the first day of

312 www.krcp-ksn.org

hospitalization of the patient and the occurrence of AKI
was monitored throughout the hospitalization period. AKI
was defined as a Cr level increase of >1.5 times or >0.3 mg/
dL and staged according to the Clinical Practice Guideline
for the Evaluation and Management of Kidney Disease: Im-
proving Global Outcomes (KDIGO) Group. Stage 2 AKI was
defined as an increase in the Cr to >2 times the baseline.
Stage 3 AKI was defined as a Cr of 23.0 or more times the
baseline, an increase in Cr of 24.0 mg/dL, or the initiation
of renal replacement therapy regardless of previous KDIGO
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stage [11]. We used the preadmission Cr value as the base-
line Cr level. If these values were not available, we used the
lowest Cr level measured during hospitalization. We con-
firmed cases and dates of dialysis by evaluating the Korean
Society of Nephrology end-stage renal disease registry.

Statistical analyses

Baseline characteristics were analyzed as frequencies and
percentages for categorical variables and as means and
standard deviation (SD) for continuous variables. Unad-
justed associations between the covariates and the primary
outcomes were analyzed using the chi-square test for cate-
gorical data and Student t test or Mann-Whitney U test for
continuous data. To minimize selection bias, propensity
score-matched logistic regression analysis was performed
for the likelihood of bicarbonate use. A propensity score was
calculated using the baseline covariates of age, sex, underly-
ing comorbidities (diabetes, hypertension, heart failure, liv-
er failure, and CKD), cause of rhabdomyolysis (e.g. statins),
shock (systolic BP < 90 mmHg), BUN/Cr ratio of >20 as a
surrogate marker for volume depletion, fluid amount level,
initial serum TCO, level at admission, baseline Cr levels,
and baseline CK levels (Supplementary Fig. 1, available
online). The propensity score was estimated by logistic
regression of the use of bicarbonate on the covariates. We
used 1:1 nearest neighbor propensity score matching with-
out replacement based on the propensity score estimated
using logistic regression of the treatment on the covariates.
Caliper width was set to 0.2 of the SD of the logit of the
propensity score. Adequacy of balance for the covariates in
the matched samples was assessed using the standardized
mean difference between the two groups, with differences
of <10% reflecting good balance. Multiple logistic regres-
sion analysis models were used to identify adjusted odds
ratios (ORs) for AKI and dialysis. Restricted cubic spline
analysis was performed to explore the nonlinear relation-
ship between outcomes and both serum bicarbonate levels
and fluid volume. Cutoff values were calculated from max-
imally selected log-rank statistics using the condMC meth-
od. Comparisons between prerenal (baseline BUN/Cr ratio
> 20) and normal (BUN/Cr ratio < 20) groups, and between
shock (systolic BP < 90 mmHg) and normal (systolic BP >
90 mmHg) groups were performed with high-volume fluid
therapy and with the consequences of volume overload,

AKI, dialysis, and death within 30 days as outcomes. In
addition to examining the individual effects of bicarbonate
and high-volume fluid therapy on the outcome variables,
further analyses were conducted to determine additional
risks caused by the interaction between the use of bicar-
bonate and amount of fluid provided using the Relative
Excess Risk due to Interaction (RERI). In brief, the RERI
metric reflects the additive interaction of two risk factors.
If an interaction between risk factor A and risk factor B is
present, the combined effect of A and B is greater or small-
er than the sum of the individual effects of A and B. RERI =
0 means no interaction or exact additivity; RERI > 0 means
a positive interaction or more than additivity; and RERI < 0
means a negative interaction. Besides RER], interaction on
an additive scale includes an attributable proportion (AP);
the synergy index (S) was also computed. AP is the propor-
tion of disease in the doubly exposed group that is attrib-
utable to the interaction and S is the ratio of the combined
effect and the sum of the individual effects. In the absence
of an additive interaction effect, AP equals 0 and S equals
1 [12]. Kaplan-Meier method was used to estimate survival
and survival was compared between groups using a log-
rank test. A Cox proportional hazards model was used to
calculate hazard ratios (HRs) for AKI and death. Logistic
and Cox regression models were adjusted based on rele-
vant baseline covariates. To estimate the significance of
differences in HRs for bicarbonate use, subgroup analysis
was performed using multivariate Cox proportional hazard
regression, and a p-value for the interaction was estimated.
R version 3.6.3 (R Foundation for Statistical Computing
Platform) or IBM SPSS Statistics for Windows, version 23
(R Foundation for Statistical Computing, Vienna, Austria)
were used for all analyses.

Results
Participant characteristics

Mean age of all study participants was 57.9 + 20.8 years, and
66.7% of participants were male. Baseline Cr level was 1.0
+ 0.8 mg/L, and 1.2% of participants had CKD as a baseline
comorbidity prior to hospitalization for rhabdomyoly-
sis. Based on medical records, we classified the cause of
rhabdomyolysis as medical or surgical, with 1,834 medical
(45.0%) and 2,243 surgical cases (55.0%). Detailed causes
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Table 1. Selected baseline characteristics and outcomes according to bicarbonate use in propensity-matched patients

Total population

After propensity score matching

Variable - - - -
No bicarbonate Bicarbonate p-value No bicarbonate Bicarbonate p-value
No. of patients 1,584 2,493 887 887
Age (yr) 61.1+17.8 60.5 +17.7 0.23 61.0+ 176 61.2+179 0.79
Male sex 1,077 (68.0) 1,644 (65.9) 0.19 612 (69.0) 604 (68.1) 0.72
Body mass index (kg/m?) 242 +6.3 23.9+8.7 0.25 242 +76 23.8+39 0.26
Comorbidity
Diabetes mellitus 78 (4.9) 121 (4.9) 0.98 41 (4.6) 46 (5.2) 0.66
Hypertension 92 (5.8) 150 (6.0) 0.84 55 (6.2) 55 (6.2) 0.99
Chronic kidney disease 12 (0.8) 38 (1.5) 0.04 8(0.9) 9(1.0) 0.99
Heart failure 0(0) 3(0.1) 0.43 0(0) 0(0) NA
Liver failure 1(0.2) 20 (0.8) 0.003 1(0.2) 1(0.2) 0.99
Cause 0.99
Surgical 869 (54.9) 1374 (55.1) 0.90 482 (54.3) 482 (54.3)
Medical 715 (45.1) 1,119 (44.9) 405 (45.7) 405 (45.7)
Baseline Cr (mg/dL) 09+0.6 1.1+£0.9 <0.001 0.9+0.7 09+0.6 0.19
Baseline serum CK (IU/L) 1,330 (527-2,599) 1,133 (287-3,194) 0.02 1,336 (553-2,577) 996 (206-2,572) <0.001
Baseline serum TCO, (mEq/L) 224 +3.6 20.7+5.0 <0.001 22.0+34 21.8+4.3 0.15
Data are expressed as number only, mean + standard deviation, number (%), or median (interquartile range).
CK, creatine kinase; Cr, serum creatinine; NA, not applicable; TCO,, total carbon dioxide.
Table 2. Outcomes of the study participants
Total population After propensity score matching
Variable N(()nbfair,té(érlla)te ?Aczrg%néaé? pvalue No(lcr)]|c=agbé)7r1)ate Bzzalbé)é\?}e pvalue
Serum creatinine (mg/dL)
Peak 1.4+£13 24+20 <0.001 14+1.2 21+1.7 <0.001
At discharge 0.9+0.7 1.3+1.2 <0.001 09+0.8 1.2+10 <0.001
Follow-up 0.9+0.7 1.0+0.7 0.002 09+0.7 09+05 0.48
Serum CK (IU/L)
Peak 1,945 (1,331-3,609) 3,125 (1,589-7,893) <0.001 2,002 (1,341-3,670) 2,797 (1,516-750) <0.001
At discharge 985 (279-1,563) 962 (204-2,277) 0.05 903 (248-1,490) 931 (186-1,917) 0.32
Follow-up 77 (41-151) 62 (33-124) 0.006 69 (38-139) 62 (31-126) 0.16
Outcome
AKI 730 (46.1) 1,974 (79.2) <0.001 451 (50.8) 671 (75.6) <0.001
AKI stage <0.001 <0.001
0 854 (53.9) 519 (20.8) 436 (49.2) 216 (24.4)
1 409 (25.8) 617 (24.7) 238 (26.8) 240 (27.1)
2 175 (11.0) 433 (17.4) 116 (13.1) 154 (17.4)
3 146 (9.2) 924 (37.1) 97 (10.9) 277 (31.2)
Dialysis 25 (1.6) 473 (19.0) <0.001 16 (1.8) 129 (14.5) <0.001
Hospital stay (day) 22.0+22.7 26.6 +54.4 <0.001 221 +£21.7 28.1 +59.6 0.005
30-Day mortality 96 (6.1) 659 (26.4) <0.001 61 (6.9) 211 (23.8) <0.001
All-cause mortality 495 (31.3) 1,126 (45.2) <0.001 301 (33.9) 404 (45.5) <0.001

Data are expressed as mean * standard deviation, median (interquartile range), or number (%).
CK, creatine kinase; AKI, acute kidney injury.
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of rhabdomyolysis are described in Supplementary Table 1
(available online). Bicarbonate-containing solution was
administered to 2,493 patients (61.1%) during hospitaliza-
tion. Patients from the bicarbonate group tended to be old-
er and to have higher baseline and peak Cr levels (Table 1).
Serum CK level at presentation and peak serum CK lev-
el during hospitalization were higher in the bicarbonate
group than in the non-bicarbonate group.

Bicarbonate use and outcomes
A significantly higher incidence of AKI development was
observed in the bicarbonate group than in the non-bicar-

bonate group (n = 1,974 [79.2%] vs. n = 730 [46.1%], p <
0.001) (Table 2; Supplementary Fig. 2A, available online).

OR for AKI (PSM)

Multivariate logistic regression analysis for AKI showed
that the use of bicarbonate was independently associated
with increased risk of AKI development, with an OR of 3.17
(95% confidence interval [CI], 2.62-3.85, p < 0.001).

In the propensity score-matched model, bicarbonate
users still had a higher risk of AKI than the non-bicarbon-
ate group (Supplementary Fig. 2B). Moreover, the bicar-
bonate group showed a statistically higher risk of dialysis
dependency (n = 129 [14.5%] vs. n = 16 [1.8%], p < 0.001),
extended hospital stay (28.1 + 59.6 days vs. 22.1 + 21.7
days, p = 0.005) (Table 2), and higher mortality than the
non-bicarbonate group (Supplementary Table 2, available
online). Using multivariate logistic regression analysis,
use of bicarbonate (OR, 8.97; 95% CI, 5.05-15.91), medical
cause of rhabdomyolysis (OR, 1.90; 95% CI, 1.28-2.81), use

OR (95% Cl)

Diuretics 4 @ . | 3.44(2.68-4.40)"
Bicarbonate } e 2.51(1.99-3.15)"
DM | 8 PO 1.72 (0.95-3.13)
Sex | e 1.44 (1.13-1.84)*
Medical cause - e 1.30 (1.03-1.64)*
High fluid e 1.27 (0.99-1.61)
CKD o 1.14 (0.33-3.92)
HTN e 1.11 (0.67-1.84)
Age 1 ° 1.01 (1.01-1.02)**
BMI 4 ° 0.98 (0.96-1.01)
Baseline Cr e 0.57 (0.44—0.73)**
1 2 3 4 5
OR
OR for dialysis (PSM) OR (95% CI)
Bicarbonate 1 @ | 897 (5.05-15.91)**
CKD 1 ® © | 3.82(0.95-15.30)
Medical cause T e 1.90 (1.28-2.81)**
Diuretics 1 . 1.89 (1.08-3.30)*
Baseline Cr P e— 1.81 (1.39-2.34)"**
High fluid e 1.48 (1.00-2.19)*
DM 1 . 1.47 (0.68-3.18)
Sex 1 e 1.26 (0.82-1.93)
Age 1 ° 1.00 (0.99-1.01)
BMI 1 ¢ 0.99 (0.94—1.04)
HIN] — @&+ 0.77 (0.35-1.70)
5 10 15
OR

Figure 2. ORs for the development of AKI and the initiation of dialysis based on multivariate logistic regression of the propensi-

ty-matched cohort.

AKI, acute kidney injury; BMI, body mass index; Cl, confidence interval; CKD, chronic kidney disease; Cr, serum creatinine; DM, diabe-
tes mellitus; HTN, hypertension; OR, odds ratio; PSM, propensity score matching.

*p <0.05, **p < 0.01, ***p < 0.001.
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Figure 3. Kaplan-Meier curves relating bicarbonate use to all-cause mortality. (A) For the total population. (B) For the propensi-

ty-matched patients.

of diuretics (OR, 1.89; 95% CI, 1.08-3.30), higher baseline
Cr (OR, 1.81; 95% CI, 1.39-2.34), and high-volume fluid re-
suscitation (OR, 1.48; 95% CI, 1.00-2.19) were independent
risk factors for the need for dialysis (Fig. 2). Kaplan-Meier
curves estimating the probability of all-cause mortality
showed a significantly higher risk in the bicarbonate group
than in the non-bicarbonate group (Fig. 3). Medical cause
(adjusted HR [aHR], 1.8; 95% CI, 1.57-2.21), volume over-
load (aHR, 1.47; 95% CI, 1.18-1.82), higher AKI stage (aHR,
1.23; 95% CI, 1.26-1.47), bicarbonate use (aHR, 1.33; 95%
CI, 1.12-1.59), and higher baseline Cr level (aHR, 1.16; 95%
CI, 1.05-1.29) were significant predictors of mortality in the
multivariate Cox proportional regression analysis (Supple-
mentary Fig. 3C, available online). Moreover, we observed
that the hazards of AKI, dialysis, and mortality increased as
peak serum bicarbonate, measured as the TCO,, increased
to above the normal range in restricted cube splines (Sup-
plementary Fig. 4, available online).

Differences in the hazard ratio for the development of
acute kidney injury according to use of bicarbonate in pre-

specified strata

Subgroup analysis suggested a stronger association be-
tween bicarbonate use and AKI in patients with a surgical
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cause of rhabdomyolysis (OR, 1.73; 95% CI, 1.50-1.73) than
in patients with a medical cause (OR, 1.56; 95% CI, 1.35-
1.81) (p for interaction < 0.001), although bicarbonate use
was significantly associated with AKI in patients with either
medically or surgically-induced rhabdomyolysis (Fig. 4). Ir-
respective of age, sex, underlying comorbidities except for
CKD, fluid amount, baseline serum TCO,, BUN/Cr ratio, or
BP, the use of bicarbonate was associated with AKI across
subgroups of patients (Fig. 4).

Fluid resuscitation and outcomes

Slightly more patients received low-volume fluid resus-
citation than high-volume fluid resuscitation (53.7% and
46.3%, respectively). Patients administered a high volume
of fluid had a higher incidence of AKI regardless of the
use of bicarbonate (AKI: OR, 2.09; 95% CI, 1.82-2.41; p <
0.001; dialysis: OR, 2.05; 95% CI, 1.68-2.49; p < 0.001; AKI
in the propensity score-matched cohort: OR, 1.40; 95% CI,
1.14-1.73; p = 0.001; and dialysis in the propensity score-
matched cohort: OR, 1.28; 95% CI, 0.90-1.82; p = 0.163)
(Fig. 5). Hazards of AKI, dialysis, and mortality increased
as the amount of fluid received increased during the first
72 hours of treatment (Supplementary Fig. 4). According to
the estimated cutoff value calculated using the maximally
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No. of patients No . o p-value for
Subgroup (%) in group  bicarbonate Bicarbonate HR (95% CI) HR interaction
No. of patients (%) with AKI
Age 0.05
>65 yr 834 (47.0) 216 (47.9) 336 (50.1) 1.93
<65 yr 940 (53.0) 235(52.1) 334 (49.9) * 1.41
Sex 0.16
Male 1,216 (68.5) 324 (71.8) 457 (68.1) 1.56
Female 558 (31.5) 127 (28.2) 214 (31.9) X 1.88
DM 0.73
Yes 7(4.9) 26(5.8) 39 (5.8) 1.74
No 1 687 (93.8) 425(94.2) 632 (94.2) . 1.64
HTN 0.94
Yes 110 (6.2) 33 (7.3) 47 (7.0) 1.59
No 1,664 (93.8) 418 (92.7) 624 (93.0) [ 1.65
CKD 0.67
Yes 7(1.0) 5(1.1) 7(1.0) 0.95
No 1, 757 (99.0) 446 (98.9) 664 (99.0) — 1.66
Cause <0.001
Medical 810 (45.7) 230 (51.0) 285 (42.5) 1.53
Surgical 964 (54.3) 221(49.0) 386 (57.5) . 1.72
Fluid amount 0.56
High fluid 592 (33.4) 152 (33.7) 253 (37.7) 1.56
Low fluid 1,182 (66.6) 299 (66.3) 418 (62.3) ) 1.73
Initial TCO, 0.12
<24 1,151 (64.9) 316 (70.1) 456 (68.0) 1.70
224 623 (35.1) 135(29.9) 215 (32.0) . 1.54
BUN(/Cr ratio 0.07
<20 (prerenal) 917 (51.7) 315(69.8) 429 (63.9) 1.51
220 (normal) 857 (48.3) 136(30.2) 242 (36.1) e 1.97
Shock 0.09
Shock 88 (5.0) 32(7.1) 46 (6.9) 1.65
Normal BP 1,686 (95.0) 419 (92.9) 625 (93.1) —— 1.65
0 0.5 1.5 2 25 3

Favors bicarbonate treatment

<

<

Favors no bicarbonate treatment

Figure 4. Differences in HRs for the development of AKI with respect to the use of bicarbonate in prespecified strata.
AKI, acute kidney injury; BP, blood pressure; BUN/Cr, blood urea nitrogen to creatinine; CKD, chronic kidney disease; DM, diabetes

mellitus; HTN, hypertension; HR, hazard ratio; TCO,, total carbon dioxide.
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Table 3. Analysis of the effects of interaction between BIC therapy and high-volume fluid treatment on the development of acute kidney

injury

No bicarbonate

Bicarbonate OR for bicarbonate group

Variable - S
No. of patients OR (95% Cl)

Low-volume fluid
High-volume fluid

OR for the fluid group within
strata of the bicarbonate group

299/309
152/127
1.14

1.0 (reference)
1.14 (0.93-1.38)

No. of patientsa OR (95% Cl) within strata of the fluid group
418/156  1.62(1.39-1.87) 1.62
253/60 1.81(1.53-2.14) 1.59

1.12

Measure of interaction on additive scale (95% Cl): relative excess risk due to interaction, 1.56 (0.86-2.27); attributable proportion due to interaction, 0.56

(0.42-0.71); and synergistic index, 8.65 (2.02-37.04).
Cl, confidence interval; OR, odds ratio.
®With/without acute kidney injury.

selected log-rank statistics with the condMC method, over
5.5 mL/kg/hr of fluid for a period of 72 hours was associat-
ed with higher mortality (p < 0.001). The low-volume fluid
group had a lower risk of mortality in Kaplan-Meier anal-
ysis, and the cutoff fluid rate of 5.5 mL/kg/hr maximized
the difference in survival estimates (Supplementary Fig. 5,
available online).

As expected, patients in the prerenal (baseline BUN/
Cr ratio > 20) and shock (systolic BP < 90 mmHg) groups
received high-volume fluid therapy and had higher rates of
volume overload, AKI, dialysis, and death within 30 days.
In subgroup analyses stratified by both BP status (normal
BP vs. shock) and volume status (BUN/Cr ratio of <20 vs.
>20), high-volume fluid therapy was associated with a sig-
nificantly higher rate of AKI, dialysis, severe AKI, and death
in 30 days in every subgroup except the shock group, indi-
cating that high-volume fluid therapy itself has a negative
effect on prognosis (Supplementary Table 3, 4; available
online).

Interaction between use of bicarbonate and fluid amount

Given that the use of both bicarbonate and high-volume
fluid therapies were associated with a poor prognosis,
we evaluated additive risks using the RERI and found a
significant additive interaction between bicarbonate and
high-volume treatment for the development of AKI in the
propensity score-matched cohort using a multi-adjusted
model (Table 3). The RERI was 1.56, suggesting a 1.56 rel-
ative excess risk owing to the additive interaction. We also
found that 56% of the OR for developing AKI in patients ex-
posed to both bicarbonate and high-volume fluid therapy
was attributable to the additive interaction between bicar-
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bonate and high fluid volume. Moreover, the risk of AKI in
bicarbonate users who received high-volume fluid therapy
was 8.65 times as high as the sum of the risks in partici-
pants exposed to a single risk factor alone. This indicates
that bicarbonate and high-volume fluid treatments interact
synergistically to cause AKI.

Volume overload and electrolyte imbalances

Patients who received bicarbonate treatment developed
volume overload more frequently than patients who did
not (n = 418 [16.8%] vs. n = 126 [8.0%], p < 0.001) (Supple-
mentary Fig. 6, available online). Similarly, more patients
in the high- volume fluid group developed volume over-
load than those in the low-volume fluid group (n = 195
[9.5%] vs. n = 321 [18.2%)], p < 0.001). Electrolyte imbalanc-
es such as hyponatremia, hypernatremia, hypokalemia,
hyperkalemia, hypochloremia, and hyperchloremia were
more common in the bicarbonate group and high-volume
fluid group than the non-bicarbonate group and low-vol-
ume fluid group.

Discussion

In this retrospective, propensity score-matched cohort
study involving patients with rhabdomyolysis, we conclud-
ed that bicarbonate therapy increased AKI risk, the need
for dialysis, and mortality. Additional hypervolemic treat-
ment also appeared to be deleterious as it was associated
with volume overload and resulted in poor renal outcomes.

Early fluid resuscitation and bicarbonate therapy had
been advocated since a 1984 study of seven participants
with crush injuries reported treatment by the induction of
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alkaline solute diuresis [13]; since then, however, results
concerning the outcomes of bicarbonate treatment for the
prevention of AKI have been conflicting [5,14-17]. In a pre-
vious retrospective study of more than 2,000 patients with
traumatic rhabdomyolysis, bicarbonate with mannitol did
not prevent AKI, the need for dialysis, or decrease mortali-
ty. Thus, the authors concluded that the use of bicarbonate
with mannitol should be reevaluated [6]. Several me-
ta-analyses have noted the lack of prospective controlled
trials comparing bicarbonate therapy with fluid therapy
alone for preventing rhabdomyolysis-induced AKI [8,9].

In our study, higher rates of AKI in the bicarbonate group
might have resulted from several factors. First, clinicians
may have used bicarbonate therapy a priori in patients
with presumptive high-risk factors with worse expected
disease courses because its use was at the discretion of the
treating physicians. We used propensity score matching by
adjusting for underlying disease, sex, volume and BP sta-
tus, baseline Cr level, and baseline CK level in an attempt
to correct for this; however, the bicarbonate group still
presented with a higher AKI incidence, need for dialysis,
and mortality. Based on a review of the literature for other
studies with higher AKI rates in the bicarbonate group than
in the non-bicarbonate group, we found one study that
reported that of 157 patients, 16.5% had AKI and the inci-
dence of AKI was significantly higher in those patients who
received bicarbonate therapy; however, the authors spec-
ulated that bicarbonate administration was not the cause
of AKI but the result of receiving more aggressive therapy
[18]. However, this study was not designed to identify the
difference between bicarbonate and non-bicarbonate
groups; thus, causal relations could not be assessed. Sec-
ond, bicarbonate therapy may potentially have detrimental
effects. The effects of volume and sodium overload are not
disputable [19]. Consequences of bicarbonate therapy are
hypervolemia, hyperosmolarity, and hypernatremia. Bicar-
bonate infusion may induce hyperlactatemia. In contrast
to the beneficial use of bicarbonate for bicarbonate-losing
metabolic acidosis, such as metabolic acidosis caused by
diarrhea or renal tubular acidosis, the use of bicarbonate
for lactic acidosis has been disproved [19]. Furthermore,
a hyperosmolar state caused by bicarbonate infusion may
lead to paradoxical intracellular acidosis [8,20]. Additional-
ly, serum ionized calcium level is reduced by bicarbonate
infusion, and hypocalcemia is associated with reduced left

ventricular contractility [21]. These reactions may offset
any beneficial effect of alkalization of urine, and bicarbon-
ate therapy may contribute to the development of AKI. We
found that hypernatremia, volume overload, and other
electrolyte imbalances were more prominent in the bicar-
bonate group than in the non-bicarbonate group, although
the rates of hypocalcemia were not significantly different
between the bicarbonate and non-bicarbonate groups, and
lactate levels were not measured.

Hypervolemic treatment may also contribute to the
development of AKI [2]. The primary mechanism of rhab-
domyolysis-induced AKI is renal vasoconstriction; thus,
early intravenous fluid treatment has been used to restore
blood flow and glomerular filtration to protect the kidneys.
Surprisingly, previous studies have shown that a greater
degree of kidney dysfunction results from venous conges-
tion transmitted to the renal venous compartment than
from lack of arterial perfusion [22,23]. Therefore, aggressive
volume treatment to maintain renal flow may contribute
to peripheral overload, resulting in renal congestion and
AKI. We demonstrated that patients with volume overload
were at increased risk of developing AKI. Moreover, vol-
ume overload was an independent risk factor for mortality
in our study. Our results are consistent with those of a pre-
vious study that reported that volume overload increases
the risk of AKI and mortality, independent of the severity of
acute illness, indicating that prevention of volume overload
is crucial in managing critically ill patients [24]. We strat-
ified high-volume fluid therapy and bicarbonate therapy
using RERI analysis, and each variable independently and
synergistically had detrimental effects on the development
of AKI. We suggest that <5.5 mL/kg/hr fluid resuscitation
should be used to prevent AKI and mortality in patients
with rhabdomyolysis, and volume overload, hourly urine
output, and central venous pressure should be monitored
periodically. Nevertheless, bicarbonate use may have a role
in severe acidemic patients with rhabdomyolysis. Despite
the lack of relevant clinical data supporting its effective-
ness, theoretical evidence still exists [25-27].

Although the risk of AKI was higher for medically-caused
rhabdomyolysis than surgically-induced rhabdomyoly-
sis, the association between bicarbonate use and AKI was
higher in patients with rhabdomyolysis with a surgical
cause. In terms of AKI, bicarbonate use appeared harmful
in patients who were postsurgical, hypothermic, or im-
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mobilized, whereas bicarbonate use appeared beneficial
in cases of crush, seizure, hyperthermia, and malignant
neuroleptic syndrome. However, given the large numerical
differences in causal subcategories in our cohort, further
subanalyses are required to elucidate important subgroup
effects. Therefore, we propose a large-scale cohort study
wherein patients have rhabdomyolysis of homogeneous
etiology.

Our study had several strengths. We used propensi-
ty score-matched analyses to reduce selection bias and
potential baseline differences between bicarbonate and
non-bicarbonate groups. AKI was defined and staged ac-
cording to standard definitions proposed by the KDIGO
Group [11]; therefore, the study results are likely general-
izable to patients at other institutions. More than 4,000 pa-
tients were enrolled, and after propensity score matching,
over 3,000 patients were included in the analyses, which to
the best of our knowledge is the largest cohort of rhabdo-
myolysis patients analyzed in a single study.

Our study also has several limitations. First, it was not
specifically designed to illustrate the initiation and main-
tenance of bicarbonate therapy, bicarbonate dosage, or
target serum and urine pH levels. We did not tailor the
infusion of bicarbonate according to serum or urine pH
levels. Second, information on the type of fluid was not
stratified. Different fluid mixtures such as isotonic saline
and dextrose fluids were used in our study in the real-world
setting. However, the amount of fluid was adjusted by body
weight to set individual target volumes. Third, although we
separated medical and surgical causes of rhabdomyolysis,
numerous heterogeneous causes of rhabdomyolysis were
included. Fourth, although we performed propensity score
matching to avoid potential bias in the use of bicarbonate
in patients with predicted worse outcomes, such as severe
acidemia, volume depletion, or state of shock, there may
have been confounding effects due to complex and unin-
tended treatment settings. Future research should prospec-
tively evaluate the need for bicarbonate infusion and the
amount of fluid therapy without these limitations.

In conclusion, we found that the use of bicarbonate and
high-volume fluid treatment that resulted in volume over-
load were not beneficial but rather harmful to a certain
subset of patients with rhabdomyolysis, as reflected by in-
creased AKI risk, the need for dialysis, and increased mor-
tality.
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