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Abstract

Background: Recent attempts were made to identify early indicators of acute kidney injury
(AKI) in order to accelerate treatment and hopefully improve outcomes. This study aims to
assess the value of urinary neutrophil gelatinase-associated lipocalin (UNGAL) as a predictor
of AKI, severe AKI, and the need for renal replacement therapy (RRT). Methods: We conduct-
ed a prospective study and included adults admitted to our intensive care unit (ICU) at King
Abdulaziz University Hospital (KAUH), between May 2012 and June 2013, who had at least 1
major risk factor for AKI. They were followed up throughout their hospital stay to identify
which potential characteristics predicted any of the above 3 outcomes. We collected informa-
tion on patients’ age and gender, the Acute Physiology And Chronic Health Evaluation, version
IT (APACHE 1I) score, the Sepsis-Related Organ Failure Assessment (SOFA) score, serum cre-
atinine and cystatin C levels, and uNGAL. We compared ICU patients who presented with any
of the 3 outcomes with others who did not. Results: We included 75 patients, and among
those 21 developed AKI, 18 severe AKI, and 17 required RRT. Bivariate analysis revealed inter-
group differences for almost all clinical variables (e.g., patients with AKI vs. patients without
AKI); while multivariate analysis identified mean arterial pressure as the only predictor for AKI
(p < 0.001) and the SOFA score (p = 0.04) as the only predictor for severe AKI. For RRT, day 1
maximum uNGAL was the stronger predictor (p < 0.001) when compared to admission diag-
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nosis (p = 0.014). Day 1 and day 2 maximum uNGAL levels were good and excellent predictors
for future RRT, but only fair to good predictors for AKI and severe AKIL. Conclusions: Maximum
urine levels of UNGAL measured over the first and second 24 h of an ICU admission were
highly accurate predictors of the future need for RRT, however less accurate at detecting ear-

ly and severe AKI. © 2017 The Author(s)
Published by S. Karger AG, Basel

Background

Whether their condition is the result of severe illness, injury, or recent surgery, patients
who are critically ill are highly susceptible to acute kidney injury (AKI) [1-6], with a rate
ranging from 5% to almost 90% [7, 8]. In one of the largest studies, Uchino et al. [5] ana-
lyzed the data of 29,269 patients admitted to critical care units in 54 hospitals across 23
countries, from September 2000 and December 2001, and identified clinically documented
acute renal failure in 1,738 patients (5.7%). Among the latter, less than one-third had previ-
ously documented renal dysfunction [5]. In another sizeable study in Japan, Isshiki et al. [9]
ascertained that some major adverse kidney events occurred in 102 patients (20.6%) of the
total 495 patients studied. Furthermore, amongst 103 patients admitted to a coronary care
unit, Yang et al. [6] reported diagnosed acute renal failure in 49 patients (47.6%), whereas
Camou et al. [10] were able to detect AKI in 43 out of 50 patients (86%) admitted with sepsis
to another critical care unit. Outcomes in critically ill patients who develop acute renal
dysfunction are generally not good, with a mortality rate of up to 60% prior to discharge [5].
Moreover, chronic renal failure and the need for renal replacement therapy (RRT) are usually
common outcomes among those who survive [4, 7-10].

For several decades, there have been attempts to identify biomarkers that can predict
early AKI to promptly initiate aggressive kidney-sparing and life-saving treatment [11]. Many
biomarkers were suggested, including tubular enzymeslike alpha- and pi-glutathione S-trans-
ferase, N-acetyl-glycosaminidase, alkaline phosphatase, gamma-glutamyl trans-peptidase,
Ala-(Leu-Gly)-aminopeptidase, and fructose-1,6-biphosphatase, low-molecular weight uri-
nary proteins like alphal- and beta2-microglobulin, retinol-binding protein, adenosine deam-
inase-binding protein, and cystatin C, urinary interleukins/adhesion molecules, and markers
of glomerular filtration like pro-atrial natriuretic peptide (1-98) and cystatin C, among others
[11].

Neutrophil gelatinase-associated lipocalin (NGAL) is a protein expressed by neutrophils
and various epithelial cells. It is a member of the lipocalin family of proteins, which transport
small hydrophobic molecules like steroids, retinoids, and lipids [12, 13]. It was initially
proposed by Mishra etal. [14] in 2003, as an indicator for early renal injury secondary to renal
hypoperfusion. Since then, it has been studied in a variety of clinical contexts [7], both in
children and adults, including renal injury due to cancer [15, 16], cancer chemotherapy [17-
19], kidney surgery [20], kidney transplantation [21, 22], cardiac surgery [23-27], and
systemicillness, especially sepsis [8, 28-30]. However, to date, uncertainty remains regarding
the actual role of NGAL in the clinical setting, namely whether plasma or urinary NGAL
(uUNGAL) or a combination of the two is preferable, the best timing for NGAL acquisition, and
the differences between the various commercially available NGAL assays [6, 24, 28, 30-33].

The general objective of this study was to identify how useful uNGAL is in a population
of critically ill patients admitted to the intensive care unit (ICU) at a large tertiary care center
in Saudi Arabia. More specifically, we sought to (1) follow the course of uNGAL levels over
hospitalization, (2) determine how well elevated uNGAL levels, both at baseline and over the
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course of hospitalization, can predict AKI, severe kidney injury including renal failure, the
ultimate need for RRT and mortality as the combined outcome of severe kidney injury, or
patient mortality in the ICU, and (3) identify the threshold of uNGAL (in ng/mL which opti-
mizes diagnostic accuracy) in terms of combined sensitivity and specificity.

Methods

For this prospective cohort study, ethical approval was obtained from the Research
Ethics Committee at King Abdulaziz University Hospital, as well as all needed administrative
approvals. Prior to data collection, the study objectives and design were explained to all
participants and then written consent was obtained from each patient.

We recruited a cohort of patients who were consecutively admitted to the ICU at King
Abdulaziz University Hospital (KAUH) in Jeddah, the second largest city in Saudi Arabia.
KAUH is a major referral center for all of western Saudi Arabia, with a metropolitan area
population of 3.5 million people. To include a patient, he/she must be >18 years old and must
either have a systolic blood pressure <90 mm Hg or a mean arterial pressure (MAP) <65 mm
Hg, thereby requiring the administration of at least 1 vasopressor, inotrope, or both. Patients
were excluded if their serum creatinine at presentation was >200 umol/L, if they had a previ-
ously documented end-stage renal disease (ESRD), if they had documented obstructive urop-
athy, ifthey were on dialysis, or ifthey were pregnant. Recruitment took place overa 13-month
period, from May 2012 until June 2013.

In addition to the current standard laboratory investigations, urine was collected and
sent to measure uNGAL and serum cystatin C levels on the day of admission and immediately
upon arrival to the ICU (time; t =0, as well as att = 6, 12, 24, and 36 h). After that, these levels
were measured daily until day 4. Serum creatinine was measured by the hospital’s clinical
laboratory at baseline and then monitored as per standard ICU routine (i.e., at least once
daily) throughout the ICU admission. Other variables that were measured included patients’
urine output as well as their baseline Acute Physiology and Chronic Health Evaluation, ver-
sion Il (APACHE II) and Sepsis-Related Organ Failure Assessment or Sequential Organ Failure
Assessment (SOFA) scores. The APACHE II is an instrument designed and validated to rate
the severity of illness upon admission to the ICU. It is scored from 0 to 71, and the higher the
scores the more severe is the disease. The SOFA is a scoring system specifically designed to
monitor the patients’ level of organ failure across 6 different domains: respiratory, cardiovas-
cular, hepatic, coagulation, renal, and neurological. As per standard ICU protocol, we also
assessed each patient’s hemodynamic status, including MAP, any vasopressors and inotropic
agents used and their dose, fluid balance (i.e., the need for mechanical ventilator support),
and the need for RRT, including intermittent hemodialysis. Patients’ mortality rate was also
reported.

Treatment was administered to protect the kidneys from further injury when the ob-
served level of uNGAL started to increase. The latter included: attempts to optimize the
patient’'s MAP between 60 and 65 mm Hg to maintain adequate perfusion pressure, using
vasopressors to avoid vasoconstriction and the worsening of renal perfusion, avoiding neph-
rotoxic and contrast agents as much as possible, and lastly if no response was apparent with
optimized medical care, initiating early continuous RRT within 6 h of AKI recognition. Both
the Risk, Injury, Failure, Loss of Kidney Function, and End-Stage Kidney Disease (RIFLE)
criteria and cystatin C levels were used to define and stratify the severity of AKI. The following
allocations were used based on prior research results: cystatin C <100 pg/L: normal, 100-499
pg/L: mild injury, 500-999 pg/L: moderate injury, and >1,000 pg/L: severe injury.
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Data Analysis

The primary goal of bivariate analysis was to compare patients with AKI and those
without, those with severe kidney injury or failure and those without, those requiring RRT
and those who do not, and finally those with a “poor outcome,” defined as severe kidney
injury or failure, death, or both, and those with a good outcome. We compared the following
variables: (1) patient demographics such as age and gender, (2) baseline clinical character-
istics such as diagnosis on admission (e.g., septic shock, cardiogenic shock, traumatic shock,
severe postoperative hypotension, or other), (3) baseline MAP; 24-h APACHE II score and
24-h SOFAscore, (4) baseline serum creatinine and cystatin C,and (5) uNGALlevels; maximum
ondayO (first 24 h) and day 1 (next 24 h). For these comparisons between each two subgroups,
the Student ¢ test was used for continuous variables and Pearson x? analysis was used for
nominal and ordinal variables. Because of the multiple comparisons, in bivariate analyses a
Bonferroni-adjusted p value (p = 0.001) was used as the threshold of statistical significance.

The primary goal of multivariate analysis was to identify predictors of AKI, severe kidney
injury, the need for RRT, and a poor outcome (severe kidney injury/failure, death, or both),
adjusted for all other variables. Because we only included 75 subjects, and assessed 10 inde-
pendent variables for potential inclusion in the models, a stepwise (hierarchical) binary
logistic regression was performed. The first model entered (through forward selection)
patient age, gender, and diagnosis, and the second model added baseline APACHE Il and SOFA
scores to the step 1 model. The third model added baseline serum creatinine, cystatin C, and
uNGAL levels, while the fourth model included baseline, mean, and minimum MAP. The fifth
model included baseline, day 0, and day 1 maximum and mean uNGAL levels, and finally the
sixth and last model included only those variables identified as potentially significant
predictors (p < 0.10) across the other 5 models. It should be noted that when variables such
as baseline, mean, and minimum MAP or the 5 uUNGAL measurements were added, that model
was recreated using only suitable variables. When 2 similar variables were found roughly
equal, each was carried separately to the final model. For each step, any variable with p < 0.20
was retained for the next step. For the final model, a p < 0.10 value was selected as the
threshold for final variable retention.

To assess the accuracy of uNGAL as a predictor for AKI and severe AKI, receiver operating
characteristic (ROC) curves were created, using the best uNGAL-related predictor of both
outcomes as test statistic and the absence or presence of AKI, severe AKI, and RRT as binary
status variables. From these, areas under the curve (AUC) were calculated to determine the
variable’s value as a predictor for AKI, severe AKI, and potential RRT, and then the optimum
cutoff values for the tested variable were identified to optimize accuracy, the latter was
defined as the best balance of sensitivity and specificity. All tests were two-tailed and
performed using the IBM Statistical Package for Social Sciences (SPSS) version 23 (SPSS,
Chicago, IL, USA).

Results

Over the 13-month recruitment, a total of 75 patients met our eligibility criteria and were
followed. Their baseline data are summarized in Table 1. There was a wide range in age
(18-89 years) and a relatively equal gender distribution across the subgroups. All patients
had at least 1 major risk factor for AKI, including septic shock in 34 patients, cardiogenic
shock in 20, severe and postoperative hypotension in 16, and trauma in 5 patients. The
patients underwent different surgical procedures including neurological, cardiovascular,
major abdominal, and gynecological procedures, ranging from 3 to 6 procedures per patient.
Table 2 summarizes the outcomes across the whole sample, namely in terms of death and
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Table 1. Baseline characteristics

of the patients Patients 75
Mean age (range), years 51.6 (18-89)
Male gender, n (%) 38 (50.7)
Baseline mean arterial pressure (range), mm Hg 56.4 (43-69)
1 vasopressor required, n (%) 44 (58.7)
>1 vasopressor required, n (%) 28(37.3)
Inotrope required, n (%) 46 (61.3)
Mean APACHE II score (range) 24.6 (10-47)
Mean SOFA score (range) 9.8 (4-16)
Major risk factor for AKI, n (%) 75 (100.0)
Septic shock 34 (45.3)
Cardiogenic shock 20 (26.7)
Trauma 5(6.7)
Postoperative hypotension 16 (21.3)

APACHEI], Acute Physiology and Chronic Health Evaluation, version
II; SOFA, Sepsis-Related Organ Failure Assessment; AKI, acute kidney
injury.

Table 2. Clinical outcomes for all

; 1
patients (level of kidney injury Final measured RIFLE grade

. Normal kidney function 25(33.3)
and mortality) Kidney function at risk (R) 29 (38.7)
Acute kidney injury (I) 18 (24.0)
Kidney failure (F) 3(4.0)
Kidney loss (L) n/a (0)
End-stage renal disease (E) n/a(0)
Worst kidney injury?
Normal cystatin level 14 (18.7)
Mild injury 18 (24.0)
Moderate injury 25(33.3)
Severe injury 16 (21.3)
Kidney failure 2(2.7)
Mortality
Required RRT 17 (22.7)
Died in ICU 16 (21.3)
Died in hospital 40 (53.3)

Values are shown as n (%). n/a, no patient in this group because
excluded from the start. RRT, renal replacement therapy; ICU, intensive
care unit. ! Kidney status categorized using RIFLE criteria. > Worst kid-
ney injury categorized according to maximum serum cystatin C level.

renal injury. Since renal function was assessed only during hospital stay, we could not present
any data here on long-term renal loss or ESRD. The latter requires 1 and 3 months of loss of
function, as per RIFLE criteria.

In our sample, there was a very strong association between the level of injury, as indi-
cated by the cystatin C level, and the RIFLE grade (x* = 47.9, p < 0.001). In total, 16 of the total
patients (21.3%) died during their ICU stay. Out of 16 patients who died, the admission diag-
nosis was septic shock in 12, trauma in 3, and cardiogenic shock in 1 patient (Fig. 1). The ICU
mortality rate was 52.5% among those with AKI and 55.6% among those with severe AKI
compared with rates of 9.3% (x? = 16.8, p < 0.001) and 10.5% (x? = 16.5, p < 0.001) among
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Table 3. Comparison of patients with AKI and those without (RIFLE grade)

AKI No AKI Test statistic Significance
(n=21) (n=54) (p value)
Mean age, years 51.6 51.6 t=0.003 0.997
Male, % 38.1 55.6 x?=1.84 0.17
Mean baseline APACHE Il score 32.2 21.6 t=5.40 <0.001
Mean baseline SOFA score 129 8.6 t=5.46 <0.001
MAP, mm Hg
Baseline 52.1 58.1 t=4.63 <0.001
Maximum 65.3 69.5 t=4.78 <0.001
Minimum 52.0 58.0 t=4.65 <0.001
Mean 59.4 64.3 t=5.78 <0.001
Improvement in MAP (1st 24 h) 8.4 7.8 t=0.59 0.55
Mean baseline creatinine, pmol/L 165.6 99.7 t=5.29 <0.001
Mean baseline cystatin C level, pg/L 2,338.6 1,401.1 t=2.42 0.018
Maximum uNGAL, ng/mL
Day 0 747.6 376.4 t=2.50 0.015
Day 1 1,020.0 428.8 t=3.78 <0.001
Day 0-1 999.9 534.7 t=3.97 <0.001
Death, % 52.4 9.3 x?=16.75 >0.001

APACHE II, Acute Physiology and Chronic Health Evaluation, version II; SOFA, Sepsis-Related Organ Fail-
ure Assessment; MAP, mean arterial pressure; AKI, acute kidney injury; uNGAL, urinary neutrophil gelatin-
ase-associated lipocalin.

M Septic shock

M Trauma
Cardiogenetic shock

M Postoperative
hypotension

Fig. 1. Causes of death in the ICU.

those without AKI or severe AKI, respectively. Eighty-one percent of those who experienced
at least some level of AKI in the ICU died prior to hospital discharge, and 83.3% of those
suffered from severe AKI.

Twenty-one of the total patients fulfilled the RIFLE criteria for AKI during their ICU stay.
Bivariate comparisons of these 21 patients and the remaining 54 patients are summarized in
Table 3. Note that both groups did not differ in patient age or gender, but most other clinical
measures differed between the two groups, while maintaining a Bonferroni-adjusted
threshold for statistical significance of p = 0.001. This included mean scores for both scales
assessing the overall health status (the SOFA and APACHE II scales), all measures of MAP
(baseline and the mean, minimum, and maximum MAP over the first 72 h in the ICU), the
mean serum creatinine level, and lastly the maximum levels of uNGAL over the first 2 ICU
days, and specifically over the second 24 h. The mean baseline serum cystatin C and uNGAL
levels over the first 24 h in the ICU failed to meet the adjusted level of significance (both p ~
0.02), and there was no intergroup difference in the mean improvement in MAP over the first
72 hin the ICU (p = 0.55).
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Table 4. Comparison of patients with severe AKI/failure and those without (cystatin grade)

Severe AKI No severe AKI Test statistic Significance

(n=18) (n=57) (p value)

Mean age, years 53.8 50.9 t=0.57 0.57
Male, % 38.9 61.1 x2=131 0.25
Mean baseline APACHE Il score 32.2 22.2 t=4.68 <0.001
Mean baseline SOFA score 13.1 8.8 t=6.15 <0.001
MAP, mm Hg

Baseline 52.8 57.5 t=3.21 0.002

Maximum 66.6 68.8 t=2.24 0.03

Minimum 52.8 57.4 t=3.20 0.002

Mean 60.3 63.7 t=3.40 0.001

Improvement in MAP (1st 24 h) 7.9 8.0 t=0.14 0.89
Mean baseline creatinine, pmol/L 182.7 97.8 t=8.12 <0.001
Mean baseline cystatin C level, ug/L 2,968.7 1,251.5 t=4.61 <0.001
Maximum uNGAL, ng/mL

Day 0 923.4 346.1 t=3.88 <0.001

Day 1 1,079.5 462.3 t=3.65 <0.001

Day 0-1 1,079.0 444.0 t=4.35 <0.001
Death, % 55.6 10.5 x> =16.50 <0.001

APACHE II, Acute Physiology and Chronic Health Evaluation, version II; SOFA, Sepsis-Related Organ Fail-
ure Assessment; MAP, mean arterial pressure; AKI, acute kidney injury; uNGAL, urinary neutrophil gelatin-
ase-associated lipocalin.

Similar results were observed comparing patients with AKI when defined according to
cystatin C levels (n = 18, Table 4). This counted 18 patients who suffered from renal failure
compared to those remaining. Again, age and gender were not different between the groups,
but a significant difference was detected for most clinical variables. In this instance, variables
that failed to meet the adjusted p value threshold of 0.001 were the baseline MAP as well as
the maximum and minimum MAP over the first 72 h in the ICU. As with AKI, the 2 groups
exhibited no difference at all in the level of improvement (i.e., increase in MAP) over the first
72 h in the ICU.

When we compared the 17 patients who required RRT with the remaining 58 who did
not (Table 5), and as with AKI and severe AKI, the 2 groups were statistically different in every
clinical variable of interest, except for maximum MAP over the first 24 h in the ICU, which
remained borderline (p = 0.057). Yet, again, the degree of improvement in MAP over the first
72 h showed no significant difference (p = 0.26). Females accounted for a disproportionate
percentage on RRT and showed a significant association (x? = 3.97, p = 0.046), but the almost
4-year difference between the 2 subgroups in mean age (those on RRT were older, 54.5 vs.
50.8 years) was not statistically significant.

A final series of bivariate comparisons was done by combining the outcomes, severe
kidney injury and death, into a single outcome called “poor outcome” (Table 6). We compared
the 24 patients who met the criteria for “poor outcome” with the 51 patients who did not, and
again there was no significant difference in either age or gender. On the other hand, there
were detectable differences for every clinical variable (all p < 0.001), except for the mean
increase in the MAP over the patients’ first 72 h in the ICU (p = 0.49).

On hierarchical binary logistic regression, the only statistically significant predictor of
AKI was the mean MAP over the first 72 h in the ICU (p < 0.001, Table 7), while the only
predictor of severe AKI, including renal failure, was the SOFA score (p = 0.037, Table 8).
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Table 5. Comparison of patients on RRT with those not on RRT

RRT No RRT Test Significance
(n=17) (n=58) statistic (p value)
Mean age, years 54.5 50.8 t=0.73 0.47
Male, % 29.4 56.9 x?=3.97 0.046
Mean baseline APACHE Il score 34.5 21.7 t=6.40 <0.001
Mean baseline SOFA score 13.2 8.8 t=5.28 <0.001
MAP, mm Hg
Baseline 50.9 58.0 t=5.28 <0.001
Maximum 66.5 68.8 t=194 0.057
Minimum 50.9 58.0 t=5.31 <0.001
Mean 59.6 63.9 t=4.35 <0.001
Improvement in MAP (1st 24 h) 8.9 7.7 t=1.14 0.26
Mean baseline creatinine, pmol/L 163.5 104.9 t=4.14 <0.001
Mean baseline cystatin C level, ug/L 3,288.2 1,257.2 t=3.77 <0.001
Maximum uNGAL, ng/mL
Day 0 1,068.6 304.6 t=5.60 <0.001
Day 1 1,350.1 347.2 t=7.87 <0.001
Day 0-1 1,339.5 347.2 t=7.78 <0.001
Death, % 82.4 3.4 x?>=14.69 <0.001

RRT, renal replacement therapy; APACHE II, Acute Physiology and Chronic Health Evaluation, version II;
SOFA, Sepsis-Related Organ Failure Assessment; MAP, mean arterial pressure; AKI, acute kidney injury;
uNGAL, urinary neutrophil gelatinase-associated lipocalin.

Table 6. Comparison of patients with a poor outcome (severe AKI and/or death in ICU) and those with a good
outcome

Good outcome  Poor outcome Test Significance
(n=51) (n=24) statistic (p value)
Mean age, years 51.1 52.6 t=0.33 0.75
Male, % 58.8 333 ¥ =4.24 0.04
Mean baseline APACHE Il score 20.7 329 t=7.10 <0.001
Mean baseline SOFA score 8.2 13.1 t=7.20 <0.001
MAP, mm Hg
Baseline 58.2 52.5 t=455 <0.001
Maximum 69.5 65.8 t=3.88 <0.001
Minimum 58.2 52.5 t=4.55 <0.001
Mean 64.3 59.9 t=5.15 <0.001
Improvement in MAP (1st 24 h) 7.8 8.5 t=0.70 0.49
Mean baseline creatinine, pmol/L 95.4 166.6 t=6.26 <0.001
Mean baseline cystatin C level, pg/L 1,241.3 2,561.0 t=3.71 <0.001
Maximum uNGAL, ng/mL
Day 0 275.2 927.0 t=5.17 <0.001
Day 1 318.4 1,163.4 t=6.54 <0.001
Day 0-1 334.7 1,152.6 t=7.09 <0.001

APACHE II, Acute Physiology and Chronic Health Evaluation, version II; SOFA, Sepsis-Related Organ Fail-
ure Assessment; MAP, mean arterial pressure; AKI, acute kidney injury; uNGAL, urinary neutrophil gelatin-
ase-associated lipocalin.
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Table 7. Hierarchical logistic regression to identify AKI

B SE Wald df Significance  Exp(B)
Step 12
MAP_Mean -0.452 0.129 12.362 1 0.000 0.636
Age -0.021 0.020 1.144 1 0.285 0.979
Gender 0.265 0.699 0.144 1 0.704 1.304
uNGAL_Day0O_MEAN  0.000 0.001 0.044 1 0.833 1.000
Constant 27.636 8.662 10.178 1 0.001 1,004,776,629,432.010

2 Variable(s) entered in step 1: MAP_Mean, age, gender, uNGAL_Day0_MEAN. AKI, acute kidney injury;
MAP_ Mean, mean arterial pressure over the first 72 h in the intensive care unit (ICU); uNGAL_Day0_MEAN,
mean urinary neutrophil gelatinase-associated lipocalin level (2-4 measurements) over the first 24 h in the
ICU.

Table 8. Hierarchical logistic regression to identify severe kidney injury or renal failure risk

B SE Wald df Significance  Exp(B)
Step 12
MAP_Mean -0.081 0.130 0.386 1 0.534 0.922
AdmissionDx2 -0.284 0.391 0.527 1 0.468 0.753
SOFA 0.329 0.157 4.365 1 0.037 1.389
uNGAL_max_D1 0.000 0.001 0.087 1 0.768 1.000
Constant 0.511 8.755 0.003 1 0.953 1.667

2 Variable(s) entered in step 1: MAP_Mean, AdmissionDx2, SOFA, and uNGAL_max_D1. MAP_Mean, mean
arterial pressure over the first 72 h in the intensive care unit (ICU); SOFA, Sequential Organ Failure Assess-
ment score; AdmissionDx2, reason for admission to the ICU; uNGAL_Max_D1, maximum urinary neutrophil
gelatinase-associated lipocalin level on the second hospital day.

Table 9. Hierarchical logistic regression to identify the need for RRT

B SE Wald df Significance  Exp(B)
Step 12
AdmissionDx2 -1.714 0.697 6.042 1 0.014 0.180
uNGAL_Day0_MAX 0.002 0.001 10.610 1 0.001 1.002
Constant -0.070 0.956 0.005 1 0.941 0.932

2 Variable(s) entered in step 1: AdmissionDx2 and uNGAL_Day0_MAX. RRT; renal replacement therapy;
AdmissionDx2, admission diagnosis; uNGAL_Day0_MAX, maximum recorded level of urinary neutrophil gel-
atinase-associated lipocalin in the first 24 h in the intensive care unit.

However, when severe Kidney injury and death were combined, 5 variables remained in the
final predictor model: SOFA score (p = 0.016), baseline cystatin C level (p = 0.035), patient
gender (p = 0.036), admission diagnosis (p = 0.049), and baseline serum creatinine (p =
0.052), and that is with the maximum level of uNGAL over the first 24 h in the ICU borderline
(p = 0.105) (Table 9). Interestingly, the maximum measured level of uNGAL over the first
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injury or death)
B SE Wald df Significance Exp(B)
Step 12
Gender 2.255 1.075 4.405 1 0.036 9.540
AdmissionDx2 -1.272 0.647 3.861 1 0.049 0.280
SOFA 0.564 0.235 5.761 1 0.016 1.757
CystatinC_D1_t0 0.001 0.000 4.443 1 0.035 1.001
SerumCre_1 0.022 0.012 3.776 1 0.052 1.023
uNGAL_Day0_MAX 0.001 0.001 2.628 1 0.105 1.001
Constant -13.195 4.241 9.681 1 0.002 0.000

2Variable(s): gender, AdmissionDx2, SOFA, CystatinC_D1_t0, SerumCre_1, uNGAL_Day0_MAX. Admission
Dx, reason for admission to the ICU; SOFA, Sequential Organ Failure Assessment score; CystatinC_D1_t0,
cystatin C level roughly 24 h into the intensive care unit stay; SerumCre_1, serum creatinine on the second
hospital day; uNGAL_Max_D1, maximum urinary neutrophil gelatinase-associated lipocalin level on the
second hospital day.

24 hin the ICU was the best predictor of the ultimate need for RRT (p =0.001), and admission
diagnosis (p = 0.014) was the only other variable to remain in the multivariate predictive
model (Table 10).

Since both in bivariate and multivariate analysis, the maximum level of uNGAL for the
first and second 24 h in the ICU were similar, particularly in terms of their association with
the outcomes, both variables were used for the ROC curves for the 3 outcomes of interest
(AKI, severe AKI, and RRT). For the maximum level of uNGAL over the first 24 h in the ICU,
the AUC was 0.79 (95% confidence interval 0.68, 0.91; p < 0.001) for AK]I, indicating a fair to
good value as a measure of immediate AKI risk. For the maximum level of uNGAL over the
second 24 hin the ICU, the AUC was 0.77 (95% confidence interval 0.66, 0.87; p = 0.001), indi-
cating a fair value as a measure of immediate AKI risk. For severe AKI, corresponding values
for the first 24-h and second 24-h maximum level of uNGAL were: AUC 0.80 (0.69, 0.90; p <
0.001) and AUC 0.78 (0.67,0.90; p = 0.001); and for RRT they were: AUC 0.84 (0.75, 0.95; p <
0.001) and AUC 0.93 (0.87, 0.998; p < 0.001). Figures 2-4 demonstrate the sensitivity and
specificity for each of these 3 measures at thresholds 150,200, 500, and 1,000 ng/mL for each
of the 3 main outcomes. It should be noted that for the first 2 outcomes (AKI and severe AKI),
the day 1 threshold for maximum uNGAL at which sensitivity and specificity were closest was
200 ng/mL (sensitivity 79 and 75%; specificity 70 and 66%, respectively). Conversely, for the
maximum uNGAL measured on ICU day 2, the corresponding threshold was 500 ng/mL
(sensitivity 73 and 75%; specificity 73 and 66%, respectively). For RRT, the thresholds at
which sensitivity and specificity were closest were 500 ng/mL maximum uNGAL for day 1
(sensitivity 75%; specificity 80%) and 1,000 ng/mL for day 2 levels (sensitivity 87.5%; spec-
ificity 88%).

Discussion
The incidence of AKI is both high and rapidly increasing in ICU settings for reasons not
entirely understood [8, 34]. Most common in patients with sepsis [8, 35, 36], a seemingly

essential underlying mechanism of AKI is renal ischemia followed by reperfusion [34] in an
organ that has a limited capacity for repair. The consequences of AKI can be severe, including
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% AUC = 0.79, p < 0.001 W Sensitivity AUC = 0.77, p < 0.001
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Fig. 2. Sensitivity and specificity of maximum urinary neutrophil gelatinase-associated lipocalin (uNGAL; ng/
mL), ICU day 1 versus day 2, for acute kidney injury.

% AUC = 0.80, p < 0.001 W Sensitivity AUC = 0.78, p = 0.001
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Fig. 3. Sensitivity and specificity of maximum urinary neutrophil gelatinase-associated lipocalin (uUNGAL; ng/
mL), ICU day 1 versus day 2, for severe acute kidney injury.

renal failure, ESRD requiring long-term RRT, and even death, with studies indicating that AKI
itselfis an independent predictor of mortality [37]. In previously published papers, mortality
rates have been reported as high as 60% prior to discharge from the hospital [5]. In our
sample, which included patients with septic, traumatic, and cardiogenic shock, as well as
postoperative shock, the mortality rate prior to hospital discharge among those with docu-
mented AKI was an alarming 81%, with 50% of them dying during their initial ICU stay.
Sincethetreatment of AKlis farless than satisfactory [38-40], thereisageneral agreement
that current emphasis should be on (1) AKI prevention among those at risk, and (2) its early
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Fig. 4. Sensitivity and specificity of maximum urinary neutrophil gelatinase-associated lipocalin (uUNGAL;
ng/mL), ICU day 1 versus day 2, for renal replacement therapy.

detection, before the onset of irreversible tissue injury [7, 41, 42]. The challenge has been to
accurately identify those who are at meaningful risk. One problem with traditional markers
of renal function, such as serum creatinine and blood urea nitrogen levels, is that they are late
indicators of renal injury, only becoming elevated once the injury is already established [6].
A distinct advantage of markers like uNGAL, cystatin C, and kidney injury molecule-1 (KIM-1)
is that levels often become elevated prior to elevations in serum creatinine or blood urea
nitrogen, hence earlier in the course of renal injury. In fact, this phenomenon of uNGAL
increasing prior to creatinine was observed amongst our patients, where the level of uNGAL
was greater than our predefined normal threshold of 150 ng/mL in 94.7% of patients who
were later diagnosed with AKI. On the other hand, serum creatinine measured on that same
day was elevated in less than two-thirds of patients (61.9%; x> = 61.16, p = 0.01) and only
minimally in most. What this suggests is that, at least for our sample, uNGAL was an earlier
predictor of renal injury than serum creatinine.

The early detection of subclinical renal injury using uNGAL was reported in animal
models, and it appears to be both sensitive and fairly specific [19, 43]. In a study in mice, this
was particularly true of the uNGAL to plasma NGAL ratio [19]. Two recently published meta-
analyses assessed its accuracy in the early detection of AKI [7] and in early detection of AKI
among patients with sepsis [8]. In the 2009 meta-analysis, Haase et al. [7] analyzed data from
19 studies incorporating 2,538 patients, of whom 487 patients (19.2%) ultimately developed
AKI. For their analysis, AKI was defined as an increase in serum creatinine level to above 50%
from the baseline and within 7 days, or contrast-induced nephropathy (this, in turn, was
defined as an increase within 48 h of contrast administration in serum creatinine of over 25%,
or a concentration >0.5 mg/dL in adults, or an increase of more than 50% in children). Other
outcomes of interest were the initiation of RRT and the in-hospital mortality. Both uNGAL and
serum/plasma NGAL were assessed. Though the identified range of cutoffs maximizing the
accuracy of AKI detection, and that across the 19 studies spanned from 100 to 270 ng/mL,
there was a general agreement that the NGAL threshold of normal (i.e., <150 ng/mL) was
best. Using this threshold, an overall AUC of 0.815 (95% CI 0.732, 0.892) was calculated for
NGAL in general, with an overall AUC for uNGAL of 0.837 (95% CI 0.762, 0.906), i.e., slightly
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higher than for plasma NGAL (0.775; 95% C1 0.679, 0.869) [7]. The investigators also detected
differences in AUC between patients defined as “critically ill” (0.728; 95% CI 0.615, 0.834),
postoperative cardiac surgery patients (0.775; 95% CI 0.669, 0.867), and patients who
developed AKI after the infusion of contrast (0.894; 95% CI 0.826, 0.950) [7].

More recently, in 2016, Zhang et al. [8] published the results of their meta-analysis of 15
studies, all published between 2010 and 2015, encompassing 1,478 patients with sepsis. Out
of the 15 studies, 9 examined uNGAL alone, 3 plasma NGAL alone, and 3 both. As opposed to
the meta-analysis by Haase et al. [7], no uniform criteria for AKI were used. Instead, all means
or criteria any of the 15 studies adopted were included. The latter included (but not exclu-
sively) the RIFLE scale (n = 3), the Acute Kidney Injury Network (AKIN) scale (n = 8), or both
(n = 2), and the Kidney Disease Improving Global Outcomes (KDIGO) scale was used in the
final two studies. Of the total of 1,478 patients, 592 cases (40.1%) had an elevated level of
either uNGAL or plasma NGAL or both. Plasma NGAL was measured in 433 patients across 6
studies, in which the pooled AUC was 0.86, the sensitivity was 83%, and the specificity was
57%. Urine levels of NGAL were measured in 12 studies, encompassing 1,263 patients, among
whom the pooled estimates for AUC, sensitivity, and specificity were 0.90, 80%, and 80%,
respectively [8].

We evaluated the association between levels of uNGAL and ultimate renal injury in 3
different ways. (1) Via bivariate analysis, comparing patients who did have AKI with those
who did not, those who did acquire severe AKI with those who did not, and those who ulti-
mately required RRT with those who did not, all across a range of demographic and clinical
variables, including the different measures and timing of uNGAL. (2) Via multivariate analysis,
entering uNGAL and our other variables into 3 different models, one for each of the 3 main
study outcomes, AK], severe AKI, and the need for RRT, and using hierarchical binary logistic
regression. Finally, (3) using ROC curves, and calculating AUC for all 3 renal outcomes, thus
determining the best thresholds for the predictor variables of interest, namely in terms of
optimizing accuracy (defined as the best balance of sensitivity and specificity).

On bivariate analysis for these 3 outcomes, we identified statistically significant differ-
ences in most clinical parameters, including global measures of systemic illness severity
(SOFA and APACHE II), baseline creatinine, cystatin C, uNGAL, and MAP, as well as several
measures of both uNGAL and MAP, and even when adjusting for multiple comparisons. On the
other hand, on multivariate analysis, all but one of these clinical variables - including uNGAL
and baseline serum creatinine - dropped out of binary regression models predicting AKI and
severe AKI. The sole predictors that remained in the models were the average MAP over the
first 72 h in the ICU for AKI and the SOFA score, thus indicating sequential organ failure for
severe injury. However, when the outcomes of severe AKI and patient mortality were
combined, (i.e., a patient either had severe AKI or died), 5 parameters remained as predictors:
the SOFA score, baseline cystatin C level, patient gender, admission diagnosis, and baseline
serum creatinine, with the maximum level of uNGAL over the first 24 h in the ICU borderline.

The need for RRT was the outcome best predicted by urine levels of NGAL, with uNGAL
remaining as the stronger of the 2 remaining predictors in the final model, and whether the
maximum level for day 1, day 2, or across both days was used. The best of these 3 uNGAL
measures, as a predictor of RRT, was the maximum level recorded over the first 24 h in the
ICU.

Based upon our bivariate and multivariate results, we then elected to assess the accuracy
of 2 different measurements of uNGAL: the maximum level measured over the first 24 h in
the ICU and the maximum level measured over the second 24 h in the ICU. Both were iden-
tified as fair to good indicators of AKI, and of fair value for future severe AKI, with AUC ranging
from 0.77 to 0.80. The latter was consistent with the calculations reported in the meta-
analysis published by Haase et al. [7] for critically ill patients (AUC ~0.73). The uNGAL
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threshold at which the optimum balance of sensitivity and specificity was achieved differed
between the 2 measures. However, with ICU day 1 uNGAL levels >200 ng/mL, 79% were
sensitive and 70% specific for AKI and 75% were sensitive and 66% specific for potential
severe AKI. Similar but slightly lower levels of sensitivity and specificity (73 and 70%; 73 and
66%, respectively) were achieved with day 2 levels >500 ng/mL. In other words, the threshold
that maximized diagnostic accuracy was 200 ng/mL when uNGAL was measured on the first
ICU day but 500 ng/mL when measured on ICU day 2. This is consistent with the considerably
higher levels of uNGAL we recorded on the second ICU day. What this further means is that,
while urine levels of NGAL measured in the first 24 h of an ICU stay were both sensitive and
specific for AKI and pending severe AKI, and using the threshold of 200 ng/mL was superior
to the 150 ng/mL cutoff used by others [7, 8], the same cannot be said for day 2 levels, for
which using a threshold of even 200 ng/mL was highly sensitive but barely more specific than
flipping a coin.

Another interesting finding was how excellent a predictor uNGAL is for future RRT need,
and especially the day 2 maximum level of uNGAL. In general, AUC values >0.90 are considered
an excellent value, and the AUC we calculated for day 2 uNGAL was 0.93. However, it was the
higher levels of day 1 and 2 uNGAL that best balanced sensitivity and specificity (thereby
optimizing accuracy), with day 1levels of uNGAL >500 ng/mL 75% sensitive and 80% specific,
and day 2 levels >1,000 ng/mL 87.5% sensitive and 88% specific. This means that not only
the timing of uNGAL measurement is important, but also the threshold used as a positive test
varies, depending on the renal outcome of interest.

The following limitations must be acknowledged. First, the relatively small patient popu-
lation, which prohibited any subgroup analysis, for example comparing the AUC for AKI in
patients with sepsis versus cardiogenic, traumatic, or postoperative shock. Also, we were not
entirely consistent in the number of daily measurements of uNGAL undertaken from patient
to patient, though it was generally measured 3 times for each patient, and all patients’ levels
were measured at least twice on ICU days 1 and 2. On the other hand, we feel that our study
showed notable strengths, among them is the fact that we measured NGAL multiple times
each day. Our study is one of the few to specifically assess patients with traumatic and post-
operative shock, and although we were not able to conduct subgroup analysis for sensitivity,
specificity,and AUC, we did perform a stepwise binary logistic regression. The latter concluded
that, while the distribution of admission diagnoses did differ between those with AKI and
those without, and those developing severe AKI and those who did not on bivariate analysis,
other variables came into play to eliminate admission diagnosis in the final models. Yet,
admission diagnosis did remain in a model for RRT, and in a model combining the 2 outcomes
of severe AKI and death. Another strength of this study is the serial measurement of MAP,
where we assessed different levels of renal injury. The latter was neither done nor reported
in other studies. Our study is also the only study reporting data collected in Saudi Arabia.

In summary, our series included 75 ICU patients admitted over a 13-month period with
risk factors for AKI and severe AKI, both were common and occurring in more than 1 in every
4 patients. They were associated with markedly elevated mortality rates up to 50% in the ICU
and an additional 30% who died later during their hospital stay. Beside the increased risk of
in-house mortality, those with AKI were also different in almost all baseline clinical and labo-
ratory characteristics, including elevated uNGAL, especially over the second 24 h in the ICU.
We also found that, as did others, urine levels of NGAL were of value as predictors and indi-
cators of renal outcomes. While most prior analyses have focussed on AKI, we found that
uNGAL is also valuable as a predictor for more severe renal disease, including failure leading
to RRT. Our results also raised questions on the current “threshold of normal” used for urine
levels of NGAL. Our findings suggest that using higher thresholds, and using different
thresholds for different purposes, can enhance the diagnostic accuracy of this test.
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Conclusion

Maximum uNGAL measured over the first and second 24 h of an ICU admission is a highly

accurate predictor of renal injury, with a potential future need for RRT. Yet, they are less
accurate predictors of early and severe AKI. Different thresholds should be used when
assessing different outcomes. More research is needed to validate the latter.
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