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Purpose: To investigate early hemodynamic instability and its implications on adverse outcomes in patients who
require continuous renal replacement therapy (CRRT).

Materials and methods: A retrospective study of patients admitted to the intensive care unit (ICU) and underwent
CRRT at Mayo Clinic, Rochester, Minnesota between December 2006 through November 2015.

Results: Multivariate logistic regression was performed to identify predictors of in-hospital mortality and major
adverse kidney events (MAKE) at 90 days. Hypotension was defined as any of the following criteria occurring
during the first hour of CRRT initiation: mean arterial pressure < 60 mmHg, systolic blood pressure (SBP)
<90 mmHg or a decline in SBP >40 mmHg from baseline, a positive fluid balance >500 mL or increased vasopres-
sor requirement. The analysis included 1743 patients, 1398 with acute kidney injury (AKI). In-hospital mortality
occurred in 884 patients (51%). Early hypotension occurred in 1124 patients (64.6%) and remained indepen-
dently associated with in-hospital mortality (OR 1.56, 95% CI: 1.25-1.9).

Conclusion: Hypotension occurs frequently in patients receiving CRRT despite having a reputation as the dialysis
modality with better hemodynamic tolerance. It is an independent predictor for worse outcomes. Further studies

are required to understand this phenomenon.

© 2019 Elsevier Inc. All rights reserved.

1. Introduction

Acute kidney injury (AKI) is associated with higher risk of mortality
in hospitalized patients. In critically ill individuals who require continu-
ous renal replacement therapy (CRRT), the rate of in-hospital mortality
has been steadily reported to be 50-60% over the past two decades [1,2].
There have been multiple predictors of mortality reported in patients on
CRRT. These included older age, liver failure [3], fluid overload [4-6],
mechanical ventilation [7] and severity of illness (measured by the use
of vasopressors or other organ support devices) [1].

Intradialytic hypotension and its impact on patients on maintenance
hemodialysis are described by National Kidney Foundation Kidney

Abbreviations: AKI, Acute kidney injury; CI, Confidence interval; CRRT, Continuous
renal replacement therapy; CVVH, Continuous venovenous hemofiltration; DBP,
Diastolic blood pressure; ESRD, End-stage renal disease; ICU, Intensive care unit; KDOQI,
Kidney Disease Outcomes Quality Initiative; MAKE, Major adverse kidney events; MAP,
Mean arterial pressure; OR, Odds ratio; SBP, Systolic blood pressure; SOFA, Sequential
organ failure assessment.
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Disease Outcomes Quality Initiative (KDOQI) as “a decrease in systolic
blood pressure (BP) by > 20 mm Hg or a decrease in mean arterial pres-
sure by 10 mm Hg associated with symptoms that include abdominal
discomfort; yawning; sighing; nausea; vomiting; muscle cramps; rest-
lessness; dizziness or fainting; and anxiety” [8]. The occurrence of
intradialytic hypotension in patients on maintenance hemodialysis
may be due to serious conditions such as infection (or sepsis in general),
myocardial infarction, a reaction to the dialyzer membrane, or high ul-
trafiltration rates [9]. In most instances, it is due to incorrectly pre-
scribed target weight, combinations of prescribed medications or
autonomic neuropathy [10]. Severe intradialytic hypotension can lead
to bowel ischemia, stroke and MI [9]. The occurrence of intradialytic hy-
potension is also associated with higher mortality rates and major ad-
verse cardiac events [11,12].

The occurrence of intradialytic hypotension during CRRT is not well
described in the literature. One reason may be that the KDOQI definition
of intradialytic hypotension does not seem to be appropriate for pa-
tients on CRRT as it relies on a patient's ability to report symptoms to
meet criteria for intradialytic hypotension. Another reason is that
most studies reporting intradialytic hypotension in critically-ill patients
with AKI requiring dialysis do not differentiate between modalities
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used. Given the variability in defining hypotension, it is challenging to
estimate its prevalence in patients receiving CRRT. In one study, the in-
cidence of hypotension within the first hour of CRRT initiation was
found to be 43% when defining intradialytic hypotension as a “new/
sudden decrease in systolic blood pressure (SBP) >40 mm Hg, a mean
arterial pressure (MAP) of <60 mm Hg, or SBP <90 mm Hg; initiation
or increased dosing of vasoactive drugs, or the need for intravenous
fluid boluses within the first hour of CRRT” [13]. While the factors
influencing intradialytic hypotension in patients undergoing mainte-
nance hemodialysis as discussed above are better understood, the con-
tributing factors to such phenomenon in critically-ill patients might be
harder to delineate given vasodilatory state, decreased circulating vol-
ume, critical illness induced cardiomyopathy or other reasons. This
could be the reason why Kidney Disease Improving Global Guidelines
(KDIGO) in its Clinical Practice Guidelines for Acute Kidney Injury rec-
ommended “using CRRT, rather than standard intermittent RRT, for he-
modynamically unstable patients” [14].

The detrimental impact of intradialytic hypotension in patients with
AKI undergoing intermittent hemodialysis has been previously de-
scribed. Intradialytic hypotension has been associated with decreased
likelihood of renal recovery [15]. In another study, new lesions of
acute tubular injury have been described as a result of intradialytic hy-
potension [16]. In animal model studies, the underlying mechanism is
attributed to impaired renal autoregulation in the setting of kidney in-
jury and the inability to maintain adequate renal perfusion even with
small hemodynamic variations [16,17]. Hypotension during intermit-
tent dialysis has also been associated with increased mortality in pa-
tients with AKI undergoing intermittent hemodialysis in the intensive
care unit (ICU) [15]. In a retrospective study that included ICU patients
undergoing dialysis (43.1% intermittent hemodialysis, 44.5% receiving
CRRT, and 12.4% receiving slow low-efficiency dialysis), hypotension
during dialysis was associated with increased mortality but not with
renal recovery [18].

Although there is strong evidence that there is no significant differ-
ence in hemodynamic stability for patients treated with intermittent
hemodialysis and CRRT, CRRT is usually the modality of choice when he-
modynamically unstable patients develop AKI and require renal re-
placement therapy [19,20]. Some authors have suggested that the
potential beneficial impact of CRRT may be apparent after a prolonged
follow-up, where patients might have a favorable renal recovery attrib-
utable to improved hemodynamic tolerance [21] . To better understand
the incidence and clinical impact of hypotension during the first hour of
CRRT, this study investigated the incidence of hypotension in patients
requiring CRRT along with its impact on in-hospital mortality and
other relevant outcomes. This potentially provides a platform to identify
modifiable risk factors for high mortality rates that have been consis-
tently observed among CRRT-requiring AKI critically ill patients [1,2].

2. Materials and methods
2.1. Study design

This was a retrospective analysis of a cohort of adult (>18 years of
age) patients admitted to all ICUs at Mayo Clinic in Rochester, MN
from 12/9/2006 through 11/11/2015 who underwent CRRT. The ICUs
can be broadly categorized as Medical, Surgical, Coronary/cardiac ICU,
Cardiovascular surgery ICU, and others included under miscellaneous
(including neurology, respiratory care unit, etc..). The institutional re-
view board approved this project and waived the need for informed
consent for patients who provided research authorization for minimal
risk chart review studies. We excluded patients who were pregnant or
who did not provide research authorization.

2.1.1. Continuous renal replacement therapy standards and definitions
Continuous venovenous hemofiltration was the standard mode of
CRRT for all enrolled patients. At Mayo Clinic, the following settings

are considered standard: blood flow rate of 200 mL/min and replace-
ment fluid rate of 30 mL/kg/h (50% is delivered as pre-filter).The
replacement fluid is calcium-free, and 22 mEq/L or 32 mEq/L bicarbon-
ate concentration solutions (PrismaSATE, BGK 4/0/1.2 and PrismaSATE,
B22GK 4/0; Gambro1) is used for the replacement. We refer to the solu-
tion with bicarbonate concentration of 32 mEq/L as the high-
bicarbonate and the one with bicarbonate concentration of 22 mEq/L
as the low-bicarbonate solution. Regional citrate anticoagulation with
a dextrose citrate solution formula A (ADC-A) is the standard for
anticoagulation for all patients unless there is an absolute contraindica-
tion. All patients were also receiving continuous intravenous calcium
chloride infusion to maintain normal serum ionized calcium levels con-
comitantly. In order to achieve appropriate regional anticoagulation,
3 mmol of citrate is delivered for each liter of blood flow with a dose ad-
justment in patients with severe liver failure. Dose adjustments are
made based on the ratio of total to ionized calcium measured 4 h
after CRRT initiation. We use normal saline solution to prime the circuit.
CRRT was prescribed and managed by a dedicated nephrology-
intensive care group. While dialysis nurses set up and periodically as-
sess the CRRT circuit, intensive care nurses handled bedside CRRT
management.

We defined hypotension within the first hour of CRRT initiation as a
new mean arterial pressure (MAP) <60 mmHg, systolic blood pressure
(SBP) <90 mmHg or a decline in SBP >40 mmHg from baseline, or a pos-
itive fluid balance >500 mL or increased vasopressor requirement. The
reason for choosing the positive fluid balance or increased need of vaso-
pressors is to account for clinically significant hypotension that required
an intervention (or at least clinically meaningful change in the patients’
course). We did not exclude patients who had a low blood pressure be-
fore CRRT initiation. We chose the minimum value recorded for SBP and
MAP in determining patients who develop hypotension.

2.2. Statistical analysis

Depending on the normality of the data distribution we summarized
continuous variables as mean and standard deviation or median and in-
terquartile range (IQR). Categorical variables were presented as counts
and percentages. The two-way independent t-test or Wilcoxon rank
sum test was used for continuous variables, and the Chi-squared test
or the Fisher's exact tests was utilized for categorical variables. Odds ra-
tios (OR) were reported with the 95% confidence interval (CI). The pri-
mary outcome was in-hospital mortality. Secondary outcomes included
ICU and hospital lengths of stay (LOS) and major adverse kidney events
(MAKE) at 90 days. MAKE is a composite outcome of need of renal re-
placement therapy, doubling the serum creatinine from baseline or
death at 90 days. Multivariate logistic regression was performed to
identify independent predictors of in-hospital mortality. We also
planned to investigate potential predictors of the occurrence of early
hypotension. For that analysis, independent variables were chosen
based on the clinical relevance. We performed the following sensitivity
analyses when evaluating the association between hypotension and in-
hospital mortality: 1) excluded patients who had fluid overload <5% of
admission body weight before CRRT initiation, 2) excluded patients
who had a minimum MAP<55 mmHg one-hour prior to CRRT initiation,
3) included cumulative fluid balance, net ultrafiltered volume and dura-
tion of CRRT in the full model..

We used a conversion scale previously published by Murugan et al.
[22] to standardize the different vasopressor types and doses given
within 1 h prior to CRRT initiation to norepinephrine equivalent units.
We used the maximum dose of each vasopressor within that hour.
The conversion scale was adapted from the medical literature as cited
by Murugan et al. [22-25]. Statistical significance was determined
when the p-value was <0.05. All analyses were performed using JMP
statistical software version 13.0 (SAS Institute Inc., Cary, NC, USA). We
used RStudio: Integrated Development Environment for R (RStudio
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Table 2
Predictors of in-hospital mortality.

Table 1
Study demographics.
Characteristics Values
Age, years [mean (Sd)] 61 (15)
BMI, kg/m? [mean (Sd)] 31.5 (15)
SOFA score on CRRT initiation day [mean (Sd)] 11.77 (3.7)
Modified shock index (HR/MAP) [mean (Sd)] 1.3 (04)
ICU days when CRRT initiated [median (IQR)] 1 (IQR 0-2)
Charlson Comorbidity Index [median (IQR)] 5 (IQR 3-7)
Female [count (%)] 699 (40)
ESRD [count (%)] 345 (19.8)
AKI [count (%)] 1398 (80.2)
Mechanical Ventilation [count (%)] 1257 (72.1)
ICU type [count (%)] Medical 836 (48)
Coronary/cardiac 136 (7.8)
Surgical 307 (17.6)

Cardiovascular surgery 447 (25.7)

Miscellaneous 13 (1)
Vasopressors used within 1st hour of CRRT Norepinephrine 865 (50)
initiation [count (%)] Vasopressin 759 (43.5)
Epinephrine 424 (24.3)
Milrinone 221 (12.6)
Dopamine 124 (7.1)
Phenylephrine 104 (6)
Dobutamine 77 (44)

Team, 2016, Boston, MA, USA) to perform Hosmer and Lemeshow good-
ness of fit test.

3. Results

The analysis included 1743 unique adult patients, 345 (19.8%) with
end-stage renal disease (ESRD) and 1398 (80.2%) with AKI. The mean
age was 61(415) years with 699 (40%) female, median Charlson co-
morbidity index (CCI) of 5(IQR 3-7) and the mean sequential organ fail-
ure assessment (SOFA) score on the day of CRRT initiation was 11.77 (%
3.7) (Table 1).

Overall in-hospital mortality occurred in 884 (51%) of the patients.
Among the predictors of in-hospital mortality that were found to be sta-
tistically significant on univariate analysis were age (OR 1.01 per 1 year
increase, 95% CI: 1.01-1.02), SOFA score (OR 1.13 per 1 unit increase,
95% CI: 1.10-1.16), hypotension within 1 h (OR 1.6, 95% CI: 1.3-1.9),
AKI compared to ESRD (OR 1.9, 95% CI: 1.5-2.5), use of high bicarbonate
replacement fluid (OR 1.71, 95% CI: 1.36-2.12). On multivariate analy-
sis, hypotension within one hour of CRRT initiation remained indepen-
dently associated with in-hospital mortality (OR 1.54, 95% CI:
1.25-1.92, p <.001), after adjusting for age, SOFA score, mechanical ven-
tilation, fluid balance between ICU admission and CRRT initiation,
Charlson comorbidity index, AKI vs ESRD, replacement fluid used and
time of CRRT initiation (Table 2). We also performed a sensitivity anal-
ysis by defining hypotension based only on the blood pressure criteria,
without the increase in vasopressor requirement or a positive fluid bal-
ance of >500 mL. There were 981(56%) patients who met this definition.
While also including baseline MAP within one hour from CRRT initiation
and the fluid removal rate within the first hour of CRRT initiation in the
full model, hypotension within one-hour from CRRT initiation remained
an independent predictor of in-hospital mortality (OR 1.32, 95% CI
[1.05-1.65], p.016). We performed another sensitivity analysis by in-
cluding the presence of cardiogenic shock as a covariate in the model.
Hypotension remained independently associated with mortality (OR
1.49,95% CI [1.2-1.85], p <.001). There was no interaction for the diag-
nosis of cardiogenic shock and hypotension. None of the other sensitiv-
ity analyses performed changed the nature or the statistical significance
of the association between hypotension and in-hospital mortality (data
not shown). Hosmer and Lemeshow goodness of fit test resulted in a p-
value = .11, indicating appropriate calibration.

Among 1398 patients who had AKI, MAKE9O occurred in 913 pa-
tients (65.3%). Hypotension was also independently associated with

Predictors Unadjusted P-value Adjusted® P-value
OR (95% CI) OR (95% CI)
SOFA score (per 1 unit)  1.13 (1.10; 1.16) <0.001 1.13 (1.1,1.16) <0.001

Age (per 1 year)

CRRT initiation day (per
1 day delay)

Mechanical ventilation

1.01 (1.01,1.02) <0.001
1.02 (1, 1.04) 0.048

1.02 (1.01, 1.02) <0.001
1.1(1.06,1.15)  <0.001

116 (0.94;14) 014  087(0711) 025

Hypotension in the first 1.6 (1.3-1.9) <0.001 1.54(1.25,1.92) <0.001
hour of CRRT initiation

AKI compared to ESRD 1.9 (1.5-2.5) <0.001 1.54(1.17,2.04) <0.001

Use of high bicarbonate  1.71 (1.36,2.12) <0.001 1.52(1.21,1.93) <0.001

replacement fluid”

2 Model adjusted for age, SOFA score, mechanical ventilation, fluid balance between ICU
admission and CRRT initiation, Charlson Comorbidity Index, AKI vs ESRD, use of high bicar-
bonate replacement fluid at the start of CRRT and timing of CRRT initiation (as ICU day
number when CRRT was initiated).

b Compared to low bicarbonate replacement fluid (22 meq/L).

MAKE9O in the multivariate model (Table 3). In addition, among 913
patients who had MAKE9O in the original data, 61 patients (6.6%) met
the criteria for doubling of creatinine only. When analyzing the data
for MAKE 90 without the criteria for doubling of creatinine, the results
showed a similar relationship between hypotension and MAKE90: 1.5
(95% CI: 1.14-1.99, p = .003).

Hypotension within the first hour of CRRT initiation occurred in
1124 patients (64.6%). Thirty percent of the patients met only one
criterion for hypotension: 38 patients (2.1%) only had positive fluid
balance, 124 patients (7%) only had increased vasopressor require-
ment and 362 patients (21%) only had drop in blood pressure. Pa-
tients who became hypotensive received less fluid between ICU
admission and CRRT initiation (3.5 L, IQR 0.7; 9.1 vs. 5.7 L, IQR 1.6;
12 p <.001). They also had higher SOFA scores (12.1 vs. 11.1, p <
.001), higher modified shock index (1.41 vs. 1.21, p <.001), higher
lactate levels (5.35 vs. 3.41 mg/dL, p <.001), INR (1.91 vs. 1.72,p =
.001) and norepinephrine doses within one hour before CRRT initia-
tion (0.15 vs 0.12 pg/kg/min, p = .001). Also, hypotension was more
likely to occur when any high bicarbonate replacement fluid was
used [OR 1.6, 95% CI 1.27, 2.04; p <.001] when compared to the use
of only low bicarbonate replacement fluid. This comparison was
done for the type of replacement fluid used at the start of CRRT. In
addition, hypotension occurred more frequently in the coronary/
cardiac ICU (69%) and the cardiovascular surgery ICU (84%) versus
the medical (58%) and general surgical (52%) intensive care units,
p <.001. Patients with and without hypotension did not differ in
age, sex, body mass index (BMI), ICU and hospital LOS, mechanical
ventilation at CRRT initiation, AKI vs. ESRD, Charlson comorbidity
index, presence of cirrhosis, baseline serum creatinine, serum bicar-
bonate, hemoglobin, sodium, chloride, and phosphorous levels.
(Table 4).

Table 3
Predictors of MAKE90.
Predictors Unadjusted P-value Adjusted ¢ P-value
OR (95% CI) OR (95% CI)

SOFA score (per 1 unit)

Age (per 1 year)

CRRT initiation day (per
1 day delay)

111 (1.07; 1.14) <0.001
1.02 (1.01,1.02) <0.001
1.05(1.01,1.09) 0.005

1.12 (1.08, 1.16) <0.001
1.02 (1.01,1.03) <0.001
1.08 (1.04, 1.13)  <0.001

Hypotension in the first  1.48 (1.18-1.86) <0.001 1.34(1.05,1.71) 0.01
hour of CRRT initiation
Use of high bicarbonate  1.61 (1.24,2.07) <0.001 1.5(1.14,1.97) 0.002

replacement fluid”

2 Model adjusted for age, SOFA score, mechanical ventilation, fluid balance between ICU
admission and CRRT initiation, Charlson Comorbidity Index, use of high bicarbonate re-
placement fluid at the start of CRRT, baseline serum creatinine and timing of CRRT initia-
tion (as ICU day number when CRRT was initiated).

b Compared to low bicarbonate replacement fluid (22 megq/L).
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Table 4 Table 5
Characteristics of patients with early hypotension. Predictors of Hypotension within one-hour of CRRT initiation.
Characteristics Hypotension No hypotension  P-value Predictors Adjusted OR? P-value
(N=1124) (N=1619) (95% CI)
In-hospital mortality 617 (54.9%) 267 (43%) <0.001 Use of high bicarbonate replacement 145 (1.11,1.9) 0.001
MAKE 90° 613 (68.6%) 300 (59.5%) <0.001 fluid at the start of CRRT ®
Hospital LOS, median days (IQR) 21 (9;38) 21(11;38) 0.07 CHF diagnosis 1.9(15,25) <0.001
ICU LOS, median days (IQR) 9 (4;17) 9 (5;16) 0.52 Invasive ventilation 1.27 (0.97, 1.67) 0.07
ICU day number when CRRTwas 1 (0;2) 1(1;3) <0.001 pH at start of CRRT 0.67 (0.63,0.77) <0.001
initiated” Ionized calcium 0.72 (0.61,0.85) <0.001
Fl'Am.j ‘l)a!ance ‘befors CRRT 35 (07:9.1) >7(16:12) <0001 2 Model adjusted for age, fluid balance between ICU admission and CRRT initiation,
initiation (liters) X o . T .
mechanical ventilation, AKI vs. ESRD, time of CRRT initiation, presence of congestive heart
SOFA 12.1(3.6) 11.1(3.8) <0.001 . . . o .
. . failure diagnosis (CHF), use of high bicarbonate replacement fluid at the start of CRRT, ar-
Modified shock index 141 (0.44) 121 (0.30) <0001 terial pH, serum bicarbonate and ionized calcium before CRRT initiation.
MAP within one-hour before CRRT 67 (11) 77 (12) <0.001 b Pt X X )
o Reference group was low-bicarbonate replacement fluid.
initiation (mmHg)
SBP within one-hour before CRRT 98 (21) 119 (19) <0.001
initiation (mmHg)
Heart rate closest to CRRT 92 (22) 92 (18) 0.5 4. Discussion

initiation (beats/min)
Fluid removal rate within 1-h after 1.32 (0.3; 3.2)
CRRT initiation (mL/Kg/Hour)"
Invasive ventilation at time of
CRRT initiation

1.6 (0.6; 3.3) 0.02

828 (73%) 429 (69%) 0.05

High-bicarbonate replacement 323 (29.5%) 125 (20.6%) <0.001
fluid
Low-bicarbonate replacement 772 (70.5%) 478 (79.3%)
fluid
CHF diagnosis 586 (52%) 230 (37%) <0.001
CV surgery ICU 377 (84%) 72 (16%) <0.001
Cardiac and coronary ICU 94 (69%) 42 (31%)
Medical ICU 489 (58%) 348 (42%)
General surgery ICU 160 (52%) 147 (48%)
Sepsis 577 (51%) 335 (54%) 0.27
Diagnosis of cirrhosis or 95 (8.5%) 66 (10.6%) 0.14
moderate-severe liver disease
Serum Albumin, g/dL 2.96 (0.7) 3.09 (0.77) 0.05
lonized calcium mg/dL 4.24(0.67) 435 (0.72) 0.002
Arterial pH on first day prior to 7.31(0.1) 7.33(0.1) <0.001
CRRT
Serum Bicarbonate, mmol/L 19.5 (4.6) 20.3 (4.3) 0.003
Serum lactate, mg/dL" 5.55 (2.6;11.6) 34(1.7;7) <0.001
INR" 2.35(1.6; 3.5) 1.8 (1.4;2.9) 0.001
Bilirubin, mg/dL" 3.7(14;13.1) 2.7 (1;8.6) 0.002

Norepinephrine drip
mcg/kg/min><

Epinephrine drip mcg/kg/min®* 0.05

Dopamine drip mcg/kg/min®< 4.83

0.15 (0.07; 0.35) 0.12 (0.06; 0.2)  0.001

0.03;0.1)  0.05(0.03;0.1) 036
3:8) 4(3;6.7) 0.81

Milrinone drip mcg/kg/min™¢ 0.25(0.14; 0.33) 0.25(0.2;041) 0.2

Phenylephrine drip mcg/kg/min®¢ 0.75 (0.43; 1.88) 0.58 (0.31; 1.94) 0.49
Vasopressin drip U/min®< 0.04 (0.03; 0.04) 0.04 (0.03;0.04) 0.75
Dobutamine drip mcg/kg/min>< 5(2.75;7.5) 5(2.5;5.6) 0.45

Vasopressor standardized to
norepinephrine within
one-hour before CRRT initation
(mcg/kg/min)®

0.18 (0.08;038) 0.15(0.1;027) 0.08

2 Measured in AKI subpopulation only.

b Using Wilcoxon given non-normal distribution. Values represent median and IQR.

¢ Values represent the doses one hour before CRRT initiation for patients who were
receiving that vasopressor.

Predictors for hypotension occurring within the first hour of CRRT
initiation were investigated, the following were found to be significant
in the multivariate model: use of high bicarbonate replacement fluid
alone (OR 1.45, 95% CI 1.11-1.9, p = .001), CHF diagnosis (OR: 1.9,
95% Cl 1.5-2.5, p <.001), ionized calcium before CRRT initiation was in-
versely associated with hypotension (OR 0.72, 95% CI 0.61-0.85, p <
.001, for every 1 mg/dL increase in ionized calcium), the same was
true for blood pH (OR: 0.67, 95% CI1 0.63, 0.77, p < .001, for every 0.1
unit increase in pH). The model was adjusted for age, fluid balance be-
tween ICU admission and CRRT initiation, mechanical ventilation, AKI
vs. ESRD, time of CRRT initiation, presence of congestive heart failure di-
agnosis, use of high bicarbonate replacement fluid at the start of CRRT
and arterial pH, serum bicarbonate and ionized calcium before CRRT ini-
tiation. (Table 5).

This is one of the largest studies to examine the prevalence of early
hypotension after initiation of CRRT and to evaluate the association be-
tween this phenomenon and short-term mortality and major adverse
kidney events. Nearly two-thirds of patients developed hypotension
within one hour after CRRT initiation. In-hospital mortality in this
critically-ill cohort of patients who require CRRT was 51%, and was
higher among patients with early hypotension. After multivariate ad-
justment, we found that hypotension within one hour of CRRT initiation
was associated with 1.54 times increased odds of in-hospital mortality
and 1.36 times increased odds of MAKE9O. This association remained
significant even after adjusting for severity of illness; indicating that it
is an important predictor of worse outcomes that can identify patients
early (within one hour from starting CRRT) who are likely to have
worse outcomes.

Intradialytic hypotension has been reported in multiple studies to
range between 17 and 87% [18,26-29]. It is important to mention that
previous studies have used different definitions for intradialytic hypo-
tension and did not always specify the dialysis modality. Studies using
the KDOQI definition can miss episodes of intradialytic hypotension,
as it does not account for RRT delivery in the ICU where symptoms
may not be reported due to altered mental status or mechanical ventila-
tion. More importantly, the KDOQI definition does not account for the
use of -or increased need for- vasopressor support to maintain systemic
blood pressure during RRT [30]. For this reason, depending on the defi-
nition used, the incidence of intradialytic hypotension during CRRT can
range between 0 and 87%[18,31] and 12.5%-45%[13,31], with the latter
range being more similar to our definition of hypotension (decrease in
MAP or any hypotensive episode prompting an increase in the dose of
vasopressor infusion or need for fluid bolus). In one trial, intradialytic
hypotension occurred in 35% of the patients on CRRT compared to 39%
of patients on intermittent hemodialysis, a statistically nonsignificant
difference. However, guidelines to improve hemodynamic tolerance in
intermittent hemodialysis were followed; these included: simultaneous
connection of both lines of the circuit filled with saline, gradual escala-
tion of ultrafiltration, minimal duration session of 4 h use of cool dialy-
sate (35 °C) with high sodium concentration [32]. All of these measures
could have played a role in lowering the incidence of intradialytic hypo-
tension, but more importantly, it shows that preventive measures could
be standardized to guide patient care.

We have shown that hypotension was independently associated
with mortality and MAKE9O even after adjusting for statistically signif-
icant and clinically relevant known confounders. In regards to
MAKE9O, in patients with AKI that are dialysis-dependent, intradialytic
hypotension has been linked to new ischemic injury resulting in de-
layed recovery [16,33]. This is thought to be the result of loss of renal
autoregulation, making the kidneys susceptible to small hemodynamic
perturbation that will eventually lead to the new renal ischemic injury
[16,17]. Evidence from studies comparing the different dialysis
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modalities has found an association between intradialytic hypotension
and mortality. In a randomized clinical trial comparing CRRT (specifi-
cally, continuous veno-venous hemodialysis) to intermittent hemodial-
ysis, when the whole cohort was analyzed, using Cox proportional
hazard for time to death, a change in MAP after initiating dialysis was
associated with increased mortality [Hazard ratio: 1.06 (1.01-1.10)]
[15]. In another study, Augustine et al. showed that greater changes in
MAP on dialysis and higher number of vasopressors at baseline
remained associated with decreased survival times [15]. One con-
founder associated with increased hospital mortality frequently occur-
ring in patients with AKI requiring CRRT is volume overload [30,34-
36]. While recognizing this risk factor and including it in the model as
a confounder, hypotension remained independently associated with
both in-hospital mortality and MAKE9O0. This suggests that hypotension
within one-hour of CRRT initiation might be contributing to worse out-
comes through a different mechanism, which may not be solely ex-
plained by fluid gains. While acknowledging it is a different patient
population, the underlying mechanism of the association between
intradialytic hypotension and worse outcomes in ESRD patients on
maintenance hemodialysis has been thought to be multifactorial.
Intradialytic hypotension in this population has been associated
with myocardial stunning [37], fixed reduction in systolic function
[38], brain injury [39] and bowel ischemia leading to increased endo-
toxin translocation from the gut and eventually leading to reduced sur-
vival [40].

While most of the patient-specific factors that may contribute to
intradialytic hypotension have been investigated in patients on
maintenance hemodialysis, little is known about patients requiring
CRRT in the ICU. In patients on maintenance hemodialysis, a rapid
diffusive solute loss has been suggested to cause intradialytic hypo-
tension through rapid drops in plasma osmolality, leading to move-
ment of water intracellularly and eventually leading to a decrease
in extracellular volume [41]. Autonomic dysfunction is a well-
known risk factor for intradialytic hypotension in patients on main-
tenance hemodialysis; however, in critically-ill patients, compensa-
tory mechanisms such as increasing sympathetic tone and cardiac
output can also be impaired and contribute to intradialytic hypoten-
sion [30]. Endothelial dysfunction assessed with flow-mediated dila-
tion of the brachial artery after upper arm occlusion has also been
shown to be associated with intradialytic hypotension in patients
on maintenance hemodialysis [42]. In our study, the use of high bi-
carbonate replacement fluid was independently associated with
the occurrence of hypotension. This phenomenon may be difficult
to explain given the non-conclusive data in human studies. In a
small cross-over study in patients with ESRD on maintenance hemo-
dialysis, the use of high (32 mmol/L) vs low (26 mmol/L) was asso-
ciated with lower intradialytic systolic blood pressure [43]. In an
observational study in patients with ESRD on maintenance hemodi-
alysis, higher dialysate bicarbonate was associated with intradialytic
hypotension (hazard ratio: 1.12 per 4 mEq/L higher bicarbonate con-
centration, 95% CI: 0.96-1.32) [44]. The authors in the latter study
attribute the lack of statistical significance to low incidence of
intradialytic hypotension in their population (3%). It is important
to mention that while high bicarbonate replacement fluid may be
used more often in sicker patients with lower pH, and thus these pa-
tients might be in a vasodilatory state, there may also be some addi-
tional inherent deleterious impacts that are directly assoctiated with
the use of high bicarbonate solution. Previously, Kashani et al. inves-
tigated the effect of using high bicarbonate replacement fluid in con-
tinuous veno-venous hemofiltration in a propensity score-matched
analysis [45]. They showed that the use of higher bicarbonate re-
placement fluid was associated with worse outcomes irrespective
of the pH and other comorbidities (including severity of illness). De-
spite that, we did account for several measures of disease severity
when assessing the outcomes of mortality and MAKE90 (blood pH,
invasive ventilation, AKI, CCI, and SOFA scores). It is important to

mention that the diagnosis of sepsis or liver cirrhosis or moderate-
severe liver disease were not different between patients who had
hypotension and those who did not develop hypotension. A higher
ionized calcium concentration before CRRT initiation was associated
with less hypotension in our cohort. Measuring ionized calcium in
the ICU is a common practice; however, some argue that it does
not change management or impact outcomes since ionized hypocal-
cemia can be prevalent in critically-ill patients [46]. The relationship
between ionized calcium and blood pressure is controversial, espe-
cially in the ICU. In a post-hoc analysis of a randomized trial involv-
ing AKI patients in the ICU that required dialysis, MAP during ICU
stay was not dependent on absolute values of ionized calcium [47].
In an older and smaller observational study involving ICU patients,
ionized calcium showed a dose-response effect with lower values
correlating with lower blood pressure [48]. In a different patient
population, higher dialysate calcium prevented the occurrence of
intradialytic hypotension in patients receiving intermittent hemodi-
alysis, though the study was small [49]. The situation in patients
starting CRRT is peculiar as they will be subjected to citrate and
might be at higher risk of iatrogenic ionized hypocalcemia. The
chance of this occurring is minimized universally through concomi-
tant calcium chloride infusion and by checking ionized calcium after
CRRT initiation. It is important to mention that most patients being
started on CRRT have some degree of metabolic acidosis and correc-
tion of metabolic acidosis, through the infusion of bicarbonate in the
replacement fluid, may lead to ionized hypocalcemia [50]. Still, pre-
CRRT ionized calcium in our cohort remained independently associ-
ated with early hypotension after accounting for dialysate and serum
bicarbonate. It remains premature to make any recommendations
based on this study and this association needs to be confirmed
with prospective randomized trials before adopting any change in
the usual clinical practice.

We acknowledge several limitations in this study. It is a retrospec-
tive study and is subject to unmeasured biases and unknown con-
founders that are inherent to the observational nature of the study.
Although we included a relatively large number of patients, it remains
the experience of only one center. We speculate that the impact of mo-
dality would not have changed the results; however, our results might
not be generalizable to other institutions as all patients in our cohort re-
ceived CVVH as the CRRT modality. In contrast, to our knowledge, this is
the first study that identifies hypotension within the first hour of CRRT
initiation to be independently associated with short and long-term out-
comes. Although we cannot infer a causal relationship between hypo-
tension within the first hour of CRRT and adverse outcomes, this
phenomenon remained independently associated with worse outcomes
after accounting for other indices of severity of illness. Providers might
use it in identifying high risk patients especially in situations where
goals of care remain unclear and time-limited trials are being consid-
ered. This is mainly because this phenomenon seems to be adding infor-
mation about how patients would fair other than what is already known
about the patient, in terms of multi-organ failure, severity of illness and
comorbid conditions. We have also identified predictors of hypotension
such as the replacement fluid used and pre-CRRT ionized calcium. Also,
we measured the effect of early hemodynamic instability at a specificin-
terval and thus are not able to determine whether the duration of hypo-
tension or the development of delayed hypotension may have
influenced the association between hypotension within the first hour
and both mortality and MAKE90.

5. Conclusion

In conclusion, hypotension is a significant independent risk factor for
in-hospital mortality and occurs frequently in patients receiving CRRT.
Further studies are required to help understand this phenomenon
given its implications on short and long-term outcome in a population
with grave prognosis.



12 K. Shawwa et al. / Journal of Critical Care 54 (2019) 7-13

Supplementary data to this article can be found online at https://doi.
org/10.1016/j.jcrc.2019.07.004.

Author contribution

K.B-K,]J.D., ].CJ, BMW., AW-W and R.CA designed the study; K.S.,
P-Kand K.B-K. analyzed the data; K.S., P.K. and K.B.K. drafted the paper;
KB.K, ]JJ.D,].CJ, BW. AW-W and R.CA revised the paper; all authors
approved the final version of the manuscript.

Declaration of Conflict of Interest and Source of Funding

All of the authors have disclosed that they do not have any conflicts
of interest.

Acknowledgements
Disclosures: None.

References

[1] Iwagami M, Yasunaga H, Noiri E, Horiguchi H, Fushimi K, Matsubara T, et al. Current
state of continuous renal replacement therapy for acute kidney injury in Japanese in-
tensive care units in 2011: analysis of a national administrative database. Nephrol
Dial Transplant 2015;30(6):988-95. https://doi.org/10.1093/ndt/gfv069.

[2] Kao CC, Yang JY, Chen L, Chao CT, Peng YS, Chiang CK, et al. Factors associated with
poor outcomes of continuous renal replacement therapy. PLoS One 2017;12(5):
e0177759. https://doi.org/10.1371/journal.pone.0177759.

[3] SasakiS, Gando S, Kobayashi S, Nanzaki S, Ushitani T, Morimoto Y, et al. Predictors of

mortality in patients treated with continuous hemodiafiltration for acute renal fail-

ure in an intensive care setting. ASAIO ] 2001;47(1):86-91.

Choi SJ, Ha EJ, Jhang WK, Park SJ. Factors associated with mortality in continuous

renal replacement therapy for pediatric patients with acute kidney injury. Pediatr

Crit Care Med 2017;18(2):e56-61. https://doi.org/10.1097/PCC.

0000000000001024.

Dos Santos TOC, Oliveira MAS, Monte JCM, Batista MC, Pereira Junior VG, Dos Santos

BFC, et al. Outcomes from a cohort of patients with acute kidney injury subjected to

continuous venovenous hemodiafiltration: The role of negative fluid balance. PLoS

One 2017;12(4):e0175897. https://doi.org/10.1371/journal.pone.0175897.

Kim IY, Kim JH, Lee DW, Lee SB, Rhee H, Seong EY, et al. Fluid overload and survival

in critically ill patients with acute kidney injury receiving continuous renal replace-

ment therapy. PLoS One 2017;12(2):e0172137. https://doi.org/10.1371/journal.
pone.0172137.

Ostermann M, Chang RW. Correlation between parameters at initiation of renal re-

placement therapy and outcome in patients with acute kidney injury. Crit Care

2009;13(6):R175. https://doi.org/10.1186/cc8154.

[8] Kooman J, Basci A, Pizzarelli F, Canaud B, Haage P, Fouque D, et al. EBPG guideline on
haemodynamic instability. Nephrol Dial Transplant 2007;22(Suppl. 2):ii22-44.
https://doi.org/10.1093/ndt/gfm019.

[9] Reilly RF. Attending rounds: A patient with intradialytic hypotension. Clin ] Am Soc
Nephrol 2014;9(4):798-803. https://doi.org/10.2215/CJN.09930913.

[10] Sands JJ, Usvyat LA, Sullivan T, Segal JH, Zabetakis P, Kotanko P, et al. Intradialytic hy-
potension: frequency, sources of variation and correlation with clinical outcome.
Hemodial Int 2014;18(2):415-22. https://doi.org/10.1111/hdi.12138.

[11] Shoji T, Tsubakihara Y, Fujii M, Imai E. Hemodialysis-associated hypotension as an
independent risk factor for two-year mortality in hemodialysis patients. Kidney Int
2004;66(3):1212-20. https://doi.org/10.1111/j.1523-1755.2004.00812.x.

[12] Stefansson BV, Brunelli SM, Cabrera C, Rosenbaum D, Anum E, Ramakrishnan K, et al.
Intradialytic hypotension and risk of cardiovascular disease. Clin ] Am Soc Nephrol
2014;9(12):2124-32. https://doi.org/10.2215/CJN.026803 14.

[13] Akhoundi A, Singh B, Vela M, Chaudhary S, Monaghan M, Wilson GA, et al. Incidence
of adverse events during continuous renal replacement therapy. Blood Purif 2015;39
(4):333-9.

[14] Kidney Disease Improving Global Outcomes (KDIGO) Clinical practice guideline for
acute kidney injury. Kidney Int Sppl, 2(1)(1-138

[15] Augustine JJ, Sandy D, Seifert TH, Paganini EP. A randomized controlled trial compar-
ing intermittent with continuous dialysis in patients with ARF. Am ] Kidney Dis
2004;44(6):1000-7.

[16] JD C. Does hemodialysis delay recovery from acute renal failure? Semin Dial 1990;3:
146-8.

[17] Kelleher SP, Robinette |B, Miller F, Conger JD. Effect of hemorrhagic reduction in
blood pressure on recovery from acute renal failure. Kidney Int 1987;31(3):725-30.

[18] Silversides JA, Pinto R, Kuint R, Wald R, Hladunewich MA, Lapinsky SE, et al. Fluid
balance, intradialytic hypotension, and outcomes in critically ill patients undergoing
renal replacement therapy: a cohort study. Crit Care 2014;18(6):624. https://doi.
org/10.1186/s13054-014-0624-8.

[19] Mc Causland FR, Brunelli SM, Waikar SS. Dialysate sodium, serum sodium and mor-
tality in maintenance hemodialysis. Nephrol Dial Transplant 2012;27(4):1613-8.
https://doi.org/10.1093/ndt/gfr497.

[4

5

[6

(7

[20] Schoenfelder T, Chen X, Bless HH. Effects of continuous and intermittent renal re-
placement therapies among adult patients with acute kidney injury. GMS Health
Technol Assess 2017;13:Doc01. https://doi.org/10.3205/hta000127.

[21] Wald R, Shariff SZ, Adhikari NK, Bagshaw SM, Burns KE, Friedrich JO, et al. The asso-
ciation between renal replacement therapy modality and long-term outcomes
among critically ill adults with acute kidney injury: a retrospective cohort study™.
Crit Care Med 2014;42(4):868-77. https://doi.org/10.1097/CCM.
0000000000000042.

[22] Murugan R, Balakumar V, Kerti SJ, Priyanka P, Chang CH, Clermont G, et al. Net ultra-
filtration intensity and mortality in critically ill patients with fluid overload. Crit Care
2018;22(1):223. https://doi.org/10.1186/s13054-018-2163-1.

[23] Khanna A, English SW, Wang XS, Ham K, Tumlin J, Szerlip H, et al. Angiotensin II for
the Treatment of Vasodilatory Shock. N Engl ] Med 2017;377(5):419-30. https://doi.
org/10.1056/NEJMoa1704154.

[24] Vincent JL, Moreno R, Takala J, Willatts S, De Mendonca A, Bruining H, et al.
The SOFA (Sepsis-related organ failure assessment) score to describe organ
dysfunction/failure. On behalf of the Working Group on Sepsis-Related Prob-
lems of the European Society of Intensive Care Medicine. Intens Care Med
1996;22(7):707-10.

[25] Russell JA, Walley KR, Singer J, Gordon AC, Hebert PC, Cooper DJ, et al. Vasopressin
versus norepinephrine infusion in patients with septic shock. N Engl ] Med 2008;
358(9):877-87. https://doi.org/10.1056/NE]Moa067373.

[26] Tonelli M, Astephen P, Andreou P, Beed S, Lundrigan P, Jindal K. Blood volume mon-
itoring in intermittent hemodialysis for acute renal failure. Kidney Int 2002;62(3):
1075-80. https://doi.org/10.1046/j.1523-1755.2002.00523 x.

[27] Schiffl H, Lang SM, Fischer R. Daily hemodialysis and the outcome of acute renal
failure. N Engl ] Med 2002;346(5):305-10. https://doi.org/10.1056/
NEJMo0a010877.

[28] Network VNARFT, Palevsky PM, Zhang JH, O'Connor TZ, Chertow GM, Crowley ST,
et al. Intensity of renal support in critically ill patients with acute kidney injury. N
Engl ] Med 2008;359(1):7-20. https://doi.org/10.1056/NE]M0a0802639.

[29] Bitker L, Bayle F, Yonis H, Gobert F, Leray V, Taponnier R, et al. Prevalence and risk
factors of hypotension associated with preload-dependence during intermittent he-
modialysis in critically ill patients. Crit Care 2016;20:44. https://doi.org/10.1186/
s13054-016-1227-3.

[30] Sharma S, Waikar SS. Intradialytic hypotension in acute kidney injury requiring
renal replacement therapy. Semin Dial 2017;30(6):553-8. https://doi.org/10.1111/
sdi.12630.

[31] Bagshaw SM, Berthiaume LR, Delaney A, Bellomo R. Continuous versus intermittent
renal replacement therapy for critically ill patients with acute kidney injury: a meta-
analysis. Crit Care Med 2008;36(2):610-7. https://doi.org/10.1097/01.CCM.
0B013E3181611F552.

[32] Vinsonneau C, Camus C, Combes A, Costa de Beauregard MA, Klouche K, Boulain T,
et al. Continuous venovenous haemodiafiltration versus intermittent haemodialysis
for acute renal failure in patients with multiple-organ dysfunction syndrome: a
multicentre randomised trial. Lancet 2006;368(9533):379-85. https://doi.org/10.
1016/S0140-6736(06)69111-3.

[33] Manns M, Sigler MH, Teehan BP. Intradialytic renal haemodynamics-potential con-
sequences for the management of the patient with acute renal failure. Nephrol Dial
Transplant 1997;12(5):870-2.

[34] Bouchard J, Soroko SB, Chertow GM, Himmelfarb J, Ikizler TA, Paganini EP, et al. Fluid
accumulation, survival and recovery of kidney function in critically ill patients with
acute kidney injury. Kidney Int 2009;76(4):422-7. https://doi.org/10.1038/ki.2009.
159.

[35] Heung M, Wolfgram DF, Kommareddi M, Hu Y, Song PX, Ojo AO. Fluid overload at
initiation of renal replacement therapy is associated with lack of renal recovery in
patients with acute kidney injury. Nephrol Dial Transplant 2012;27(3):956-61.
https://doi.org/10.1093/ndt/gfr470.

[36] Payen D, de Pont AC, Sakr Y, Spies C, Reinhart K, Vincent JL, et al. A positive fluid bal-
ance is associated with a worse outcome in patients with acute renal failure. Crit
Care 2008;12(3):R74. https://doi.org/10.1186/cc6916.

[37] Burton JO, Jefferies HJ, Selby NM, McIntyre CW. Hemodialysis-induced cardiac in-
jury: determinants and associated outcomes. Clin ] Am Soc Nephrol 2009;4(5):
914-20. https://doi.org/10.2215/CJN.03900808.

[38] Burton JO, Jefferies HJ, Selby NM, McIntyre CW. Hemodialysis-induced repetitive
myocardial injury results in global and segmental reduction in systolic cardiac func-
tion. Clin ] Am Soc Nephrol 2009;4(12):1925-31. https://doi.org/10.2215/CJN.
04470709.

[39] Eldehni MT, Odudu A, McIntyre CW. Randomized clinical trial of dialysate cooling
and effects on brain white matter. ] Am Soc Nephrol 2015;26(4):957-65. https://
doi.org/10.1681/ASN.2013101086.

[40] McIntyre CW, Harrison LE, Eldehni MT, Jefferies HJ, Szeto CC, John SG, et al. Circulat-
ing endotoxemia: a novel factor in systemic inflammation and cardiovascular dis-
ease in chronic kidney disease. Clin ] Am Soc Nephrol 2011;6(1):133-41. https://
doi.org/10.2215/CJN.04610510.

[41] Mc Causland FR, Waikar SS. Association of Predialysis Calculated Plasma Osmolarity
With Intradialytic Blood Pressure Decline. Am ] Kidney Dis 2015;66(3):499-506.
https://doi.org/10.1053/j.ajkd.2015.03.028.

[42] Dubin R, Owens C, Gasper W, Ganz P, Johansen K. Associations of endothelial dys-
function and arterial stiffness with intradialytic hypotension and hypertension.
Hemodial Int 2011;15(3):350-8. https://doi.org/10.1111/j.1542-4758.2011.00560.x.

[43] Gabutti L, Ferrari N, Giudici G, Mombelli G, Marone C. Unexpected haemodynamic
instability associated with standard bicarbonate haemodialysis. Nephrol Dial Trans-
plant 2003;18(11):2369-76.

[44] Tentori F, Karaboyas A, Robinson BM, Morgenstern H, Zhang ], Sen A, et al. Associa-
tion of dialysate bicarbonate concentration with mortality in the Dialysis Outcomes


https://doi.org/10.1016/j.jcrc.2019.07.004
https://doi.org/10.1016/j.jcrc.2019.07.004
https://doi.org/10.1093/ndt/gfv069
https://doi.org/10.1371/journal.pone.0177759
http://refhub.elsevier.com/S0883-9441(19)30495-2/rf0015
http://refhub.elsevier.com/S0883-9441(19)30495-2/rf0015
http://refhub.elsevier.com/S0883-9441(19)30495-2/rf0015
https://doi.org/10.1097/PCC.0000000000001024
https://doi.org/10.1097/PCC.0000000000001024
https://doi.org/10.1371/journal.pone.0175897
https://doi.org/10.1371/journal.pone.0172137
https://doi.org/10.1371/journal.pone.0172137
https://doi.org/10.1186/cc8154
https://doi.org/10.1093/ndt/gfm019
https://doi.org/10.2215/CJN.09930913
https://doi.org/10.1111/hdi.12138
https://doi.org/10.1111/j.1523-1755.2004.00812.x
https://doi.org/10.2215/CJN.02680314
http://refhub.elsevier.com/S0883-9441(19)30495-2/rf0065
http://refhub.elsevier.com/S0883-9441(19)30495-2/rf0065
http://refhub.elsevier.com/S0883-9441(19)30495-2/rf0065
http://refhub.elsevier.com/S0883-9441(19)30495-2/rf0070
http://refhub.elsevier.com/S0883-9441(19)30495-2/rf0070
http://refhub.elsevier.com/S0883-9441(19)30495-2/rf0070
http://refhub.elsevier.com/S0883-9441(19)30495-2/rf0075
http://refhub.elsevier.com/S0883-9441(19)30495-2/rf0075
http://refhub.elsevier.com/S0883-9441(19)30495-2/rf0080
http://refhub.elsevier.com/S0883-9441(19)30495-2/rf0080
https://doi.org/10.1186/s13054-014-0624-8
https://doi.org/10.1186/s13054-014-0624-8
https://doi.org/10.1093/ndt/gfr497
https://doi.org/10.3205/hta000127
https://doi.org/10.1097/CCM.0000000000000042
https://doi.org/10.1097/CCM.0000000000000042
https://doi.org/10.1186/s13054-018-2163-1
https://doi.org/10.1056/NEJMoa1704154
https://doi.org/10.1056/NEJMoa1704154
http://refhub.elsevier.com/S0883-9441(19)30495-2/rf0115
http://refhub.elsevier.com/S0883-9441(19)30495-2/rf0115
http://refhub.elsevier.com/S0883-9441(19)30495-2/rf0115
http://refhub.elsevier.com/S0883-9441(19)30495-2/rf0115
http://refhub.elsevier.com/S0883-9441(19)30495-2/rf0115
https://doi.org/10.1056/NEJMoa067373
https://doi.org/10.1046/j.1523-1755.2002.00523.x
https://doi.org/10.1056/NEJMoa010877
https://doi.org/10.1056/NEJMoa010877
https://doi.org/10.1056/NEJMoa0802639
https://doi.org/10.1186/s13054-016-1227-3
https://doi.org/10.1186/s13054-016-1227-3
https://doi.org/10.1111/sdi.12630
https://doi.org/10.1111/sdi.12630
https://doi.org/10.1097/01.CCM.0B013E3181611F552
https://doi.org/10.1097/01.CCM.0B013E3181611F552
https://doi.org/10.1016/S0140-6736(06)69111-3
https://doi.org/10.1016/S0140-6736(06)69111-3
http://refhub.elsevier.com/S0883-9441(19)30495-2/rf0160
http://refhub.elsevier.com/S0883-9441(19)30495-2/rf0160
http://refhub.elsevier.com/S0883-9441(19)30495-2/rf0160
https://doi.org/10.1038/ki.2009.159
https://doi.org/10.1038/ki.2009.159
https://doi.org/10.1093/ndt/gfr470
https://doi.org/10.1186/cc6916
https://doi.org/10.2215/CJN.03900808
https://doi.org/10.2215/CJN.04470709
https://doi.org/10.2215/CJN.04470709
https://doi.org/10.1681/ASN.2013101086
https://doi.org/10.1681/ASN.2013101086
https://doi.org/10.2215/CJN.04610510
https://doi.org/10.2215/CJN.04610510
https://doi.org/10.1053/j.ajkd.2015.03.028
https://doi.org/10.1111/j.1542-4758.2011.00560.x
http://refhub.elsevier.com/S0883-9441(19)30495-2/rf0210
http://refhub.elsevier.com/S0883-9441(19)30495-2/rf0210
http://refhub.elsevier.com/S0883-9441(19)30495-2/rf0210

K. Shawwa et al. / Journal of Critical Care 54 (2019) 7-13 13

and Practice Patterns Study (DOPPS). Am | Kidney Dis 2013;62(4):738-46. https://
doi.org/10.1053/j.ajkd.2013.03.035.

[45] Kashani K, Thongprayoon C, Cheungpasitporn W, lacovella GM, Akhoundi A,
Albright Jr RC. Association between mortality and replacement solution bicarbonate
concentration in continuous renal replacement therapy: A propensity-matched co-
hort study. PLoS One 2017;12(9):e0185064. https://doi.org/10.1371/journal.pone.
0185064.

[46] Aberegg SK. Ionized calcium in the ICU: should It be measured and corrected? Chest
2016;149(3):846-55. https://doi.org/10.1016/j.chest.2015.12.001.

[47] Afshinnia F, Belanger K, Palevsky PM, Young EW. Effect of ionized serum calcium on
outcomes in acute kidney injury needing renal replacement therapy: secondary

analysis of the acute renal failure trial network study. Ren Fail 2013;35(10):
1310-8. https://doi.org/10.3109/0886022X.2013.828258.

[48] Desai TK, Carlson RW, Thill-Baharozian M, Geheb MA. A direct relationship between
ionized calcium and arterial pressure among patients in an intensive care unit. Crit
Care Med 1988;16(6):578-82.

[49] Maynard ]C, Cruz C, Kleerekoper M, Levin NW. Blood pressure response to changes
in serum ionized calcium during hemodialysis. Ann Intern Med 1986;104(3):
358-61.

[50] Leunissen KM, van den Berg BW, van Hooff ]P. Ionized calcium plays a pivotal role in
controlling blood pressure during haemodialysis. Blood Purif 1989;7(5):233-9.


https://doi.org/10.1053/j.ajkd.2013.03.035
https://doi.org/10.1053/j.ajkd.2013.03.035
https://doi.org/10.1371/journal.pone.0185064
https://doi.org/10.1371/journal.pone.0185064
https://doi.org/10.1016/j.chest.2015.12.001
https://doi.org/10.3109/0886022X.2013.828258
http://refhub.elsevier.com/S0883-9441(19)30495-2/rf0235
http://refhub.elsevier.com/S0883-9441(19)30495-2/rf0235
http://refhub.elsevier.com/S0883-9441(19)30495-2/rf0235
http://refhub.elsevier.com/S0883-9441(19)30495-2/rf0240
http://refhub.elsevier.com/S0883-9441(19)30495-2/rf0240
http://refhub.elsevier.com/S0883-9441(19)30495-2/rf0240
http://refhub.elsevier.com/S0883-9441(19)30495-2/rf0245
http://refhub.elsevier.com/S0883-9441(19)30495-2/rf0245

	Hypotension within one-�hour from starting CRRT is associated with in-�hospital mortality
	1. Introduction
	2. Materials and methods
	2.1. Study design
	2.1.1. Continuous renal replacement therapy standards and definitions

	2.2. Statistical analysis

	3. Results
	4. Discussion
	5. Conclusion
	Author contribution
	Declaration of Conflict of Interest and Source of Funding
	Acknowledgements
	References


