OBSERVATIONAL STUDY

Association Between Acute Kidney Injury
During Invasive Mechanical Ventilation and ICU
Outcomes and Respiratory System Mechanics

OBJECTIVES: Compare ICU outcomes and respiratory system mechanics in
patients with and without acute kidney injury during invasive mechanical ventilation.

DESIGNS: Retrospective cohort study.

SETTINGS: ICUs of the University of California, San Diego, from January 1,
2014, to November 30, 2016.

PATIENTS: Five groups of patients were compared based on the need for inva-
sive mechanical ventilation, presence or absence of acute kidney injury per the
Kidney Disease: Improving Global Outcomes criteria, and the temporal relation-
ship between the development of acute kidney injury and initiation of invasive
mechanical ventilation.

INTERVENTIONS: None.

MEASUREMENTS AND MAIN RESULTS: A total of 9,704 patients were in-
cluded and 4,484 (46%) required invasive mechanical ventilation; 2,009 patients
(45%) had acute kidney injury while being treated with invasive mechanical venti-
lation, and the mortality rate for these patients was 22.4% compared with 5% in
those treated with invasive mechanical ventilation without acute kidney injury (p <
0.01). Adjusted hazard of mortality accounting for baseline disease severity was
1.58 (95% CI, 1.22-2.03; p < 0.001]. Patients with acute kidney injury during in-
vasive mechanical ventilation had a significant increase in total ventilator days and
length of ICU stay with the same comparison (both p < 0.01). Acute kidney injury
during mechanical ventilation was also associated with significantly higher plateau
pressures, lower respiratory system compliance, and higher driving pressures (all
p < 0.01). These differences remained significant in patients with net negative
cumulative fluid balance.

CONCLUSIONS: Acute kidney injury during invasive mechanical ventilation is as-
sociated with increased ICU mortality, increased ventilator days, increased length
of ICU stay, and impaired respiratory system mechanics. These results emphasize
the need for investigations of ventilatory strategies in the setting of acute kidney
injury, as well as mechanistic studies of crosstalk between the lung and kidney in
the critically ill.

KEY WORDS: acute hypoxemic respiratory failure; acute kidney failure; breathing
mechanics; mechanical ventilation; multiple organ dysfunction syndrome;
ventilator-induced lung injury

modalities throughout the world (1). The mortality of mechanically ven-

tilated patients is increased as additional organs fail, particularly in the
setting of acute kidney injury (AKI) (2). However, the magnitude of this con-
tribution is poorly described, as is the impact of AKI on pulmonary function
during IMV.

Invasive mechanical ventilation (IMV) is one of the most used life support
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There are several mechanisms by which AKI would
be predicted to have a negative impact on ventilator
outcomes. For example, AKI poses a challenge to
implementing lung protective ventilation with low
tidal volumes, as patients with AKI have diminished
capacity to correct for the hypercapnic acidosis often
required with this strategy (3-5). Furthermore, volume
overload in the setting of oliguria or anuria would
be expected to decrease respiratory system compli-
ance (6-8); thus, more lung stress may be required to
achieve adequate gas exchange. Finally, prior studies
have demonstrated that inflammatory crosstalk exists
between the lung and kidney such that injury to one
organ contributes to injury and inflammation in the
other (9-14). Therefore, patients with AKI may be
more prone to ventilator-induced lung injury, a major
contributor to multiple organ failure and death in the
critically ill.

Small, retrospective studies have suggested that AKI
contributes independently to poor outcomes from
IMV, such as failure to wean (15-17). Contrarily, a
larger, prospective study found that AKI was not as-
sociated with longer duration of mechanical venti-
lation or an increased length of ICU stay (18). These
investigations were conducted prior to developing the
current Kidney Disease: Improving Global Outcomes
(KDIGO) criteria for AKI diagnosis (19), and no study,
to our knowledge, has investigated the association be-
tween AKI and respiratory system mechanics during
IMV.

The objective of this study was to address these
uncertainties by performing a large, retrospective co-
hort study comparing mortality, duration of IMV, and
respiratory system mechanics in critically ill patients
who required IMV with and without AKI. We hypoth-
esized that AKI would have a negative impact on
these outcomes in ventilated patients. A better under-
standing of the impact of AKI on ICU outcomes in
patients treated with IMV, including ventilator param-
eters, will inform clinicians and researchers regarding
prognosis, resource utilization, and opportunities for
novel treatment approaches.

MATERIALS AND METHODS

This retrospective cohort study included all adult
patients admitted to medical and surgical ICUs at all
hospitals sites within the University of California, San
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Diego (UCSD) Health System between January 1, 2014,
and November 30, 2016. The study was approved by
the UCSD Institutional Review Board (IRB) with IRB
170011 (approved 2/3/21), and the need for informed
consent was waived given the anonymity of data and
noninterventional study design. All research pro-
cedures were conducted in accordance with the eth-
ical standards set by the UCSD IRB and the Helsinki
Declaration of 1975. The Strengthening the Reporting
of Observational Studies in Epidemiology guidelines
were used to disseminate the results. Patients were
included if they were greater than 18 years old and
excluded if they had ICU stays of less than 48 hours,
preexisting end-stage renal disease, or history of
kidney transplant.

We extracted demographic, sex, race, and comor-
bidity (using International Classification of Diseases,
10th Revision) data from the electronic health re-
cord, EPIC. Five ICU location groups were identified.
To account for multiple admissions during the study
period, we used each index ICU admission. IMV
cases were identified based on the oxygen device re-
corded as “Tracheostomy—mechanical ventilation”
or “Endotracheal Tube” in the medical record at any
point during their ICU index admission. Duration of
IMV was counted as the sum of days over which a pa-
tient was recorded to require IMV as defined above.
Ventilator and gas exchange parameters were studied
using the following: median of a daily mean value of
the plateau pressure in cm H, O, respiratory system
compliance in mL/cm H,O, driving pressure in cm
H,0, and Pao,/F10, ratio defined by the Po, in arterial
blood divided by the F1o, delivered.

Our main exposure of interest was AKI. Patients
were identified as having AKI during their ICU stay
according to the KDIGO criteria, which define AKI as
an increase in serum creatinine of greater than or equal
to 0.3 mg/dL within 48 hours or a 50% increase from a
baseline serum creatinine (19). Baseline serum creat-
inine was determined by the lowest serum creatinine
during the previous 7 days of the current hospital ad-
mission, and no outpatient or prior hospital admission
serum creatinine values were used. AKI was further di-
vided into three stages of severity based on the KDIGO
creatinine criteria. Baseline disease severity was meas-
ured using the Sequential Organ Failure Assessment
(SOFA) Score recorded at admission after accounting
for the exposure (kidney failure), that is, the nonrenal
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SOFA (nrSOFA). Dialysis indication and prescription
were performed by the nephrology team. The choice
between intermittent or continuous renal replacement
therapy (CRRT) was based on hemodynamic status,
use of vasopressors, and rate of fluid removal neces-
sary to achieve target fluid balance. Intermittent di-
alysis was performed daily or every other day based
on obligated fluid intake and ultrafiltration tolerance.
Continuous venovenous hemodiafiltration with the
PrismaFlex system and citrate anticoagulation are used
at UCSD.

Five groups were identified based on three factors:
the need for IMV, development of AKI, and the tem-
poral relationship between the development of AKI
and initiation of IMV (Fig. 1). Among patients who
did not require IMV, those who did not develop AKI
were defined as “No AKI, No IMV”; whereas those
who developed AKI during their ICU index admission
were defined as “AKI, No IMV” The rest of the patients
required IMV at some point during their index admis-
sion. These patients were divided into three groups.
Those who did not develop AKI before or during IMV
were defined as “No AKI before/during IMV.” Patients
who developed AKI before IMV was initiated and con-
tinued to have a serum creatinine level that met their
respective KDIGO criteria for AKI after the initiation
of IMV were grouped into “AKI before & during IMV.”
Those who developed AKI after the initiation of IMV
were grouped “AKI during IMV?

The primary outcomes were ICU survival measured
by patient survival status at the end of the index ICU

stay, duration of IMV, and ICU and hospital lengths of
stay defined as the number of days in the ICU and the
hospital, respectively, from the day of admission to the
recorded day of discharge or death. Analyses of dura-
tion of IMV and ICU and hospital lengths of stay were
limited to the survivors to account for shorter dura-
tions that may be due to deaths. Secondary outcomes
were plateau pressures, respiratory system compliance,
driving pressures, and Pao /F1o, ratio. Cumulative
fluid balance (CFB) over the ICU index admission
was used to study the impact of volume overload on
respiratory system mechanics and gas exchange dur-
ing IMV. Here, CFB was defined as the difference be-
tween all documented intakes and all documented
outputs for the entire hospital stay starting on the day
of admission and calculated up to each hospital day.
In order to understand if there was a relationship be-
tween volume status and plateau pressures, respiratory
system compliance, driving pressures, and Pao,/F1o,
ratio during IMV, the mean value for CFB from hos-
pital admission up to each day during IMV was cal-
culated. For the “AKI before & during IMV” and “AKI
during IMV” groups, we limited CFB and respiratory
system mechanics and gas exchange comparisons to
days in which patients had AKI while being treated
with IMV. Differences in severity of AKI and need for
continuous or intermittent renal replacement therapy
were also evaluated.

Descriptive continuous variables and categorical
variables within the four study groups were compared
using Wilcoxon rank-sum test for medians and y* test

for proportions, respec-

Cases included in the study
N = 9704

/\

tively. Differences between
independent proportions
were compared  using
Z-test for independent

Number of cases that did not require IMV

Number of cases that required IMV

proportions. The primary
outcome of ICU mor-

N = 5220 N = 4484
tality was assessed using
Cox proportional hazard
regression. Mortality
A 4 .
No AKI, AKI, No AKI before/ AKI before & AKI was adjusted for age, sex,
No IMV No IMV during IMV during IMV 5 during IMV nrSOFA score, ICU loca-
N=3545 N= 1675 N=2475 a N=258 b N=1751 « tion, and comorbidities

Figure 1. Flowchart of the study. #Significant difference (p < 0.05) when compared with “acute
kidney injury (AKI), no invasive mechanical ventilation (IMV)!" *Significant difference (p < 0.05)
when compared with “No AKI before/during IMV! cSignificant difference (p < 0.05) when compared

with “AKI before & during IMV!" n = number of cases.
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(chronic kidney disease,
lung disease, acute coro-
nary dysfunction, conges-
tive heart failure, diabetes
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mellitus, hypertension, and cerebral vascular accident).
Both hazard ratios for study groups for each predictor
and the overall model are presented. Subanalyses of
mortality were carried out by ICU location adjusting
for the above covariates. Neurology/neurosurgery and
Burns and Plastic Surgery ICUs were omitted from this
analysis because mortality in these subgroups did not
exceed 10%. Kolmogorov-Smirnov goodness of fit and
Shapiro-Wilk tests were used to test for normality. A
two-tailed p value of 0.05 before the Bonferroni test for
multiple comparisons was considered statically signifi-
cant for all the above tests. All statistical analyses were
carried out using IBM SPSS Statistics for Macintosh
(Version 26, IBM, Armonk, NY).

RESULTS

We identified 9,704 patients that met our inclusion
criteria, and 4,484 (46%) of these patients required
IMV (Fig. 1). Of the patients treated with IMV, 1,751
(39%) developed AKI after initiating IMV, and the in-
cidence of AKI in this group was significantly greater
than those never treated with IMV (39% vs 32%;
p < 0.05). Finally, there were additional 258 patients
who already had AKI at the time IMV was initiated.
Thus, we found a total of 2,009 patients (45%) in
our cohort who were treated with IMV and had AKI
concomitantly.

Patient demographics and baseline characteristics
are outlined in Table 1. The average age of the study
population was 58.6 years with the “AKI before &
during IMV” and “AKI during IMV groups” being of
slightly younger age. The population consisted of 2,298
(38.8%) women with a small, but significant differ-
ence between the “AKI, no IMV” and the “AKI during
IMV” group (43% vs 34%; p < 0.01). The cohort was
56.5% Caucasian, 23% Hispanic/Latino, 8.3% African
American, and 7.3% Asian/Pacific Islander with no
significant differences in race between the groups.
Patients who had “AKI before & during IMV” were
more likely to be from the medical ICU, and this group
had a higher frequency of comorbidities. Nr-SOFA at
admission was slightly higher in the “AKI during IMV”
group compared with “No AKI before/during IMV” (7
[4-10] vs 6 [4-8]; p < 0.01), whereas the “AKI before &
during IMV” group had an nrSOFA at admission that
was significantly lower than “No AKI before/during
IMV” (3 [1-6] vs 6 [4-8]; p < 0.01).
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Survival at 30 days was significantly lower in the
“AKI before & during IMV” and “AKI during IMV”
groups compared with “No AKI before/during IMV”
(Fig. 2). The ICU mortality rate was 28.7% in the “AKI
before & during IMV” group and 21.5% in the “AKI
during IMV” group compared with 5% in the “No
AKIT before/during IMV” (p < 0.01 for both compari-
sons) (Table 2). Thus, the combined mortality rate for
patients treated with IMV who had AKI concomi-
tantly was 22.4% compared with 5% in patients treated
with IMV without AKI (p < 0.01). The unadjusted
hazard ratios for mortality in the “AKI before & during
IMV” and “AKI during IMV” groups were 1.69 (95%
CL, 1.26-2.28) and 1.59 (95% CI, 1.28-1.97), respec-
tively, compared with “No AKI before/during IMV”
(p < 0.001) (Supplemental Table 1, http://links.Iww.
com/CCX/B20). The adjusted hazard ratios for age,
sex, nrSOFA, ICU location, and comorbidities were
1.77 (1.22-2.56) and 1.55 (1.20-2.01), respectively,
with the same comparison. The adjusted hazard ratio
for the “AKI before & during IMV” and “AKI during
IMV” groups combined was 1.58 (95% CI, 1.22-2.03;
p < 0.001) compared with the “No AKI before/dur-
ing IMV” group. Most deaths occurred in the medical
ICU with 71.6% of total deaths in the “AKI before &
during IMV” group and 51.4% of total deaths in the
“AKI during IMV” groups occurring in the medical
ICU. Risk of mortality in the “AKI before & during
IMV” and “AKI during IMV” groups was also high-
est in the medical ICU with adjusted hazard ratios of
2.99 (1.76-5.06) and 2.26 (1.46-3.49), respectively,
compared with 1.77 (0.79-4.00) and 1.44 (0.90-2.30),
respectively, in the surgical ICU (Supplementary Table
1, http://links.lww.com/CCX/B20). Total days requir-
ing IMV (4 [2-7] and 6 [3-12] vs 2 [2-3] median days;
p <0.01); ICU length of stay (13 [8-19] and 9 [6-17] vs
5 [3-7] median days; p < 0.01); and hospital length of
stay (17 [12-30] and 13 [7-22] vs 6 [4-9] median days;
p <0.01) were significantly higher in the “AKI before &
during IMV” and “AKI during IMV” groups compared
with “No AKI before/during IMV” (Table 2).

IMV was associated with more severe AKI, as
patients in the “AKI, no IMV” group had a significantly
higher percentage of stage 1 AKI compared with the
“AKI before & during IMV” and “AKI during IMV”
groups (61% vs 23%, p < 0.01; 61% vs 43%, p < 0.01,
respectively) (Supplemental Table 2, http://links.lww.
com/CCX/B20). AKI cases in the “AKI during IMV”
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TABLE 1.
Patient Characteristics

AKI Before &

During IMV

AKI
During IMV

No AKI, AKIl, No AKI Before/
No IMV No IMV During IMV
Characteristics (n = 3,545) (n =1,675) (n = 2,475)
Age
Mean + sb 59.8+18.0 59.6+17.6 58.2+17.0
Sex, n (%)
Men 2,078 (59) 960 (57) 1,578 (64)
Women 1,467 (41) 715 (43) 897 (36)
Race, n (%)
Caucasian 2,003 (57) 927 (55) 1,426 (58)
Hispanic or Latino 840 (24) 390 (23) 533 (22)
African 252 (7) 157 (9) 239 (10)
Asian or 274 (8) 128 (8) 148 (6)
Pacific Islander
American Indian/ 8 (0.2) 7 (0.5) 9 (0.4)
Alaska Native
Multiracial 4 (0.1) 0 (0) 2 (0.1)
Other 164 (5) 66 (4) 118 (5)
ICU location, n (%)
Surgery 1,320 (37) 499 (30) 1,438 (58)
Medical 1,009 (29) 768 (46) 615 (25)
Cardiac 447 (13) 266 (16) 170 (7)
Neuro/neurosurgical 686 (19) 106 (6) 225 (9)
Burns 83 (2) 36 (2) 27 (1)
Comorbidities, n (%)
Chronic kidney 55 (2) 36 (2) 41 (2)
disease
Lung disease 112 (3) 67 (4) 95 (4)
Acute coronary 235 (7) 104 (6) 188 (8)
dysfunction
Congestive heart 377 (11) 215 (13) 293 (12)
failure
Diabetes mellitus 341 (10) 231 (14) 199 (8)
Hypertension 412 (12) 181 (11) 239 (10)
Cerebral vascular 133 (4) 30 (2) 64 (3)
accident
Nonrenal Sequential Organ
Failure Assessment score
Median (25-75) 1(1-3) 2 (1-4) 6 (4-8)

(n =258)

56.7+16.3

169 (66)
89 (35)

142 (55)
63 (24)
17 (7)
23 (9)

1(0.4)

0 (0)
12 (5)

84 (33)"
117 (45)°
44 (17)°
6 (2
7(3)

9(4)

10 (4)
20 (8)

36 (14)

34 (13)°
21 (8)
3(1)

3 (1-6)®

(n=1,751)

56.5+16.92°

1,154 (66)?
597 (34)2

982 (56)
402 (23)
139 (8)
131 (8)

4(0.2)

743 (42)wbc
630 (36)20<
168 (10)2°
120 (7)°

90 (5)°

38 (2)

58 (3)
109 (6)

199 (11)

164 (9)=
150 (9)
39 (2)

7 (4-10)=be

AKI = acute kidney injury, IMV = invasive mechanical ventilation.

aSignificant difference (p < 0.01) when compared with “AKI, No IMV!

bSignificant difference (p < 0.01) when compared with “No AKI before/during IMV”
cSignificant difference (p < 0.01) when compared with “AKI before and during IMV”

Critical Care Explorations
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0 5 10 15 20 25 30
Days since ICU admission
No. at Risk
No AKI before/ during IMV 2475 1249 273 108 47 14 5
AKI before &during IMV 258 237 164 108 68 45 32
AKI during IMV 1751 1479 856 538 351 239 167

Figure 2. 30-d survival plot. Plot shows the 30-d hazard of ICU mortality in study groups adjusted for age, gender, nonrenal Sequential

Organ Failure Assessment score, ICU location, and the following comorbidities: chronic kidney disease, lung disease, acute coronary
dysfunction, congestive heart failure, diabetes mellitus, hypertension, and cerebral vascular accident. Log-rank test, p < 0.001. AKI =

acute kidney injury, IMV = invasive mechanical ventilation.

group developed an average of 1.0 (95% CI, 1.0-3.0)
median days after starting IMV. Total days with AKI
were higher in the “AKI before & during IMV” and “AKI
during IMV” groups compared with those not exposed
to IMV (11 [7-19] vs 3 [2-5], p < 0.01; 7 [4-13] vs
3 [2-5], p < 0.01, respectively) (Supplementary Table
2, http://links.Iww.com/CCX/B20). Sixty-one patients
(23.6%) in the “AKI before & during IMV” group and
286 patients (16.3%) in the “AKI during IMV” group
were treated with CRRT compared with 51 patients
(3%) in the “AKI, no IMV” group (p < 0.01 for both
comparisons) (Supplemental Table 2, http://links.lww.
com/CCX/B20).

Finally, we compared the impact of AKI on res-
piratory system mechanics and blood oxygenation.
Groups treated with IMV who had AKI ("AKI before &
during IMV” and “AKI during IMV”) had significant
differences in respiratory system mechanics compared
with “No AKI before/during IMV” regardless of CFB
including: higher plateau pressures (19.2 [16.5-23.3]

6 www.ccejournal.org

and 18.9 [16.0-22.0] vs 16.9 [14.5-19.3]; p < 0.01 in
positive CFB and 19.5 [17.0-22.0] and 19.5 [17.0-23.2]
vs 18.0 [16.0-21.0], p < 0.01 in negative CFB), lower
respiratory system compliance (38.4 [28.7-49.4] and
41.6 [31.2-51.9] vs 47.8 [38.0-60.0], p < 0.01 in posi-
tive CFB and 36.0 [30.8-46.8] and 40.0 [31.0-51.0] vs
46.5 [37.0-56.0], p < 0.01 in negative CFB), and higher
driving pressures (13.0 [10.5-17] and 12.8 [10.4-
15.5] vs 11.0 [9.3-13.8], p < 0.01 in positive CFB and
13.3 [11.6-16] and 13.0 [11-15.7] vs 12.0 [10-14.3],
p < 0.01 in negative CFB) (Table 3). Oxygenation, as
assessed by the Pao /F10, ratio, was significantly lower
in the “AKI during IMV” group compared with “No
AKI before/during IMV” (233 [172-302.8] vs 271.1
[195.0-356.8], p < 0.01 in positive CFB and 204.2
[159.2-278.6] vs 233.9 [166.0-316.0], p < 0.01 in neg-
ative CFB). The “AKI before & during IMV” had a sig-
nificantly lower Pao_/F10, ratio compared with “No
AKI before/during IMV” only in patients with posi-
tive CFB (217 [165.4-316.5] vs 271.1 [195.0-356.8],
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TABLE 2.
Primary Outcomes

Characteristics

Total days with IMV, median (25-75)
ICU length of stay, d, median (25-75)
Hospital length of stay, d, median (25-75)
Overall mortality, n (%)
ICU mortality, n (% mortality)

Surgery

Medical

Cardiac

Neurosurgery

Burns

No AKI Before/ AKI Before & AKI
During IMV During IMV During IMV
(n =2,475) (n =258) (n=1,751)

2 (2-3) 4 (2-7)? 6 (3—12)2°
5 (3-7) 13 (8-19)° 9 (6-17)°
6 (4-9) 17 (12-30)2 13 (7-22)2°
124 (5) 74 (28.7)2 377 (21.5)2°
43 (34.7) 12 (16.2) 93 (24.7)
39 (31.5) 53 (71.6) 204 (54.1)
10 (8.1) 8 (10.8) 32 (8.5)
32 (25.8) 1(1.4) 30 (8.0)
0 (0) 0 (0) 18 (4.8)

AKI = acute kidney injury, IMV = invasive mechanical ventilation.

aSignificant difference (p < 0.01) when compared with “no AKI before/during IMV?
bSignificant difference (p < 0.01) when compared with “AK| before and during IMV?

p < 0.01) (Table 3). Subanalyses of ventilator param-
eters and Pao_/F10, ratio between patients with posi-
tive and negative CFB showed no relevant differences.

DISCUSSION

This retrospective cohort study found that 45% of
patients who required IMV had AKI at some point
concomitantly. We also show that having AKI is asso-
ciated with poor ICU outcomes, including mortality,
and worse respiratory system mechanics. Interestingly,
significant differences in respiratory system mechanics
remained present in patients with negative CFB.
Open-lung protective ventilation with low tidal vol-
umes and permissive hypercarbic acidosis has been
proven to improve mortality and increase AKI-free
days in patients with acute respiratory distress syn-
drome (ARDS) (3). This approach remains standard
for treating patients with AKI who require IMV. Our
results showing worse respiratory system mechanics
in patients with AKI suggest that lung protective ven-
tilation may be more challenging in these patients. For
example, higher driving pressures have been found to
be the variable that best predicts mortality in patients
with ARDS (20), and we found that AKI is associated
with significantly higher driving pressures in addition
to lower respiratory system compliance. The fact that
these associations are independent of CFB indicates

Critical Care Explorations

that there may be mechanisms involved beyond volume
overload. These results also suggest that there may be
limitations to a conservative fluid management strategy
in patients with AKI, which has previously been shown
to improve lung function and reduce the duration of
mechanical ventilation in patients with ARDS (8).
Most AKI cases in our study occurred after the in-
itiation of mechanical ventilation, and IMV was asso-
ciated with more severe AKI, longer duration of AKI,
and a greater need for CRRT compared with patients
with AKI who did not require IMV. These results are
interesting, but not surprising, as the detrimental im-
pact of mechanical ventilation on the kidney has been
recognized for decades. In 1947, Drury et al (21) first
identified an association between positive pressure
ventilation and a “circulatory stress” that impairs ve-
nous return, reduces cardiac output, and leads to im-
paired urea clearance. Other groups have identified
neurohormonal mechanisms, such as sympathetic ac-
tivation and antidiuretic hormone release, that may
contribute to kidney injury via alterations in intrarenal
blood flow and sodium reabsorption (22-25). In 2003,
Imai et al (14) discovered that inflammatory mediators
(i.e., Fas-ligand) released into the circulation during
injurious mechanical ventilation contribute directly
to kidney damage via a process termed biotrauma.
Unfortunately, despite decades of research, there are
still limited treatment strategies available to prevent

www.ccejournal.org 7
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TABLE 3.
Ventilator Outcomes

No AKI Before/

During IMV

AKI Before &
During IMV

AKI
During IMV

Parameter

Plateau pressure in cm H,O, median (25-75)
NEG mean CFB
POS mean CFB

Respiratory system compliance, mL/cm H,O,
median (25-75)

NEG mean CFB
POS mean CFB
Driving pressure, cm H,O, median (25-75)
NEG mean CFB
POS mean CFB
Pao,/Fio, ratio, median (25-75)
NEG mean CFB
POS mean CFB

(n = 2,475)

18.0 (16.0-21.0)
16.9 (14.5-19.3)

46.5 (37.0-56.0)
47.8 (38.0-60.0)

12.0 (10.0-14.3)
11.0 (9.3-13.8)

233.9 (166.0-316.0)
271.1 (195.0-356.8)

(n =258) (n=1,751)

19.5 (17.0-22.0)?
19.2 (16.5-23.3)2

19.5 (17.0-28.2)
18.9 (16.0-22.0)°

36.0 (30.8-46.8)*
38.4 (28.7-49.4)

40.0 (31.0-51.0)2
41.6 (31.2-51.9)2

13.3 (11.6-16.0)®
13.0 (10.5-17.0)

13.0 (11.0-15.7)°
12.8 (10.4-15.5)°

231.7 (186.9-295.3)
217.0 (165.4-316.5)2

204.2 (159.2-278.6)?
233.0 (172.0-302.8)2

AKI = acute kidney injury, CFB = cumulative fluid balance, IMV = invasive mechanical ventilation, NEG = negative, POS = positive.
2Significant difference (p < 0.01) when compared with “no AKI before/during IMV?

ventilator induced kidney injury, and our study shows
that the risk of AKI in mechanically ventilated patients
remains high. The COVID-19 pandemic has high-
lighted this association further, as 40-70% of patients
with COVID-19 who require IMV will develop AKI
concomitantly, and the associated mortality rate for
these patients is well over 50% (26-29).

Although we cannot prove causality in this retro-
spective analysis, we provide a strong rationale for
investigations focused on novel strategies to prevent
AKI in patients treated with IMV and to provide ven-
tilatory support to patients with AKI who develop
respiratory failure. For example, biomarkers or pre-
dictive models for AKI could be investigated as tools
to determine which patients are early candidates for
advanced therapies, such as extracorporeal membrane
oxygenation or extracorporeal CO, removal, which
may prevent further injury to both the lung and kidney
by allowing for a reduction in driving pressures (30).
Mechanistic studies focused on novel mediators of
lung and kidney inflammatory crosstalk that may be
modifiable should also continue to be explored.

This study does have several limitations that warrant
discussion. As mentioned, this is an observational study
not a randomized controlled trial; thus, the associations
between IMV and AKI that we demonstrate are not proven

8 www.ccejournal.org

to be causal. Second, we only have data from two hospi-
tals in one hospital system in the United States. Therefore,
local management strategies, such as early versus late
CRRT, may impact outcomes in other centers throughout
the world. Third, patients who developed AKI during
IMV may have had a higher degree of critical illness based
on higher nrSOFA scores at admission compared with the
IMV group without AKI. However, nrfSOFA was signifi-
cantly lower in patients with AKI before and during IMV,
and nrSOFA was included in the adjusted hazard ratios.
Fourth, there is a higher percentage of surgical patients in
the groups without AKI. These patients had better mor-
tality and ICU outcomes overall; thus, we attempted to
control for this observation by adjusting for ICU loca-
tion. Fifth, we did not have robust data available on the
use of noninvasive positive pressure ventilation (NIPPV).
NIPPV may lead to similar hemodynamic and neurohor-
monal effects to IMV, yet patients treated with NIPPV
would have been included in the groups designated as “no
IMV” based on our methodology.

CONCLUSIONS

In conclusion, this large, retrospective cohort study
found that nearly half the patients being treated with
IMV had AKI, and AKI is associated with increased
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duration of IMYV, increased length of ICU stays, and
higher ICU mortality. AKI is also associated with im-
paired respiratory system mechanics and gas exchange,
which may contribute to these adverse outcomes dur-
ing IMV. This information emphasizes the need for
mechanistic studies into kidney-ventilator interactions,
and novel treatment strategies focused on patients with
AKI who require mechanical ventilatory support.

1 Department of Medicine, Division of Pulmonary and Critical
Care and Sleep Medicine, University of California San
Diego, San Diego, CA

2 Department of Medicine, School of Medicine, University of
California, San Diego

3 Department of Medicine, Division of Nephrology and
Hypertension, University of California San Diego, San Diego, CA

4 Medicine Service, Pulmonary Section, VA San Diego
Healthcare System, San Diego, CA

Supplemental digital content is available for this article. Direct
URL citations appear in the printed text and are provided in the
HTML and PDF versions of this article on the journal’s website
(http://journals.lww.com/ccejournal).

Drs. Hepokoski and Macedo contributed equally as senior authors.

Drs. Vemuri, Macedo, and Hepokoski contributed to design,
data acquisition, data analysis and interpretation, and drafting of
the article. Drs. Rolfsen, Sykes, Takiar, Leonard, Malhotra, and
Spragg contributed to data analysis and interpretation, and draft-
ing of the article. All authors approved the final version and are
accountable for all aspects of the work.

Supported, in part, by the Department of Veterans Affairs CDA-2
award IK2BX004338-01 (to Dr. Hepokoski), the American Thoracic
Society Research Foundation Unrestricted Critical Care Grant (to Dr.
Hepokoski), and the National Institute of Health P30DK079337 award
supporting the University of Alabama at Birmingham-University of
California, San Diego O’'Brien Center for Acute Kidney Injury research.

Some of the results have been presented as an abstract at the
American Thoracic Society Annual Meeting.

Dr. Atul Malhotra is supported by the National Institute of Health.
The remaining authors have disclosed that they do not have any
potential conflicts of interest.

For information regarding this article, E-mail: mhepokoski@
heatlh.ucsd.edu

REFERENCES

1. Vincent JL, Marshall JC, Namendys-Silva SA, et al; ICON
investigators: Assessment of the worldwide burden of critical
illness: The intensive care over nations (ICON) audit. Lancet
Respir Med 2014; 2:380-386

2. Terblanche M, Kruger P, di Gangi S, et al: Risk factors for acute
organ failure in intensive care unit patients who receive respi-
ratory support in the absence of non-respiratory organ failure:
An international prospective cohort study. Crit Care 2012;
16:R61

Critical Care Explorations

10.

11.

12.

13.

14.

15.

16.

17.

18.

Brower RG, Matthay MA, Morris A, et al; Acute Respiratory
Distress Syndrome Network: Ventilation with lower tidal vol-
umes as compared with traditional tidal volumes for acute lung
injury and the acute respiratory distress syndrome. N Engl J
Med 2000; 342:1301-1308

Laffey JG, Engelberts D, Kavanagh BP: Buffering hypercapnic
acidosis worsens acute lung injury. Am J Respir Crit Care Med
2000; 161:141-146

Kregenow DA, Rubenfeld GD, Hudson LD, et al: Hypercapnic
acidosis and mortality in acute lung injury. Crit Care Med 2006;
34:1-7

Volta CA, Dalla Corte F, Ragazzi R, et al: Expiratory flow limi-
tation in intensive care: Prevalence and risk factors. Crit Care
2019; 23:395

Jia X, Malhotra A, Saeed M, et al: Risk factors for ARDS in
patients receiving mechanical ventilation for > 48h. Chest
2008; 133:8563-861

National Heart L, Blood Institute Acute Respiratory Distress
Syndrome Clinical Trials N; Wiedemann HP, Wheeler AR,
Bernard GR, et al: Comparison of two fluid-manage-
ment strategies in acute lung injury. N Engl J Med 2006;
354:2564-2575

Hepokoski M, Wang J, Li K, et al: Altered lung metabo-
lism and mitochondrial DAMPs in lung injury due to acute
kidney injury. Am J Physiol Lung Cell Mol Physiol 2021; 320:
L821-L831

Liu KD, Glidden DV, Eisner MD, et al; National Heart, Lung, and
Blood Institute ARDS Network Clinical Trials Group: Predictive
and pathogenetic value of plasma biomarkers for acute kidney
injury in patients with acute lung injury. Crit Care Med 2007
36:2765-2761

Hepokoski M, Englert JA, Baron RM, et al: Ventilator-induced
lung injury increases expression of endothelial inflammatory
mediators in the kidney. Am J Physiol Renal Physiol 2017;
312:F654-F660

Klein CL, Hoke TS, Fang WF et al: Interleukin-6 mediates lung
injury following ischemic acute kidney injury or bilateral ne-
phrectomy. Kidney Int 2008; 74:901-909

Liu KD, Altmann C, Smits G, et al: Serum interleukin-6 and
interleukin-8 are early biomarkers of acute kidney injury and
predict prolonged mechanical ventilation in children under-
going cardiac surgery: A case-control study. Crit Care 2009;
13:R104

Imai Y, Parodo J, Kajikawa O, et al: Injurious mechanical ven-
tilation and end-organ epithelial cell apoptosis and organ dys-
function in an experimental model of acute respiratory distress
syndrome. JAMA 2003; 289:2104-2112

Chao DC, Scheinhorn DJ, Stearn-Hassenpflug M: Impact of
renal dysfunction on weaning from prolonged mechanical ven-
tilation. Crit Care 1997; 1:101-104

Pan SW, Kao HK Lien TC, et al: Acute kidney injury on venti-
lator initiation day independently predicts prolonged mechan-
ical ventilation in intensive care unit patients. J Crit Care 2011;
26:586-592

Vieira JM Jr, Castro |, Curvello-Neto A, et al: Effect of acute
kidney injury on weaning from mechanical ventilation in criti-
cally ill patients. Crit Care Med 2007, 35:184-191

Lombardi R, Nin N, Lorente JA, et al; VENTILA Group: An
assessment of the acute kidney injury network creatinine-based

www.ccejournal.org 9


http://journals.lww.com/ccejournal
mailto:mhepokoski@heatlh.ucsd.edu
mailto:mhepokoski@heatlh.ucsd.edu

Vemuri et al

19.

20.

21.

22.

23.

24,

10

criteria in patients submitted to mechanical ventilation. Clin J
Am Soc Nephrol 2011; 6:1547-1555

Palevsky PM, Liu KD, Brophy PD, et al: KDOQI US commen-
tary on the 2012 KDIGO clinical practice guideline for acute
kidney injury. Am J Kidney Dis 2013; 61:649-672

Amato MB, Meade MO, Slutsky AS, et al: Driving pressure and
survival in the acute respiratory distress syndrome. N Engl J
Med 2015; 372:747-755

Drury DR, Henry JP, Goodman J: The effects of continuous
pressure breathing on kidney function. J Clin Invest 1947;
26:945-951

Moore ES, Galvez MB, Paton JB, et al: Effects of positive
pressure ventilation on intrarenal blood flow in infant primates.
Pediatr Res 1974; 8:792-796

Hall SV, Johnson EE, Hedley-Whyte J: Renal hemodynamics
and function with continuous positive-pressure ventilation in
dogs. Anesthesiology 1974; 41:452-461

Fewell JE, Bond GC: Renal denervation eliminates the renal

response to continuous positive-pressure ventilation. Proc Soc
Exp Biol Med 1979; 161:574-578

www.ccejournal.org

25.

26.

1.

28.

29,

30.

Bark H, Le Roith D, Nyska M, et al: Elevations in plasma ADH
levels during PEEP ventilation in the dog: Mechanisms in-
volved. Am J Physiol 1980; 239:E474-E481

Hirsch JS, Ng JH, Ross DW, et al; Northwell COVID-19
Research Consortium; Northwell Nephrology COVID-19
Research Consortium: Acute kidney injury in patients hospital-
ized with COVID-19. Kidney Int 2020; 98:209-218

Kolhe NV, Fluck RJ, Selby NM, et al: Acute kidney injury as-
sociated with COVID-19: A retrospective cohort study. PLoS
Med 2020; 17:e1003406

Chan L, Chaudhary K, Saha A, et al: AKl in hospitalized patients
with COVID-19. J Am Soc Nephrol 2021; 32:151-160

Gupta S, Hayek SS, Wang W, et al: Factors associated with
death in critically ill patients with coronavirus disease 2019 in
the US. JAMA Intern Med 2020, 180:1436-1447

Fanelli V, Cantaluppi V, Alessandri F, et al: Extracorporeal CO2
removal may improve renal function of patients with acute res-
piratory distress syndrome and acute kidney injury: An open-
label, interventional clinical trial. Am J Respir Crit Care Med
2018; 198:687-690

July 2022 « Volume 4 * Number 7



