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he

in an individual patient. In this context, the risk of devel-

oping clinically significant renal impairment (acute kid-
ney injury [AKI]) is related to the patient’s renal physiological
reserve and the severity of the systemic illness (1).

The physiological reserve can be inferred based upon @gg-
related [888 and @iSEa8E-related 88§ (severity and duration),
most commonly hypertension and diabetes mellitus. Chronic
renal impairment (or disease, chronic kidney disease [EKB]),
which is synonymous with a significantly reduced renal physi-
ological reserve, is best d€fified based upon a EoMbination of a
FEREESHAl measure, most commonly estimated glomerular fil-
tration rate (EGBR) and a measure of Haage, most commonly
urinary Nalbuminso=Creatinine FalioN(ACR) (2). Depend-

ing upon the underlying cause and the presence and sever-
ity of complications and comorbidities, @KBD may Progress
over months to years, to end-stage renal disease (ESRB) (3).
However, [fiferventions that treat the underlying cause, and/
or modify the complications/comorbidities, can SIGWIGOWS or
even arrest this progression (4).

Although CKD predisposes to AKI, severe AKI, in the con-
text or absence of CKD, can result in, or cause accelerated pro-
gression of, CKD (5).

The

s reenforced by the association of an AKI with an
increase in the risk of all-cause, acute episode mortality; the

-! here is a similar association between ESRD and all-

cause mortality. The reasons for these associations relate to

*See also p. 47.
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the emerging appreciation of acute and chronic, OEGAINCIOsS
f8IR (6). After all, these associations persist despite the wide-
spread availability of renal replacement therapies (RRTs).
RRIS are undoubtedly effective in reversing fluid overload,
ClEarngISMallIfoIectles, and normalizing electrolytes and
pH. However, considerable controversy persists regarding
RRT including thresholds for/timing of initiation, optimal
modality and dose, and immediate risks and benefits. There
are considerable costs, both personal and financial, of both
acute and chronic RRT; hence, making rational decisions
based upon reliable prognostic data are highly desirable
though currently elusive.

In this issue of Critical Care Medicine, An et al (7) published
a retrospective, observational study of the long-term, renal and
mortality outcomes of a cohort of [[Z64Ipatientsiwho received
RRT during their acute critical illness between 2009 and 2013.
At BiGHERS POSHRIGATORGERRT, Hlj82% of the cohort was
-. This compares to historical rates of 40%; however, these
have been fffiptovinig with more FECENt SEHAIES that report
3-month survival rates of ~ 55% (8).

The authors identified 331 of 462 survivors with renal
function data preceding their acute illness and at 3 months
postinitiation of RRT. I have reproduced the renal outcome
at 3-month data in Table 1. This demonstrates that EI65%

of patients with PaSelifcICKDIStagesii=aihad ecither Feflifned
to DASEHRE function or had suffered [€8§ than BEYGNFEdHE
HORREGERY Though small in numbers, this compares with
BRIFIIBY of the patients with a PaSCliNCICKDIStAgeNs. Over
a median further [OGWEUPIPEriOANOTIIONTONTS from ini-
tiation of IR, a §f@ll but significant proportion of patients
suffered fFtHENCKDIProgtession, Some to ESRD. The risk of
deterioration was markedly greater that CKD three patients
receiving long-term surveillance. The authors then compared
these long-term outcomes of their cohort to baseline CKD
matched individuals. They found that
oped an AKT requiring RRT and theis renal function had
deteriorated by areater than'55% (decrease in EGER), their
BiSK of progressing to ESRI was B50X that of matched [GOHE
HOISY If the patient had developed an BRI requiring R and
their renal function had fOtideteriorated by Sfeaterthaniasvo
(decrease in EGER), their F8K of progressing to ESRID was 4%
that of matched EOMEFOIS. Those patients, who had suffered a
PEGEIESSION in their CKID at § HGHEKS, had J2XNCIEasEd
risk of all-cause [lOFtality compared with those that had not.
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TABLE 1. Renal Outcomes in 331 Survivors at 3 Months Following the Initiation of Renal
Replacement Therapy

z;ﬁr::i::b}l(?dney Return to Minor Progression Major Progression End-Stage Renal
Disease Stage Baseline (%) (Fall in eGFR < 35%) (%) (Fall in eGFR > 35%) (%) Disease (%)

1 10 (20) 20 (41) 15 (31) 4(8)

2 31(34) 30(33) 19 (21) 11(12)

3 50 (51) 18 (18) 10 (10) 21 (21)

4 31(46) 13(19) 5(7) 19 (28)

5 8 (18) 0 0 21 (88)

eGFR = estimated glomerular filtration rate.

The study is limited by its Feffospective design and its reli-
ance on a single premorbid assessment of EGER WitHOHt an
assessment of BMGR. It may also lack generalizability because
of the lack of Eflifili¢ diversity in the patient cohort and the
unusually high acute mortality.

The long-term consequences of AKI have been an area of
increasing interest in the last few years. The topic is large and
complex and has been the subject of somdJieXcellentrecent
_). The emerging story is one of signifi-
cant risks of recurrent AKI, progressive CKD, cardiovascular
morbidity, and increase [ilOftality. The study by An et al (7)
adds significantly to this body of work by providing some of
the most detailed long-term follow-up data available. It sug-
gests that PaselieNenalfnction s Aot HEcessarily - HSeful
PIEdiCor o MIOHE ermIprognosis, with the probable EXEEpY
fionl of GRDISEEENS. Following severe AKI, PrOgEEssion of
ERD certainly affects a significant fliflority of Patients. These

patients may well BEfefif from the same interventions as other
progressive CKD patients (4) thereby reducing their risk of
ESRD and death.

Over recent years, there has been an emerging maturity in
the critical care community that has rightly drawn our atten-
tion away from merely considering short-term survival from
critical illness, to also focusing on long-term survival, and
most importantly, the quality of that survival. The study by An
et al (7) adds yet another reason for
Vivorsioficriticalillness! To date, much of the focus of critical
care follow-up has concerned itself with physical and psycho-
logic rehabilitation, together with ensuring specialist follow
up of primary and secondary pathologies. I would advocate

Critical Care Medicine

that as critical care physicians, we should be screening for and
managing the common cardiac, respiratory, renal, and other
chronic organ pathologies that our patients suffer from. This

study makes an
nd beyond with §pecialist feféftal for those

patients who do suffer GKID Progtession.
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Objectives: Severe acute kidney injury requiring continuous renal
replacement therapy is associated with a high risk of early mortal-
ity. Our objectives were to identify a cohort of early survivors and
to follow their renal progress and long-term mortality.

Design: Multicenter, observational, retrospective cohort study.
Setting: ICUs in tertiary academic hospitals in Korea.

*See also p. 136.
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Patients: From 2009 to 2013, we identified 1§64 severe acute kid-
ney injury patients who were started on_
at four hospitals. Of these, we identified 331 survivors for
whom we could identify renal function at baseline and at 3 months.
Interventions: None.
Measurements and Main Results: The 331 patients were sepa-
rated into two groups based on their renal function at 3 months
after the start of continuous renal replacement therapy. Those
who displayed significant deterioration in renal function compared
to baseline, defined as greater than or equal to 50% increase in
serum creatinine or greater than or equal to 35% decrease in the
estimated glomerular filtration rate, or those who continued to
receive renal replacement therapy were designated as a “3-month
chronic kidney disease progression” group. Those with a return to
baseline, less than 50% increase in serum creatinine or less than
35% decrease in the estimated glomerular filtration rate, were
designated as a “3-month chronic kidney disease nonprogres-
sion” group. The acute kidney injury patients requiring continuous
renal replacement therapy showed a higher risk of progression to
end-stage renal disease compared to that of stage 3 chronic kid-
ney disease patients who did not undergo an acute kidney injury
episode, even if the acute kidney injury was recovered at 3 months
after continuous renal replacement therapy initiation. Further-
more, was associ-
ated with a high risk of progression to end-stage renal disease

and long-term [oHality over a median follow-up period of 287
(3.8-33.2) and 20/ (7.5-39.7) Months, respectively. Older age,

higher baseline serum creatinine levels, and higher blood urea
nitrogen concentrations at continuous renal replacement therapy
initiation, and lower 24-hour urine output after continuous renal
replacement therapy initiation are associated with an increased
risk of “3-month chronic kidney disease progression.”

Conclusions:
initiation can be -

in predicting progression tofend-stagerenal disease and long-
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term - Furthermore, continuous close _ and

_ of acute kidney injury patients requiring continuous
renal replacement therapy are required,

(Crit Care Med 2017; 45:47-57)
Key Words: acute kidney injury; chronic kidney disease; continuous
renal replacement therapy; long-term outcomes

has been considered as one useful treatment modality

in the management of critically ill patients with fluid
overload and metabolic imbalance who cannot tolerate the
hemodynamic shifts of intermittent hemodialysis (1), mortal-
ity remains high (2-5). Thus, improved prognostic assessment
is vital for guiding medical decision making and optimizing
the use of limited resources. However, no widely acknowledged
predictive model exists despite several attempts to identify
potential risk factors for death (6, 7). In addition, most pre-
vious research has primarily focused on assessing in-hospital
mortality in patients with acute kidney injury (AKI) requiring
CRRT (3, 8-10), and to the best of our knowledge, only a few
reports have assessed long-term outcomes following discharge
(1, 11). Therefore, we are unable to predict long-term renal
outcomes and the mortality risk of early survivors although
this information is highly sought after by investigators.

In the present study, we primarily identified a cohort of early
survivors and analyzed the effects of AKI episodes in patients
requiring CRRT on long-term renal outcomes compared with
a control population of patients who had normal renal func-
tion or each stage of chronic kidney disease (CKD), but did not
experience an AKI episode. We then assessed whether 3-month
CKD progression among AKI patients was a risk factor for long-
term clinical outcomes such as progression to end-stage renal
disease (ESRD) and long-term mortality. We also investigated
which factors are associated with 3-month CKD progression.

S Ithough continuous renal replacement therapy (CRRT)

MATERIALS AND METHODS

Study Population

From September 2009 to December 2013, 1,764 adult severe
AKI patients started CRRT in ICUs in a multicenter cohort
(Seoul National University Hospital, Seoul National Uni-
versity Boramae Medical Center, Seoul National University
Bundang Hospital, and Yonsei University Medical Center) in
Korea. The patients who survived and had laboratory results
indicating renal function at 3 months after the start of CRRT
were included in this study. Patients who had already received
renal replacement therapy (RRT) due to ESRD and without
data on baseline renal function were excluded. A total of 331
patients were enrolled in this study (Fig. 1). We also enrolled
a control population of 11,481 patients who comprised the
following two groups and did not experience an AKI epi-
sode: the KoreaN Cohort Study for Outcome in Patients With
CKD, a national prospective cohort including CKD stage 1-5
nondialysis patients for which the design and methods have
been previously published (12) and overall outpatients of the

48 www.ccmjournal.org

Nephrology clinic at Seoul National University Boramae Medi-
cal Center from 2009 to 2013. This study was approved by the
Institutional Review Board (number: 26-2014-15/022). The
need for informed consent from patients was waived because
of the retrospective design of the study. All clinical investiga-
tions were conducted in accordance with the guidelines of the
2013 Declaration of Helsinki.

Data Collection

Patient demographics and baseline clinical characteristics at the
time of hospitalization were assessed by the examination of elec-
tronic medical records. Detailed evaluations of coexisting medical
conditions, ICU records, and information related to CRRT were
also undertaken for all identified patients using the electronic
medical record systems of the above-mentioned institutions.

Overall, comorbidities were defined by diagnosis codes
based on the International Statistical Classification of Diseases
and Related Health Problems, 10th revision. Hypertension
and diabetes were also defined as the concurrent use of anti-
hypertensive drugs and oral hypoglycemic agents or insulin,
respectively. Diabetic nephropathy was defined as severely
increased albuminuria with urinary albumin excretion
above 300mg/d but without coexisting intrinsic renal dis-
ease in diabetic patients. Congestive heart failure or myocar-
dial infarction was defined by echocardiography or coronary
angiography. A cerebrovascular accident was defined as
an ischemic stroke or a documented transient ischemic
attack, with the exception of an intracerebral hemorrhage.
Peripheral vascular disease included only lesions diagnosed
by peripheral angiography that required revascularization.
The Charlson Comorbidity Index (CCI) was calculated as
described elsewhere (13, 14).

As indicators of illness severity, the Acute Physiology and
Chronic Health Evaluation (APACHE) II and Sequential
Organ Failure Assessment (SOFA) scores were calculated at
the time of CRRT initiation (9). The decision to administer

1764 (over age 18) started CRRT
at Seoul National University Hospital,

Seoul National University Boramae Medical Center,
Seoul National University Bundang Hospital,
and Yonsei University Medical Center
from 2009 to 2013

1195 died within 3 months
after CRRT initiation

N = 569
107 already received
dialysis due to ESRD

N = 462
41 had no data about
baseline renal function

N =421

90 had no laboratory
results after 3 months of
CRRT start

I 331 included in analysis ]

Figure 1. Flow diagram for patient enroliment. CRRT = continuous renal
replacement therapy, ESRD = end-stage renal disease.
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vasopressors or to initiate mechanical ventilation was made by
the attending physicians and the intensivists in ICUs according
to the hemodynamic status of each patient.

The contributing factors for AKI (septic shock, cardiogenic
shock, hypovolemia, drug induced, major surgery, and oth-
ers) (8, 15, 16) were initially categorized by electronic medical
record review and confirmed based on the clinical judgment
of the researchers. In the cases that more than one factors
occurred simultaneously and that were complicated, the
major and most influential factor was selected based on clini-
cal judgment of the researchers who were thoroughly blinded
to the clinical outcomes. Drug-induced AKI was diagnosed
if offending drugs were administered within at least 2 weeks
prior to the onset of AKI and if all other causes of AKI were
absent.

The decision to initiate CRRT and the CRRT settings,
including target clearance, blood flow, dialysate and replace-
ment fluid rates, and anticoagulation administration were
determined through close discussion and consultation with
nephrologists. The criteria for CRRT initiation included
medically intractable or persistent electrolyte imbalance and/
or metabolic acidosis and decreased urine output with vol-
ume overload and/or progressive azotemia. Hemodynamic
instability was also an important indication. Generally, vas-
cular access for CRRT was via a femoral venous catheter, and
the predilution method of continuous venovenous hemodi-
afiltration was mostly performed. Blood flow was gradually
increased from an initial rate of 100 to 150 mL/min accord-
ing to the hemodynamic status of the patient. Although
the target clearance was maintained at 35-40 mL/kg/hr in
most patients, it was increased to 60 mL/kg/hr and above in
patients with severe sepsis or septic shock (17), if possible.
Additionally, anticoagulation was selected based on the deci-
sion of nephrologists, depending on bleeding tendency or
contraindications to conventional heparin. After CRRT initia-
tion, attending physicians and experienced nurses monitored
the body weights, urine output, laboratory results, actual
delivered doses, and hemodynamic statuses of the patients
and discussed the results with nephrologists to maintain the
adequacy of CRRT.

Baseline serum creatinine (sCr) levels, defined as the latest
measurements within 6 months before hospitalization related
to the AKI episode requiring CRRT, were collected. sCr levels
were measured using an assay based on isotope dilution mass
spectrometry (IDMS), and the estimated glomerular filtration
rate (eGFR) was calculated using the following IDMS-traceable
Modification of Diet in Renal Disease equation: eGFR (mL/
min/1.73 m?) = 175 x (sCr)™'** X (age in years)** x (0.742
if female). According to the baseline eGFR, the patients were
classified into five stages. In this study, CKD was defined as an
eGFR less than 60 mL/min/1.73 m? (stage 3-5) lasting for at
least 3 months, regardless of proteinuria or microalbumin-
uria, largely because data on proteinuria and other parameters
suggestive of renal damage were not available for all recruited
patients. The laboratory findings, including renal function
measured at the time of CRRT initiation, at 24 hours, at 1 week,

Critical Care Medicine
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at1,2,3,6,9,and 12 months after the start of CRRT, and at the
last visit, were obtained from the electronic medical records.

Clinical Outcomes

First, the entire patient population was divided into three groups
based on their renal function at 3 months after CRRT start:
group 1, the patients whose renal function was returned to their
baseline value; group 2, those who had a minor deterioration
in renal function compared to baseline, defined as an increase
in sCr of less than 50% or a decrease in the eGFR of less than
35%; and group 3, those who had a major deterioration in renal
function compared to baseline, defined as an increase in sCr of
greater than 50% or a decrease in the eGFR of greater than 35%,
or those who continued to receive RRT. Group 3 was designated
as “3-month CKD progression” (18), and a composite of groups
1 and 2 was designated as “3-month CKD nonprogression”.

We primarily analyzed the effect of AKI episodes on
long-term renal outcomes in patients requiring CRRT com-
pared with the control patients who had normal renal func-
tion or each stage of CKD but did not experience an AKI
episode. We then attempted to assess whether “3-month
CKD progression” was a risk factor for long-term clini-
cal outcomes such as progression to ESRD and long-term
mortality among AKI patients who required CRRT treat-
ment. Progression to ESRD was defined as the start of
long-term RRT or eGFR less than 15mL/min/1.73 m?’
lasting for at least 3 months. In addition, we identified factors
associated with reaching “3-month CKD progression.”

Statistical Analysis

Categoric variables described as frequencies and proportions
were compared using chi-square tests. After a test for normal-
ity, the nonnormally distributed variables were expressed as
the medians (25-75th percentiles) and were compared using
the Mann-Whitney U or Kruskal-Wallis test. A simple logistic
regression model was used to calculate unadjusted odds ratios
(ORs) and 95% Cls for reaching “3-month CKD progression.”
Cox proportional hazard regression and Kaplan-Meier analyses
were also performed to examine the effects of “3-month CKD
progression” on long-term clinical outcomes such as progres-
sion to ESRD and/or mortality. We also conducted both of the
above analyses to investigate the influence of AKI episodes in
patients requiring CRRT on progression to ESRD and long-
term mortality compared with the patients without an AKI epi-
sode. Propensity score matching (1:3) was performed to adjust
for baseline characteristics between study population and con-
trol groups. Among the significant covariables identified by
univariate analysis (p < 0.1) and the clinically important covari-
ables, only one variable was selected after correlation analysis
for avoiding multicollinearity. Final multiple logistic regression
or Cox proportional hazard regression analysis was then con-
ducted in a backward stepwise manner. A p value of less than
0.05 was considered significant. Most statistical analyses were
performed with SPSS software, version 20.0K (SPSS, Chicago,
IL), and propensity score matching was performed using R ver-
sion 3.2.3 (R Development Core Team, Vienna, Austria).
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TABLE 1. Demographics and Baseline Clinical Characteristics at the Time of Hospitalization

3-Mo CKD 3-Mo CKD

Demographics and Baseline Clinical Progression, Nonprogression,
Characteristics n =125 (37.8%) n =206 (62.2%)
Male gender 198 (59.8) 78 (62.4) 120 (58.3) 0.456
Age (yr) 67.3 (66.0-75.0) 70.0 (61.0-76.0) 66.7 (64.0-75.0) 0.055
Weight (kg) 60.4 (65.0-70.3) 61.1 (63.7-71.8) 60.4 (565.6-70.0) 0.854
Body mass index (kg/m?) 23.4 (20.9-26.1) 23.1 (20.6-26.1) 23,6 (21.2-26.1) 0.272
Serum creatinine (mg/dL) 1.2 (0.9-2.0) 1.2 (0.9-25) 1.2 (09-1.9) 0.5630
Modification of Diet in Renal Disease-glomerular 52.9 (27.1-78.4) 50.0 (20.6-78.2) 53.6 (31.4-78.7) 0.048

filtration rate (mL/min/1.73 m?)
Chronic kidney disease® <0.001

Stage 1 49 (14.8) 19 (16.2) 30(14.6)

Stage 2 91 (275) 30 (24.0) 61 (29.6)

Stage 3 99 (29.9) 31(24.8) 68 (33.0)

Stage 4 68 (20.5) 24 (19.2) 44 (21.4)

Stage b 24 (7.3) 21 (16.8) 3(1.4)
Hypertension 177 (53.5) 64 (51.2) 113 (54.9) 0518
Diabetes mellitus 160 (48.3) 61 (48.8) 99 (48.1) 0.896
Diabetic nephropathy 73 (22.1) 37 (29.6) 36 (175) 0.010
Myocardial infarction 47 (14.9) 25 (20.0) 292 (10.7) 0.019
Ischemic heart disease 63 (19.0) 32 (28.2) 31 (174) 0.028
Congestive heart failure 85 (25.7) 31 (24.8) 54 (26.2) 0.775
Cerebrovascular attack 50 (15.1) 23 (18.4) 27 (13.1) 0.192
Malignancy 83 (25.1) 24 (19.2) 59 (28.6) 0.055
Charlson Comorbidity Index 6.0 (3.0-70) 5.0 (3.0-8.0) 6.0 (3.0-70) 0.888
Contributing factors for acute kidney injury 0.020

Septic shock 114 (34.5) 32 (25.6) 82 (40.0)

Cardiogenic shock 80 (24.9) 38(30.4) 49 (20.5)

Hypovolemia 59 (179) 23 (18.4) 36 (17.6)

Major surgery 54 (16.4) 26 (20.8) 28 (13.7)

Drug induced 23 (70) 6 (4.8) 17 (8.3)
Location before ICU 0.574

General ward 111 (33.5) 39 (31.2) 72 (35.0)

Emergency department 128 (38.7) 48 (38.4) 80 (38.8)

Emergent operation 52 (15.7) 24 (19.9) 28 (13.6)

Elective operation 26 (7.9) 9 (72) 17 (8.3)

Others 14 (4.2) 5 (4.0) 9(4.3)
Renal outcomes during follow-up period® < 0.001

Group 1 125 (37.8) 0 125 (60.7)

Group 2 81 (24.4) 0 81(39.3)

Group 3 125 (37.8) 125 (100.0) 0

CKD = chronic kidney disease.

2According to the baseline estimated glomerular filtration rate (eGFR), the patients were classified into five stages: stage 1, an eGFR of at least 90 mL/min/1.73 m?,

stage 2, an eGFR of 60-89mL/min/1.73 m?; stage 3, an eGFR of 30-569mL/min/1.73 m?; stage 4, an eGFR of 15-29mL/min/1.73 m?; and stage 5, an eGFR of
< 15mL/min/1.73 m2,

The renal outcomes stratified based on the patients’ renal function at 3 mo after continuous renal replacement therapy (RRT) start: group 1, the patients whose
renal function was returned to their baseline value; group 2, those who had a minor deterioration in renal function compared to baseline, defined as an increase in
serum creatinine (sCr) of <50% or a decrease in the eGFR of < 35%; and group 3, those who had a major deterioration in renal function compared to baseline,
defined as an increase in sCr of > 50% or a decrease in the eGFR of > 35%, or those who continued to receive RRT.

Data are presented as the median (25-75th percentiles) or as an n (%).
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TABLE 2. Clinical Parameters at the Time of or 24 Hours After Continuous Renal

Replacement Therapy Initiation

Clinical Parameters

3-Mo CKD

Progression,

3-Mo CKD

Nonprogression,

n =125 (37.8%)

n =206 (62.2%)

Time from ICU admission to CRRT start 13.0 (1.9-43.9) 17.3 (2.2-56.2) 12.1 (1.9-36.8) 0.118
Systolic blood pressure (mm Hg) 1170 (104.0-134.0) 122.0(106.5-1405) 1135(101.8-129.3) 0.006
Mean blood pressure (mm Hg) 82.0 (72.0-94.0) 86.3 (73.5-95.0) 80.8 (71.0-91.5) 0.085
Vasopressor 171 (B1.7) 56 (56.6) 115 (68.0) 0.059
Mechanical ventilation 202 (61.0) 78 (62.4) 124 (60.2) 0.690
Acute Physiology and Chronic Health Evaluation Il score  24.0 (19.0-29.0) 240 (19.0-28.0) 25.0 (19.0-30.0) 0.681
Sequential Organ Failure Assessment score 11.0 (8.0-13.0) 11.0 (9.0-13.0) 11.0 (8.0-13.0) 0.641
Glasgow Coma Scale 11.0 (4.0-14.3) 11.0 (4.0-14.0) 11.0 (4.0-15.0) 0.653
Kidney Disease: Improving Global Outcomes 0.723
acute kidney injury criteria
1 26 (7.9) 8(6.4) 18 (8.7)
2 56 (16.9) 20 (16.0) 36 (175)
8 249 (75.2) 97 (77.6) 152 (73.8)
Weight (kg) 62.2 (56.1-71.5) 64.0 (65.9-72.1) 61.8 (66.3-71.5) 0973
24-hr urine output before CRRT (mL/kg/hr) 0.36 (0.09-0.90) 0.35 (0.04-0.83) 0.38 (0.13-0.95) 0.274
2-hr urine output before CRRT (mL/kg/hr) 0.25 (0.04-0.58) 0.22 (0.02-0.58) 0.27 (0.06-0.61) 0.323
Laboratory findings at CRRT initiation
Hemoglobin (g/dL) 9.5 (85-10.7) 9.5 (8.4-10.5) 9.5 (8.7-10.8) 0.121
Hematocrit (%) 289 (25.9-32.1) 285 (24.8-31.3) 29.2 (26.2-33.3) 0.015
Sodium (mEg/L) 1370 (133.0-141.0) 1370(133.0-141.0) 1370 (133.0-142.0) 0.869
Potassium (mEqg/L) 4.1 (3.7-4.8) 4.1 (38.7-4.7) 4.1 (3.7-4.9) 0.406
Calcium (mEg/L) 7.8 (7.1-8.6) 79 (7.3-8.7) 7.7 (7.1-8.5) 0.087
Phosphorus (mEg/L) 46 (35-6.0) 4.7 (3.6-6.0) 4.6 (3.4-6.0) 0.722
Total bilirubin (mg/dL) 1.3 (0.7-2.7) 1.1 (0.6-2.6) 1.4 (0.7-2.9) 0.211
Albumin (mg/dL) 2.9 (2.6-3.3) 3.0 (2.7-3.3) 2.9 (2.5-3.3) 0.394
Blood urea nitrogen (mg/dL) 45.1 (31.4-64.5) 49.0 (37.0-73.0) 41.0 (29.1-56.5) < 0.001
Serum creatinine (mg/dL) 2.8 (2.0-4.0) 3.3(2.4-47) 25 (1.8-3.6) < 0.001
Prothrombin time (international normalized ratio) 1.4 (1.2-1.7) 1.4 (1.2-1.6) 1.4 (1.2-1.7) 0216
pH 738 (7.31-743) 7.36 (7.29-7.42) 740 (7.33-7.44) 0.009
CRRT setting
Target clearance (mL/kg/hr) 40.0 (35.0-40.0) 40.0 (34.1-40.0) 40.0 (35.0-41.0) 0.232

100.0 (100.0-120.0) 100.0 (100.0-120.0) 100.0 (100.0-120.0) 0.974
1,200 (1,000-1,500) 1,200 (1,000-1,5600) 1,200 (1,000-1,500)  0.252
1,200 (1,000-1,500) 1,175 (1,000-1,400) 1,200 (1,000-1,500) 0.476

179 (64.2) 64 (61.2) 115 (56.1) 0.386

Blood flow rate (mL/min)
Dialysate (mL/hr)
Replacement (mL/hr)
Anticoagulation

At 24 hr after CRRT initiation
Systolic blood pressure (mm Hg) 122.0 (108.0-140.0) 129.0 (110.0-146.,5) 119.0(106.0-135.3)  0.001

Mean blood pressure (mm Hg) 84.0 (72.0-93.0) 85.0 (73.8-94.0) 83.5 (70.3-92.0) 0.191

24-hr urine output (mL/kg/hr) 0.16 (0.03-0.54) 0.09 (0.02-0.32) 0.24 (0.05-0.65)  <0.001
CKD = chronic kidney disease, CRRT = continuous renal replacement therapy.
Data are presented as the median (25-75th percentiles) or as an n (%).
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RESULTS

Baseline Clinical Characteristics and Clinical
Parameters Related to CRRT

As shown in Figure 1, 1,195 patients (68%) had died after
3 months of CRRT initiation, and final analysis included 72%
of eligible patients of survivors at 3 months. The baseline clini-
cal characteristics and clinical parameters related to CRRT are
listed in Tables 1 and 2. At baseline, 140 patients (42.4%) had
normal renal function, and 191 (57.7%) were CKD patients.
After classification of the entire patient cohort into three
groups, 125 (37.8%), 81 (24.4%), and 125 (37.8%) patients
were categorized into groups 1, 2, and 3, respectively.

Sequential Changes of Renal Function in the Entire
Patient Cohort

We represented consecutive renal function with the number
of patients at each time point classified by baseline CKD stage
1-5 (Fig. 2). The patients who started permanent RRT after
the discontinuation of CRRT gradually increased over time;
these patients were mostly included in group 3. Although
these patients were excluded, the sCr and eGFR values
assessed at 1, 3, 6, and 12 months after the start of CRRT
significantly differed among the three groups, regardless of
baseline CKD stage.
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Figure 2. Sequential changes of renal function in the entire patient cohort. The patients who started permanent renal replacement therapy (RRT) after
the discontinuation of continuous RRT (CRRT) gradually increased over time; these patients were mostly included in group 3. Although these patients
were excluded, the serum creatinine (sCr) and estimated glomerular filtration rate (eGFR) values assessed at 1, 3, 6, and 12 mo after the start of CRRT
significantly differed among the three groups, regardless of baseline chronic kidney disease (CKD) stage. “Numbers in parenthesis refer to the number of
patients who started permanent RRT. The sCr and eGFR value of these patients were excluded from the graph presentation.
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TABLE 3. Baseline Characteristics of the Acute Kidney Injury Patients Requiring
Continuous Renal Replacement Therapy and Control Patients Without Acute Kidney
Injury Episode (Before and After Propensity Scores 1:3 Matching)

Unmatched Cohort Matched Cohort

No AKI Episode AKI Requiring CRRT

No AKI Episode AKI Requiring CRRT

Baseline Characteristics (n=11,481) (n=319) (n =957) (n=319)
Male gender 5,254 (45.8) 191 (59.9) <0.001 572 (69.8) 191 (59.9) 0974
Age (yr) 61.0 (47.0-72.0) 68.0 (570-75.0) <0.001 66.0 (66.0-74.0) 680 (670-75.0) 0.099
Diabetes mellitus 2,646 (23.0) 155 (48.6) <0.001 481 (50.3) 155 (48.6) 0.605
Diabetic nephropathy 1,545 (13.5) 70 (21.9) <0.001 202 (21.1) 70 (21.9) 0.752
Hypertension 2,240 (19.5) 171 (53.6) <0.001 504 (52.7) 171 (53.6) 0.771
Estimated glomerular filtration rate  74.7 (456.1-92.3) 529 (27.1-782) < 0.001 532 (29.0-769) 529 (27.1-782) 0.761
(mL/min/1.73 m?)
Chronic kidney disease < 0.001 0.794
Stage 1 3,312 (28.8) 46 (14.4) 134 (14.0) 46 (14.4)
Stage 2 4,008 (35.0) 89 (279) 263 (27.5) 89 (279)
Stage 3 2,487 (21.7) 94 (29.5) 304 (31.8) 94 (29.5)
Stage 4 1,083 (9.4) 66 (20.7) 201 (21.0) 66 (20.7)
Stage b 591 (6.1) 24 (75) 55 (5.7) 24 (75)

AKI = acute kidney injury, CRRT = continuous renal replacement therapy.
Data are presented as the median (25-75th percentiles) or as an n (%).

Comparisons of Baseline Characteristics and ESRD
Progression With the Control Group

Next, we compared the study populations with those who
did not experience an AKI episode after propensity score

matching (Table 3). “Three-month CKD progression” was an
independent predictor of progression to ESRD (hazard ratio
[HR],251.12;95% CI, 61.40—-1027.04; p < 0.001) after adjust-
ing for age, gender, diabetes, and hypertension (Fig. 3, for the
risk assessment of progression

AKI (-) CKD stage 1 & 2 to ESRD, see Supplemental

0.8
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Digital Content 1, http://
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Figure 3. Comparison of progression to end-stage renal disease (ESRD) between the patients with and without
acute kidney injury (AKI) episodes based on previous kidney function. “Three-month chronic kidney disease (CKD)
progression” after an AKI episode was a strong predictor of progression to ESRD. Furthermore, even patients who did
not experience 3-mo CKD progression after AK| were at a higher risk for progression to ESRD compared to that of
stage 3 CKD patients who had not experienced an AKI episode over a median follow-up period of 20 (11.8-39.8) mo.
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experience an AKI episode;
however, the risk was lower
than that of advanced CKD
(stage 4 and 5) patients.
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Three-Month CKD Progression and Clinical
Outcomes

We then investigated the association between “3-month CKD
progression” and the clinical outcomes. All patients could termi-
nate CRRT during follow-up, and no significant differences were
found in the CRRT duration and the length of ICU or hospital
stay between the two groups (for in-hospital clinical outcomes,
see Supplemental Digital Content 2, http://links.Iww.com/
CCM/C45).

During the median 19.3 (7.3-38.1) months of follow-up,
increased progression to ESRD and mortality were shown in the
“3-month CKD progression” group compared with the “3-month
CKD nonprogression” group (Table 4). “Three-month CKD pro-
gression” was a significant factor for predicting progression to
ESRD and long-term mortality even after adjusting for any clini-
cal outcome-related covariables (HR, 13.39; 95% CI, 7.65-23.45; p
<0.001 for progression to ESRD and HR, 1.95; 95% CI, 1.20-3.19;
p = 0.008 for long-term mortality) (Table 5 and Fig. 4).

Risk Factors for 3-Month CKD Progression

To investigate the risk factors for “3-month CKD progression,”
we performed logistic regression analysis (for risk factors of
3-month CKD progression, see Supplemental Digital Content
3, http://links.lww.com/CCM/C46). Older age, higher baseline
sCr levels, and higher blood urea nitrogen (BUN) levels at CRRT
initiation were also significantly correlated with 3-month CKD
progression. In addition, the patients who showed a urine out-
put increase of 0.5 mL/kg/hr during the first 24 hours following
the initiation of CRRT had an OR of 0.49 (95% CI, 0.33-0.72; p
< 0.001) for 3-month CKD progression. However, gender, other
comorbidities, and APACHE II or SOFA score were not related
to reaching “3-month CKD progression.”

DISCUSSION
This study showed not
episode had a gféater chance of

TABLE 4. Renal Outcome and Mortality According to Three-Month Chronic Kidney Disease

Progression

Clinical Outcomes

Total, n = 331

3-Mo CKD 3-Mo CKD
Nonprogression,

n =206 (62.2%)

Progression,
n =125 (37.8%)

Renal outcome at 3 mo

Dependent on dialysis 79 (23.9) 79 (63.2) 0(0.0) < 0.001
Independent of dialysis 2592 (76.1) 46 (36.8) 206 (100.0) < 0.001
Serum creatinine (mg/dL) 1.1 (0.8-1.7) 1.8 (1.3-2.9) 1.1 (0.8-1.4) < 0.001
eGFR (mL/min/1.73m?) 60.3 (375-81.5) 34.0(19.4-50.9) 66.1 (43.2-89.9) < 0.001
Renal outcome at last visit
Months from CRRT to the last visit 19.3 (7.3-38.1) 14.3 (5.0-33.9) 20.3 (9.2-415) 0.017
Dependent on dialysis 86 (26.0) 77 (61.6) 9 (4.4) < 0.001
Independent of dialysis 245 (74.0) 48 (38.4) 197 (95.6) < 0.001
Serum creatinine (mg/dL) 1.2 (0.9-1.7) 1.5 (1.2-2.1) 1.1 (0.9-1.6) 0.001
eGFR (mL/min/1.73m?) 55.7 (34.0-79.1) 40.1 (30.1-62.2) 577 (37.4-82.5) 0.003
Progression to ESRD 94 (28.5) 78 (62.4) 16 (7.8) < 0.001
Months from CRRT to ESRD progression 12.7 (3.8-33.9) 3.2(1.1-12.3) 19.4 (9.1-41.3) < 0.001
All-cause mortality 68 (20.5) 35 (28.0) 33 (16.0) 0.009
Months from CRRT to death 20.4 (75-39.7) 156 (5.1-34.3) 223 (109-43.1) 0.004
Cause of death
Septic 21 (30.9) 10 (28.6) 11(33.3) 0.828
Respiratory 7 (103) 4(11.4) 3(9.1)
Cardiogenic 15 (22.1) 8(22.9) 7(21.2)
Cancer 5 (7.3) 0(0.0) 5(15.2)
Others 5 (7.3) 3(8.6) 2(6.1)
Unknown 15 (22.1) 10 (28.6) 5(15.2)

CKD = chronic kidney disease, CRRT = continuous renal replacement therapy, eGFR = estimated glomerular filtration rate, ESRD = end-stage renal disease.
Data are presented as the median (25-75th percentiles) or as an n (%).
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TABLE 5. The Effect of 3-Month Chronic
Kidney Disease Progression on
Progression to End-Stage Renal Disease
or Mortality Compared With 3-Month
Chronic Kidney Disease Nonprogression

Multivariate Analysis

Clinical Outcomes Unadjusted

Risk Adjusted?

Progression to end-stage renal disease (median follow-up
period of 12.7 mo)

HR (95% CI)  13.03(7568-22.39) 13.39 (7.65-23.45)

p < 0.001 < 0.001
Mortality (median follow-up period of 20.4 mo)

HR (95% CI) 2.11(1.31-3.39) 1.95 (1.20-3.19)

p 0.002 0.008

HR = hazard ratio.

2Adjusted for gender, age, baseline estimated glomerular filtration rate,
baseline body mass index, and age-adjusted Charlson Comorbidity Index.
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Figure 4. Kaplan-Meier curves for progression to end-stage renal disease
(ESRD) (A) and mortality (B) between the “3-mo chronic kidney disease
(CKD) progression” and “3-mo CKD nonprogression” groups. “Three-
month CKD progression” was significantly associated with an increased
risk of progression to ESRD (A) and mortality (B) over a median follow-up
period of 12.7 (3.8-33.2) and 20.4 (75-39.7) mo, respectively.

CRRT = continuous renal replacement therapy.

cytokines, including tumor necrosis factor-a., interleukin-1,
and interleukin-6, which are reported to injure distant organs
such as the heart, lungs, and liver (26-30). Therefore, AKI may
be an independent risk factor for mortality (13, 31, 32) and
progression to CKD (32, 33) according to these hypotheses.

In this study, several clinical factors were found to influence
“3-month CKD progression”; however, dispute remains regard-
ing which factors are more strongly associated with progressive
renal dysfunction or chronic dialysis following AKI requiring
dialysis. Several previous studies (34-36) reported that higher
BUN concentrations at CRRT initiation were associated with
an increased risk of mortality. Augustine et al (37) showed a
positive correlation between urine output on day 1 and renal
recovery, indicating that urine output is an important factor
for recovering renal function. Harel et al (38) reported preex-
isting CKD or hypertension and higher CCI scores as indepen-
dent predictors of chronic dialysis in AKI survivors. Stads et al
(39) demonstrated that long-term renal outcomes were associ-
ated with the degree of renal dysfunction at hospital discharge.
In the future, AKI patients with an increased risk of 3-month
CKD progression will require more meticulous care and urine
output should be intensively monitored in the first 24 hours
following CRRT initiation.
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CRRT has been considered as one useful treatment modal-
ity in the management of critically ill patients with AKI (40).
Currently, no widely acknowledged predictive model or report
on assessing long-term outcomes after hospital discharge in
AKI patients who received CRRT exists. In this study, we inves-
tigated factors that may be associated with worsening long-
term renal outcomes and mortality in AKI patients requiring
CRRT treatment. We did not include patients who died within
3 months after an AKI episode, to exclude the short-term
effects of illness severity or hemodynamic instability. Thus, we
could evaluate long-term effects on clinical outcomes instead
of focusing on short-term clinical outcomes such as in-hospital
mortality (8,41). Furthermore, AKI patients experienced more
serious long-term renal outcomes than did the patients who
did not experience an AKI episode, even if the AKI patients
had recovered after 3 months of CRRT. Taken together, these
results indicate that examining renal function at 3 months fol-
lowing CRRT initiation and regular monitoring in survivors
with a diagnosis of “3-month CKD progression” are highly
recommended.

Several limitations to our study should be noted. First, the
retrospective study design has inherent limitations. The poten-
tial for lead-time bias can be argued, as the presence of such
a capability could encourage the earlier detection of AKI and
lead to the treatment of patients who would have otherwise
performed well without renal replacement. In addition, there
was no established definition of baseline renal function, and a
single value cannot represent the stable baseline renal function
of each patient. Second, our study only examined a Korean
cohort of individuals who experienced the most severe form of
AKI, with hemodynamic instability and severe clinical condi-
tions. In this regard, these findings may not be generalizable to
other races or to individuals experiencing less severe yet much
more common forms of AKI. However, the results of these
analyses focusing on AKI patients who did not receive CRRT
also indicate that renal functional assessment at 3 months fol-
lowing an AKI event may be useful to predict progression to
ESRD, regardless of CRRT treatment (for the effect of 3-mo
CKD progression on progression to ESRD or mortality in
AKI patients who did not receive CRRT, see Supplemental
Digital Content 4, http://links.lww.com/CCM/C47; and
Supplemental Digital Content 5, http://links.lww.com/CCM/
C48; legend, Supplemental Digital Content 6, http://links.
Iww.com/CCM/C49). Third, the early mortality rate was high,
and those who died within 3 months following CRRT initia-
tion were excluded from this study population; these factors
might have affected the results. Additionally, our study popu-
lation might not be representative of all ICU patients or AKI
patients. However, the main purpose of our study was not to
analyze the risk factors for mortality but rather to focus on the
significance of renal functional assessment at 3 months follow-
ing CRRT; therefore, only survivors after 3 months of CRRT
initiation could be enrolled in this study. Fourth, we arbitrarily
defined “3-month CKD progression” as a worsening renal sta-
tus assessed 3 months following CRRT initiation, although we
attempted to investigate whether the renal status at 3 months
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after CRRT initiation could be associated with long-term renal
and patient outcomes. Fifth, this study was performed using
a multicenter cohort; therefore, as the decisions regarding the
timing of initiation and the type of CRRT are subjective and
affected by both resources and the underlying disease, this
study may not be completely generalizable to sites with dif-
ferent practice patterns or patient populations. Furthermore,
completely accurate classification of the factors contributing
to AKI was not feasible. Ultimately, a well-designed prospec-
tive large cohort study should be performed to overcome these
limitations and to verify all of our suggestions and clinical
implications regarding monitoring at 3 months after an AKI
episode in a patient requiring CRRT.

In conclusion, “3-month CKD progression” is a significant,
predictable risk factor for progression to ESRD and long-
term mortality, suggesting that renal functional assessment at
3 months following CRRT initiation may be a useful measure
to predict long-term clinical outcomes. Furthermore, continu-
ous close monitoring and management of AKI patients requir-
ing CRRT is required, irrespective of renal functional recovery.
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