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Rationale: Nitrogen oxide (NO) species are markers for oxidative
stress that may be pathogenic in acute lung injury (ALI).
Objectives: We tested two hypotheses in patients with ALI: (1 ) higher
levels of urine NO would be associated with worse clinical outcomes,
and (2 ) ventilation with lower VT would reduce urine NO as a result
of less stretch injury.
Methods: Urine NO levels were measured by chemiluminescence in
566 patients enrolled in the National Heart Lung and Blood Institute
Acute Respiratory Distress Syndrome Network trial of 6 ml/kg versus
12 ml/kg VT ventilation. The data were expressed corrected and
uncorrected for urine creatinine (Cr).
Results: Higher baseline levels of urine NO to Cr were associated
with lower mortality (odds ratio, 0.43 per log(10) increase in the
ratio), more ventilator-free days (mean increase, 1.9 d), and more
organ-failure–free days (mean increase, 2.3 d) on multivariate analysis
(p � 0.05 for all analyses). Similar results were obtained using urine
NO alone. NO to Cr levels were higher on Day 3 in the 6 ml/kg than
in the 12 ml/kg VT group (p � 0.04).
Conclusions: Contrary to our hypothesis, higher urine NO was associ-
ated with improved outcomes in ALI at baseline and after treatment
with the 6 ml/kg VT strategy. Higher endogenous NO may reflect
less severe lung injury and better preservation of the pulmonary
and systemic endothelium or may serve a protective function in
patients with ALI.
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Acute lung injury (ALI) and the acute respiratory distress syn-
drome (ARDS) define a clinical disorder that causes acute respi-
ratory failure in critically ill patients. There is evidence for lung
endothelial damage and alveolar epithelial damage in ALI/
ARDS that may be the result of oxidative injury (1–6). Important
markers of oxidative injury in the lung include nitrogen oxide
species (NOx), particularly nitric oxide (NO), nitrite (NO2

�),
and nitrate (NO3

�) (7). NO readily reacts with superoxide ion
to form a highly reactive intermediate known as peroxynitrite
(4, 7, 8). Peroxynitrite rapidly oxidizes and nitrates proteins such
as �1-antitrypsin and surfactant protein A, respectively, thereby
inhibiting their function (6). Inhibition of these proteins may
contribute to the proinflammatory environment believed to be
pathogenic in ALI (3, 9). Peroxynitrite cannot be measured

(Received in original form July 13, 2006; accepted in final form November 1, 2006 )

*A list of National Heart, Lung, and Blood Institute ARDS Network participants
appears at the end of the article.

This study was supported in part by NHLBI HL51856 and HL74005 (M.A.M.),
and by HL70521 and HL81332 (L.B.W.).

Correspondence and requests for reprints should be addressed to Dana
McClintock, M.D., Cardiovascular Research Institute, 505 Parnassus Avenue, San
Francisco, CA 94143-0130. E-mail: dana.mcclintock@ucsf.edu

Am J Respir Crit Care Med Vol 175. pp 256–262, 2007
Originally Published in Press as DOI: 10.1164/rccm.200607-947OC on November 2, 2006
Internet address: www.atsjournals.org

AT A GLANCE COMMENTARY

Scientific Knowledge on the Subject

Higher levels of nitrogen oxide species in lavage and pulmo-
nary edema fluid correlated with worse outcomes in human
and animal studies of acute lung injury.

What This Study Adds to the Field

In a large-scale, multicenter trial of patients with the acute
respiratory distress syndrome, higher urine nitric oxide lev-
els correlated with better outcomes. This may reflect better
preservation of the endothelium or a protective effect of
nitric oxide.

directly because of its short half-life, but its presence can be
inferred by measuring metabolites such as NO2

� and NO3
� (6).

Prior research in ALI has demonstrated the importance of
NOx. Rats that underwent a ventilator-induced lung injury pro-
tocol demonstrated elevations in whole-lung lavage NOx levels
(10). Similarly, sheep that underwent combined burn and smoke
inhalation injury to model ARDS had higher plasma NOx levels
than control sheep (11). In a single-center clinical study, higher
NOx levels in bronchoalveolar lavage (BAL) samples from pa-
tients with ALI were associated with increased mortality on
Days 3 and 7 of the study, leading to the conclusion that NOx
elevation occurs early and is associated with worse outcomes
(12). In another observational clinical study, patients with ALI
had higher NOx levels in pulmonary edema samples than control
patients with hydrostatic pulmonary edema (13). In summary,
some observational studies have shown that higher levels of
NOx are associated with more severe illness, but a definitive
evaluation in a multicenter study with large numbers of patients
has not been done.

Urine samples were chosen for the current study as a novel
medium in which to assess NOx levels in patients with ALI.
Two prior studies have demonstrated the utility of studying urine
biomarkers in ALI. Mathru and colleagues (14) demonstrated
that higher urine H2O2 levels in patients with ALI were associ-
ated with worse clinical outcomes, perhaps reflecting greater
oxidative injury in these patients. Parikh and colleagues (15)
recently showed that higher urine IL-18 levels predicted which
patients with ALI would develop acute kidney injury.

The current study investigated urine NO levels in a subgroup
of 566 of the 861 patients included in the NHLBI ARDS Network
study of lower Vt ventilation (16). We tested two hypotheses.
First, we hypothesized that baseline urine NO levels would be
elevated in patients with more severe clinical indices and worse
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clinical outcomes. Second, we hypothesized that urine NO levels
would be lower in patients who received lower Vt ventilation
because this intervention reduced mortality in the lower Vt
ventilation study. Some of the results from this study have been
previously reported in the form of abstracts (17, 18).

METHODS

Subjects

The ARDS network trial of lower Vt ventilation (16) included 861
patients, but only 590 had urine samples available for analysis. Most
of the excluded patients (235 of 271) were in a lisofylline versus placebo
arm of the trial, and these patients did not have urine collected per
protocol (19). Fourteen of the 590 patient samples were grossly contami-
nated on visual inspection or did not have enough urine available for
analysis. Therefore, 576 patients underwent assay of urine NO and
urine creatinine (Cr) levels. For this study, Day 0 and Day 3 urine
samples were analyzed. Clinical data were obtained from the ARDS
Network Clinical Coordinating Center. Risk factors predisposing to
ALI (sepsis, pneumonia, aspiration, trauma, and other) were deter-
mined by investigators at study enrollment. Study protocols with in-
formed consent to participate in the ARDS Network trial of lower Vt
ventilation were approved by the institutional review board at each
hospital before enrolling patients into the clinical trial. Permission for
collection and analysis of biological samples was granted as part of
the original Institutional Review Board approval of this study for all
participating medical centers.

NO and Cr Measurements

Urine samples were obtained from the National Heart Lung and Blood
Institute repository, thawed, and aliquotted into 0.5-ml vials. The ali-
quots were relabeled using sequential integer values to maintain blind-
ing of the individuals performing the laboratory analysis. One 0.5-ml
aliquot of each urine sample was used to measure NO. The urine
aliquots were heated at 90�C in an acidic environment (1 M HCl) in
the presence of vanadium (III) chloride to catalyze the reduction of
NO3

� to NO2
� and then to NO (20–26). NO levels were measured with

a chemiluminescent analyzer (Sievers Nitric Oxide Analyzer, model
280i; Sievers, Boulder, CO). These measurements were repeated in
duplicate and compared with a standard curve. None of the NO levels
were above or below the limit of detection for the NO analyzer. Urine
Cr was measured in a second set of urine aliquots from the same patients
as previously described (27). Ten patients had urine Cr levels below
the lower limit of detection for this competitive assay. These patient
samples were excluded from the analysis to avoid the hazards of imput-
ing an arbitrary value to a sample that was not reliable for evaluation.
The Cr results obtained were also used to evaluate urine desmosine in
these patients; those results have been reported elsewhere (27). The

TABLE 1. CHARACTERISTICS OF INCLUDED VERSUS EXCLUDED STUDY SUBJECTS WITH ACUTE
LUNG INJURY

Clinical Data Included Subjects (n � 566) Excluded Subjects (n � 295) p Value*

Demographics
Age, mean � SD 52 � 17 51 � 18 0.94
Sex, % male 57 64 0.08
Race, % white 74 72 0.57
Sepsis as ALI risk, % 25 30 0.17

Ventilation group
6 ml/kg, % 51 48 0.39

Clinical variables, mean � SD
APACHE III 74 � 26 80 � 29 0.002
Creatinine 1.6 � 1.4 1.8 � 1.9 0.02
Platelets 164 � 115 150 � 99 0.08
PaO2

/FIO2
135 � 62 129 � 62 0.15

No. of organ failures 0.9 � 0.9 1.0 � 1.0 0.28

Definition of abbreviations: ALI � acute lung injury; APACHE III � Acute Physiology and Chronic Health Evaluation III.
* Statistical comparison between included and excluded subjects was by two-sided t test for continuous demographic or clinical

variables and by �2 analysis for dichotomous variables.

ratio of urine NO to urine Cr (NO/Cr) was used in the statistical analyses
to control for urine dilution, a standard method when evaluating urine
biomarkers (28–31). Analyses using urine NO without Cr correction
were performed for comparison.

Statistics

Statistical analyses were done using SAS software. The data were loga-
rithmically (log10) transformed before statistical analysis because the
urine NO (corrected and uncorrected for urine Cr) was not normally
distributed. Ventilator-free days (VFD) and organ failure–free days
(OFFD) to Day 28 were calculated as previously described (16). Spear-
man correlation coefficients were used to compare markers of disease
severity with urine NO levels. Direct comparisons between groups were
made using unpaired t tests. Analysis of covariance was used to analyze
the impact of ventilator group on change in urine NO from baseline
to Day 3 of the study. Statistical significance was defined as p � 0.05.

RESULTS

Demographics

Table 1 shows the baseline demographics and clinical variables
for the included and excluded subjects. Baseline demographics
were not significantly different between the groups, although
there was a trend for more women in the included group.
APACHE (Acute Physiology and Chronic Health Evaluation)
III and serum Cr levels were significantly higher, and platelet
count showed a trend toward being lower in the patients who
were excluded from the current study.

Raw Urine NO Data

The raw urine NO data by study day and survival group are
shown in Table 2 (corrected for urine Cr level) and Table 3
(uncorrected for urine Cr). Because the data for urine NO/Cr
and the urine NO alone were abnormally distributed, these data
are presented using median, 25th and 75th percentiles, and highest
and lowest values. All statistical analyses used log-transformed
data.

Baseline Urine NO and Clinical Outcomes

The bivariate relationship between urine NO (corrected and
uncorrected for urine Cr levels) on each study day and clinical
outcomes was analyzed after log transformation of the data
(Table 4). Logistic regression analysis showed that for each log10

increase in urine NO/Cr, the risk of death on Day 0 decreased
by more than half (odds ratio [OR], 0.39; 95% confidence interval
[CI], 0.27–0.57; p � 0.0001). This effect persisted on Day 3 of



258 AMERICAN JOURNAL OF RESPIRATORY AND CRITICAL CARE MEDICINE VOL 175 2007

TABLE 2. RAW URINE NITRIC OXIDE TO CREATININE DATA

Survivors Nonsuvivors

Day 0 Day 3 Day 0 Day 3

Lowest value 1.4 0.6 0.5 0.9
25% value 32 44 15 22
Median (50%) value 53 69 40 56
75% value 88 113 73 103
Highest value 2,873 666 591 680

This table includes the raw data for the urine nitric oxide to creatinine ratio by
survival group and study day. Because of the abnormal distribution of these data,
the median values, 25th and 75th percentiles, and the highest and lowest values
for the group are shown to summarize the data. Values are given as 	mol
NO/mg creatinine.

the study, when the OR for death was 0.47 for each log10 increase
in urine NO/Cr (95% CI, 0.32–0.71; p � 0.0003). Analysis of
urine NO alone showed that the risk of death dropped to less
than one-third for each log10 increase in urine NO, a result that
was highly statistically significant on Day 0 and Day 3 (p �
0.0001 for both).

Linear regression analyses tested the association between
urine NO (corrected and uncorrected for urine Cr) and other
clinical outcomes, namely VFD and OFFD. Higher levels of
urine NO/Cr were associated with better outcomes, including
more OFFD and more VFD. On average, for each log10 increase
in the ratio of urine NO/Cr at baseline, there were 3.6 fewer
days of organ failure (95% CI, 1.7–5.4) and 2.5 fewer days on
the ventilator (95% CI, 0.7–4.3). The increases in VFD and
OFFD were more striking when urine NO alone was evaluated
(Table 5). Similar results were obtained on Day 3 analyses for
urine NO/Cr and urine NO alone (Table 5).

Correlation with Markers of Disease Severity

Several clinical parameters are known to have prognostic value
or to be associated with disease severity in ALI (2, 16, 32).
Spearman correlation coefficients were determined between sev-
eral of these variables and urine NO/Cr levels. The strongest
correlation was between Day 0 and Day 3 urine NO/Cr levels
(r � 0.5; p � 0.0001). There were weak, inverse relationships
between urine NO/Cr levels and serum Cr (r � �0.27; p �
0.0001) and age (r � �0.10; p � 0.02). The inverse correlation
indicated that higher urine NO/Cr was associated with lower
serum Cr and younger age. Urine NO/Cr levels showed no sig-
nificant correlation with APACHE III, PaO2/FiO2 ratio, platelets,
or number of baseline organ failures (p 
 0.1 for all analyses).

In separate analyses, urine NO/Cr levels were compared in

TABLE 3. RAW URINE NITRIC OXIDE DATA

Survivors Nonsurvivors

Day 0 Day 3 Day 0 Day 3

Lowest value 20 5 4 11
25% value 192 170 85 96
Median (50%) value 338 346 182 220
75% value 598 602 424 395
Highest value 6,333 5,230 5,346 1,952

This table includes the raw data for the urine nitric oxide values separated by
survival group and study day rounded to the nearest whole number. Because
of the abnormal distribution of these data, the median values, 25th and 75th
percentiles, and the highest and lowest values for the group are shown to summa-
rize the data. Values are given as 	mol NO/L.

patients with and without vasopressor use as a surrogate for
the presence or absence of shock, respectively. There was no
difference in urine NO/Cr levels when comparing patients who
required vasopressors with those who did not (p � 0.48; unpaired
t test analysis). Although there was no significant difference
between groups, this analysis may have missed a more subtle
interaction between urine NO/Cr levels and shock. Therefore,
we included vasopressor use in our multivariate models as a
surrogate for shock.

Urine NO and Conditions Predisposing to ALI

The conditions predisposing to ALI recorded in the original
trial of lower Vt ventilation were aspiration, pneumonia, sepsis,
trauma, and other (16). The urine NO/Cr level was compared
between different conditions predisposing to ALI using analysis
of variance. Only patients with sepsis showed a significant differ-
ence in urine NO/Cr when compared with each of the alternate
predisposing conditions (p � 0.006). Patients with sepsis as a
primary risk factor for ALI had significantly higher levels of
urine NO/Cr (p � 0.0008), a finding that would be expected
based on prior studies (33, 34). Because sepsis was the only
predisposing condition with significantly different urine NO/Cr
levels, only sepsis was included in the multivariate models.

Multivariate Analysis of NO and Clinical Outcomes

The association between higher levels of urine NO (corrected
and uncorrected for urine Cr) and better clinical outcomes was
assessed in a multivariate model that included other clinical
variables known to have predictive value in ALI or suspected to
contribute to urine NO levels. The multivariate analyses included
age, sex, ventilator group assignment, estimated glomerular fil-
tration rate (GFR) (35, 36), APACHE III score, vasopressor
use, and sepsis as a primary risk factor for ALI. GFR was esti-
mated using the modified MDRD equation (Modified Diet in
Renal Disease) because this equation provides a more accurate
estimate of GFR for patients with normal renal function and
patients with mild, moderate, or end-stage renal disease than
older methods, such as the Cockcroft-Gault equation for creati-
nine clearance (35, 36–38). Even when controlling for multiple
potential contributing factors, higher urine NO (corrected and
uncorrected for urine creatinine) was independently predictive
of lower mortality. Specifically, for each log10 increase in urine
NO (corrected and uncorrected for urine Cr), the risk of death
decreased by more than half. The OR for death when NO was
corrected for Cr was 0.43 per log10 increase in urine NO/Cr; the
OR for death without correcting for urine Cr was 0.33 per log10

increase in urine NO (Table 6).
We used multivariate linear regression analyses to assess the

predictive value of baseline urine NO (corrected and uncor-
rected for urine Cr levels) for VFD and OFFD. When controlling
for multiple clinical and demographic variables, higher urine
NO/Cr and higher urine NO alone remained independently pre-
dictive of better outcomes. There were more OFFD (average,
2.7 corrected for urine Cr and 4.2 uncorrected for urine Cr)
and more VFD (average, 1.9 corrected for urine Cr and 2.1
uncorrected for urine Cr) for each log10 increase in urine NO/
Cr (Table 6).

Effect of Lower VT Ventilation on Each Study Day

Lower Vt ventilation reduced mortality in the ARDS network
trial of lower Vt ventilation (16). Therefore, urine NO/Cr levels
were assessed by ventilator group assignment. Median values of
untransformed urine NO/Cr levels by ventilator group and study
day are shown in Table 7. Statistical analysis using unpaired
t test of the log-transformed data showed no significant differ-
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TABLE 4. URINE NITRIC OXIDE (CORRECTED AND UNCORRECTED FOR URINE CREATININE) AND
RISK OF DEATH IN ACUTE LUNG INJURY

Type of Sample Study Day Number of Patients Risk of Death OR (95% CI) p Value

Urine NO/Cr Day 0 566 0.39 (0.27–0.57) � 0.0001
Urine NO/Cr Day 3 504 0.47 (0.32–0.71) 0.0003
Urine NO Day 0 566 0.27 (0.18–0.42) � 0.0001
Urine NO Day 3 504 0.33 (0.23–0.55) � 0.0001

Definition of abbreviations: CI � confidence interval; NO/Cr � urine nitric oxide to creatinine ratio; OR � odds ratio.
Mortality analysis performed using logistic regression analysis of the baseline NO/Cr to determine an OR for mortality adjusted

for ventilator group assignment. For each log10 increment in urine NO/Cr or urine NO level, the risk of death decreased on each
study day.

ence in values on Day 0 between the 6 ml/kg Vt group and the
12 ml/kg Vt group (p � 0.58). However, the NO/Cr levels were
higher in the 6 ml/kg than in the 12 ml/kg groups by Day 3
(p � 0.05).

Change in Urine NO over Time by Ventilator
Group Assignment

The median increase in the non–log-transformed data from
Day 0 to Day 3 was greater in the lower Vt group (Figure 1).
The average percentage increase in urine NO/Cr levels in the 6
ml/kg group versus the 12 ml/kg group was 19% (95% CI, 0.9–
40%) over the first 3 study days. Analysis of covariance of the
log-transformed data showed a significantly greater rise in urine
NO/Cr by study Day 3 in the 6 ml/kg Vt group (p � 0.04).

DISCUSSION

Contrary to our original hypothesis, higher urine NO, corrected
or uncorrected for urine Cr, was strongly associated with better
clinical outcomes, including improved survival, more VFD, and
more OFFD, in patients with ALI. This association persisted
even when controlling for other factors known to affect the
severity and outcome of ALI. Therefore, elevation in urine NO
was independently associated with better clinical outcomes in
patients with ALI. As further validation of the significance of
the higher NO values seen in survivors, the lower Vt ventilation
strategy, which reduced mortality in the original study, was asso-
ciated with higher urine NO/Cr levels after 3 days of treatment.
To our knowledge, this study is the first large-scale, multicenter
investigation of endogenous NO in ALI and the first to provide
evidence for a strong association between higher levels of endog-
enous NO and better outcomes in ALI.

Why might NO be associated with better outcomes in patients
with ALI? It is possible that NO or NOx are protective during
ALI. NO scavenges oxygen free radicals that are generated dur-
ing oxidative stress (4, 33). NO vasodilates the microcirculation,
which allows for increased perfusion of tissue beds (33). Prior
research has demonstrated an elevation in pulmonary dead space
in patients with ALI, in part because some alveoli are being

TABLE 5. URINE NITRIC OXIDE (CORRECTED AND UNCORRECTED FOR URINE CREATININE) AND
IMPROVEMENT IN OTHER CLINICAL OUTCOMES

Organ-Failure–Free Ventilator-Free Days
Type of Sample Study Day Days (95% CI) p Value (95% CI) p Value

Urine NO/Cr Day 0 3.6 (1.7–5.4) 0.0001 2.5 (0.7–4.3) 0.0059
Urine NO/Cr Day 3 4.4 (2.3–6.4) � 0.0001 2.8 (0.8–4.7) 0.0056
Urine NO Day 0 6.3 (4.3–8.3) � 0.0001 3.9 (2.0–5.9) � 0.0001
Urine NO Day 3 6.7 (4.6–8.8) � 0.0001 3.6 (1.6–5.7) 0.0006

Definition of abbreviations: CI � confidence interval; NO/Cr � urine nitric oxide to creatinine ratio.
Linear regression analysis controlling for ventilator group assignment was used to determine mean change in organ-failure–free

days and ventilator-free days for each log10 increase in urine NO/Cr levels or urine NO levels.

ventilated but not perfused (39). By increasing flow to the micro-
circulation, particularly to the alveoli that are well ventilated,
higher levels of NO would allow for better ventilation to perfu-
sion matching. Regarding the alveolar epithelium, NO has been
shown to protect type II alveolar cells from stretch injury (40).

An alternate hypothesis to explain our findings is that endoge-
nous NO has a beneficial effect in organs other than the lung
during ALI. Higher NO levels could help prevent further tissue
damage by improving oxygen and nutrient delivery to the tissues
while helping decrease the amount of toxic oxygen species. NO
may also protect endothelial tissue by decreasing platelet and
leukocyte adhesion to the endothelium (33). NO would thereby
decrease multiorgan failure, which contributes to mortality in
ALI. Finally, NO and NOx have antibacterial effects that may
be important in infectious conditions that predispose patients
to ALI (33). Based on this evidence, NO species may be protec-
tive by several different mechanisms in patients with ALI.

A third interpretation of the findings is that higher NO levels
are biologic markers of less severe injury. NO is produced by
alveolar epithelial cells, alveolar macrophages, and endothelial
cells of the lung (41–44). The presence of higher levels of NO
could reflect a greater percentage of intact lung endothelium
and epithelium as a result of a less severe initial insult. This
explanation does not exclude the possibility that endogenous
NO production is also protective during ALI. Both explanations
may be valid in patients with ALI.

The finding of an association between higher urine NO (cor-
rected and uncorrected for urine Cr levels) and better clinical
outcomes was initially unexpected, given the prior experimental
and clinical work that had correlated higher levels of NOx with
adverse outcomes in ALI (10, 12, 13). Prior work on exhaled
breath condensate showed that higher levels of NO2

� correlated
with higher Vt (40), in contrast to our results. There are several
possible explanations for the differences between the current
study and prior studies. Animal models of ALI may differ sig-
nificantly from human physiology. Also, most of the earlier
human studies included small numbers of patients and were
done at single research centers, perhaps limiting the statistical
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TABLE 6. MULTIVARIATE ANALYSIS OF BASELINE URINE NITRIC OXIDE (CORRECTED AND
UNCORRECTED FOR URINE CREATININE) AND OUTCOMES IN ACUTE LUNG INJURY

Outcomes Urine NO/Cr p Value Urine NO Alone p Value

Risk of death, OR (95% CI) 0.43 (0.28–0.66) 0.0001 0.33 (0.20–0.54) � 0.0001
Mean difference in organ-failure–free days, n (95% CI) 2.7 (0.9–4.5) 0.003 4.2 (2.2–6.2) � 0.0001
Mean difference in ventilator-free days, n (95% CI) 1.9 (0.1–3.7) 0.03 2.1 (0.1–4.1) 0.04

For definition of abbreviations, see Table 4.
Multivariate analysis included sex, ventilator group assignment, estimated glomerular filtration rate, age, APACHE III score,

vasopressor use, and sepsis as primary risk factors for acute lung injury. Risk of death was calculated using logistic regression
analysis. Mean differences in organ-failure–free days and ventilator-free days were calculated using linear regression analysis. ORs
are per log10 increment in urine NO/Cr or urine NO alone.

power to detect a protective effect. Some of these studies also
used intermediate outcomes as a surrogate for important clinical
outcomes, which is often not an effective strategy. For instance,
better oxygenation was not a surrogate for better clinical out-
comes in the ARDS Network trial of lower Vt ventilation (16).
Finally, a phase III study of a NO synthase inhibitor in patients
with sepsis showed that patients who received the study drug
had a lower incidence of shock and vasopressor use but had a
higher mortality rate, leading to premature termination of the
study (45). Therefore, it is important to consider the potential
pitfalls in studying intermediate outcomes as a surrogate for
important outcomes such as mortality.

There are some limitations to this study. We were not able
to include all of the patients from the ARDS Network trial of
lower Vt ventilation in the current study primarily because urine
samples were not collected in the last 235 patients of the 861
patients in the original trial. A few patients from the first 626
enrolled in the original study did not have urine samples col-
lected. It is possible that the some of these patients were not
able to provide urine samples because of more severe disease,
reflected by higher APACHE III scores, or because of renal
failure, reflected by higher serum Cr levels. To account for these
differences at baseline, a multivariate analysis was done that
included the APACHE III score and GFR to estimate renal
function. Urine NO, corrected and uncorrected for urine Cr,
remained independently predictive for better outcomes even
when taking these factors into account.

The use of urine samples limits our ability to determine the
source of the NO measured in this study. Whole-body production
of NO cannot be distinguished from that produced in the lung.
Also, NOx produced by the body cannot be separated from
dietary intake of NO2

� and NO3
� (7), although under conditions

of low dietary NO2
�/NO3

� intake and control of other activities
such as exercise, 24-hour urine levels of NOx have been estab-
lished as a qualitative marker of NO production (7). The advan-
tage of examining urine samples is that they provide a reasonable
reflection of whole-body NO levels compared with a single-organ

TABLE 7. LOW VT VERSUS HIGH VT STRATEGY AND URINE NITRIC OXIDE IN PATIENTS WITH
ACUTE LUNG INJURY

6 ml/kg VT Group 12 ml/kg VT Group

Day of Sample No. of Patients Median (IQR) No. of Patients Median (IQR)

Day 0 290 53 (28–88) 276 46 (26–83)
Day 3 264 71 (41–113) 240 59 (31–103)

Definition of abbreviation: IQR � interquartile range.
t Test comparison of the mean values (log transformed) on Day 0 showed no significant difference between groups (p � 0.58).

In contrast, t test comparison on Day 3 of the log-transformed mean values showed borderline significant differences between
groups (p � 0.05).

measurement, as would be obtained by BAL. Also, even BAL
may not sample all of the NOx produced in the lung. Only the
NOx present in the bronchioles and alveoli is measured in a
lavage sample, meaning that potentially significant levels in the
lung interstitium and vasculature may be missed. Finally, there
is precedent for evaluating biomarkers of oxidative lung injury
in urine samples of patients with ARDS. Mathru and colleagues
(14) found that urine H2O2 levels were significantly higher in
patients with sepsis and ARDS who died than those who survived
or had other predisposing conditions for ARDS. They also iden-
tified a high correlation between urine H2O2 levels and the lung
injury score, thus providing evidence that urine markers may
reflect the severity of lung injury in patients with ARDS.

We used urine Cr to control for urinary dilution. Although
it is possible that this variable influenced the statistical analysis
independent of NO, this is an unlikely scenario. First, the use
of a ratio between a biomarker and urine Cr is a standard method
to adjust for urinary dilution (28–31). Second, in multivariate
analyses that included estimated GFR, baseline urine NO/Cr
remained highly predictive of better outcomes. Third, urine des-
mosine, a marker of elastin breakdown, was studied in this group
of patients with completely contrary results. Using the same
urine Cr measurements as in the current study, higher urine
desmosine to Cr was predictive of worse outcomes. Moreover,
desmosine levels rose in patients who died compared with those
who survived by Day 3 (27). If the evaluation of desmosine and
NO simply reflected the inverse of Cr, then the results in both
studies should be comparable rather than divergent. Finally, we
repeated the important analyses using urine NO not corrected
for Cr (urine NO alone) and found even stronger associations
with better outcomes than the results using the urine NO/Cr
data (Table 3). Alterations in renal function are thus unlikely
to explain the current results.

Another potential limitation is the role of urinary tract infec-
tion. A large percentage of patients in the ARDS Network trial
had sepsis, and urinary tract infection is a leading cause of sepsis.
There were no culture data for patients in the current study, so



McClintock, Ware, Eisner, et al.: Urine NO in Acute Lung Injury 261

Figure 1. Median of the change in urine NO/Cr from Day 0 to Day 3
by ventilator group. The median change from Day 0 to Day 3 was
higher in the 6 ml/kg VT group than the 12 ml/kg VT group. This was
analyzed statistically using analysis of covariance of the log-transformed
urine NO/Cr data, which showed that the mean increase from Day 0 to
Day 3 was significantly higher in the 6 ml/kg group than the 12 ml/kg
group. Values are given in 	mol/mg creatinine. **p � 0.04.

we performed an additional analysis to address this issue. The
urine NO levels we measured in this study were converted using
the molecular weight of NO and compared with standard urine
dipstick measurement of NO2

� because NO can be oxidized to
an equivalent concentration of NO2

�. Urine dipstick measure-
ment is used clinically to screen for the presence of bacteria in
the urine. The highest level of urine NO that was measured in
this study (0.02 mg/dl) was below the limits of detection for
NO2

� using the urine dipstick (0.06 mg/dl) (Multistix; Bayer,
Pittsburgh, PA). Therefore, we do not believe that bacteria in
the urine significantly contributed to the NO levels measured.

This study has a number of strengths. Patient data and sam-
ples in this study were prospectively collected in a large multi-
center trial with the pre hoc design for subsequent biomarker
measurements. The biomarkers were measured in duplicate in a
blinded fashion and carefully decoded for evaluation. The results
were in sharp contrast to our original hypotheses, but they were
internally consistent with one another. Higher urine NO levels
were strongly associated with better outcomes, including lower
mortality, more VFD, and more OFFD, in several different
evaluations. Lower Vt ventilation was associated with higher
levels of urine NO, which is an important internal validation
because lower Vt was associated with better survival in the
ARDS Network trial. The results in patients with sepsis provided
further validation for this study. NO has a well described role
in sepsis (33, 34, 46). We anticipated and found higher urine
NO/Cr levels in patients with sepsis.

In summary, higher baseline urine NO levels are strongly
associated with better clinical outcomes, including increased sur-
vival, more VFD, and more OFFD. These associations remained
significant even after controlling for potentially confounding fac-
tors. Furthermore, use of lower Vt for ventilation resulted in
higher urine NO levels in addition to a decrease in mortality.
Our findings suggest that (1) endogenous NO may be protective
during ALI or (2) endogenous NO may serve as a marker of
less severe organ injury or both.
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