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Objectives: To examine the relationship between circulating
methemoglobin and nitrite/nitrate concentrations and to compare
these markers of nitric oxide overproduction with clinical variables
in children diagnosed with septic shock.

Design: Prospective, controlled, clinical study.

Setting: Pediatric intensive care unit and outpatient clinic in a
children’s hospital.

Patients: Twenty-two children diagnosed with septic shock
and ten age-matched healthy control patients.

Interventions: Patients diagnosed with septic shock had blood
specimens taken on study entry and every 6 hrs for 72 hrs for
methemoglobin and nitrite/nitrate determinations. Single blood
specimens were obtained from controls.

Measurements and Main Results: Circulating methemoglobin
and nitrite/nitrate concentrations were significantly higher in chil-
dren diagnosed with septic shock in comparison with healthy
control children (p = .01 and .05, respectively). Peak nitrite/nitrate

concentrations correlated with serum creatinine (2 = .19; p = .04)
and were inversely correlated with arterial pH (* = .28; p = .01) and
urine output (r? = .21; p = .03) when analyzed by log-linear regres-
sion. There were no significant relationships between methemo-
globin and nitrite/nitrate or between methemoglobin and any other
clinical variable.

Conclusions: Circulating methemoglobin and nitrite/nitrate con-
centrations are increased in children diagnosed with septic shock.
Plasma nitrite/nitrate vaiues correlate with selected clinical vari-
ables in these children. Circulating methemoglobin measurements
are not superior to plasma nitrite/nitrate concentrations as an indi-
cator of endogenous overproduction of nitric oxide in children
diagnosed with septic shock. A need remains to develop markers
of endogenous nitric oxide activity that have greater accuracy and
reliability. (Crit Care Med 1997; 25:1588-1593)
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itric oxide is a free radical
that is synthesized from L-
arginine by a family of en-
zymes termed nitric oxide
synthase. The continuous release of
nitric oxide from the constitutive, en-
dothelial isoform of nitric oxide
synthase is integrally involved in basal
vasomotor tone (1). During critical ill-
ness, proinflammatory cytokines and
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bacterial lipopolysaccharide stimulate
the production of an inducible isoform
of nitric oxide synthase from a variety
of cell types (1-3). As a result, increased
nitric oxide is produced, resulting in
vasodilation. Once produced in high
local concentrations, nitric oxide may
act as a cytostatic and cytotoxic mol-
ecule against microorganisms (4). Ni-
tric oxide may also cause cytotoxicity
to host cells as a result of nitric oxide-
mediated DNA damage (5).

Shock is associated with profound
alterations in the biosynthesis of nitric
oxide (2, 6, 7). In endotoxic and hemor-
rhagic shock, as well as in burn injury,
endotoxin triggers the induction of the
inducible isoform of nitric oxide
synthase in various tissues and organs,
causing pathologic vasodilation and tis-
sue injury (5, 8, 9). Nonselective and
selective inhibitors of the inducible
isoform of nitric oxide synthase have

been developed and may be beneficial
in the treatment of patients in shock
(10-14). A reliable marker of endog-
enous nitric oxide overproduction might
allow the targeted use of inducible
isoform of nitric oxide synthase inhibi-
tors and could offer a significant clini-
cal advantage.

Nitric oxide has an extremely short
half-life in solution and is not clini-
cally measurable at present (1). Be-
cause nitric oxide is degraded to nitrite
and nitrate, plasma concentrations of
these stable degradation products are
an indirect indicator of nitric oxide syn-
thesis in humans (6, 8, 15). Plasma
nitrite/nitrate concentrations are in-
creased in newborn infants with sepsis
and in children with sepsis and septic
shock (16, 17). Circulating nitrite/
nitrate concentrations may be influ-
enced by other factors, such as nitro-
gen balance and renal function (1, 18).
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Therefore, isolated nitrite/nitrate
measurements may not reliably reflect
changes in nitric oxide synthesis. The
validity of nitrite/nitrate as a true in-
dex of nitric oxide overproduction re-
mains controversial.

Once in the bloodstream, circulat-
ing nitric oxide enters the red blood
cell, reacts with hemoglobin, and forms
methemoglobin (19, 20). Increased cir-
culating methemoglobin concentrations
have been reported after inhaled nitric
oxide administration (21). Once formed,
methemoglobin is continuously reduced
to hemoglobin by methemoglobin re-
ductase. Under normal conditions, met-
hemoglobin concentrations rarely ex-
ceed 2% of the total hemoglobin. Unlike
nitrite/nitrate, circulating methemoglo-
bin concentrations are not affected by
renal function (22) and therefore may
be a better indicator of endogenous
overproduction of nitric oxide. We hy-
pothesized that a) circulating methemo-
globin concentrations would be in-
creased in children diagnosed with
septic shock; b) circulating methemo-
globin concentrations would correlate
with plasma nitrite/nitrate concentra-
tions; and c¢) plasma methemoglobin
concentrations and plasma nitrite/ni-
trate concentrations would correlate
with clinical markers and severity of
illness in children diagnosed with sep-
tic shock.

MATERIALS AND METHODS

Enrollment Criteria. Children rang-
ing in age from 1 to 18 yrs who were
diagnosed with septic shock and who
had an arterial catheter in place were
eligible for enrollment in the study.
Septic shock was defined as the pres-
ence of hypotension (systolic blood pres-
sure <2 sp below normal for age) plus
two or more of the following physical
and laboratory signs: temperature of
>38°C or <36°C; heart rate >2 sp above
normal for age; respiratory rate >2 sp
above normal for age; and white blood
cell count of >12,000 cells/mm?, <4000
cells/mm?, or >10% band forms (23). In
addition, age-matched, healthy controls
were enrolled in the study before un-
dergoing elective diagnostic or surgi-
cal procedures. This study was ap-
proved by the Institutional Review
Board of Children’s Hospital Medical
Center. Children receiving infusions of
nitroprusside or nitroglycerin, children
with hereditary methemoglobinopathy,
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and children exposed to any chemical
known to increase methemoglobin con-
centration were excluded from the
study.

Patient Entry into the Study and
Data Collection. After satisfying enroll-
ment criteria and giving informed
consent through their parent(s) or
guardian(s), children diagnosed with
septic shock had demographic data and
physical examination information re-
corded. Clinical variable information
collected included blood pressure, heart
rate, urine output, capillary refill, ar-
terial pH, and serum creatinine con-
centration. Pediatric Risk of Mortality
(PRISM) scores (24) were calculated
on study entry and once daily for the
duration of the study. Blood specimens
were obtained from these patients by
means of an indwelling arterial cath-
eter on study entry and every 6 hrs in
the first 72 hrs after admission to the
pediatric intensive care unit (ICU).
With regard to the children in the con-
trol group, demographic data and
physical examination information were
recorded and a single preoperative
blood sample was obtained. Whole
blood specimens were analyzed for met-
hemoglobin concentration. The speci-
mens were then centrifuged, and the
plasma was stored at —70°C before ni-
trite/nitrate analysis.

Methemoglobin Determinations.
Methemoglobin concentrations were
determined by cooximetry (Ciba Corn-
ing, Medfield, MA) in the clinical labo-
ratory of Children’s Hospital Medical
Center.

Nitrite/ Nitrate Determinations. The
Griess reaction was utilized to meas-
ure total plasma nitrite concentrations
as previously described (25, 26). Plasma
samples were treated for 180 mins with
nitrate reductase (60 mU), in the pres-
ence of its cofactor, nicotinamide ad-
enine dinucleotide phosphate (25 uM).
All nitrate was converted to nitrite as
a result. Nitrite was measured by add-
ing Griess reagent (1% sulfanilamide
and 0.1% naphthyl-ethylenediamine in
5% phosphoric acid) to plasma samples
diluted (1:10) in phosphate buffered
saline. Nitrite concentrations were
measured by spectrophotometry
(Spectramax 250 plate reader, Molecu-
lar Devices, Sunnyvale, CA) at an opti-
cal density of 550 nm (OD,, ). Nitrite
concentrations were calculated by com-
parison with a standard curve. These
measurements reflect total nitrite plus

nitrate concentration and are expressed
as nitrite/nitrate in uM concentrations.
No attempt was made to measure ni-
trite and nitrate independently. These
assays were performed in the labora-
tory of the Division of Critical Care
Medicine.

Statistical Analysis. Demographic
data were analyzed by descriptive sta-
tistics (mean x sem). Peak methemo-
globin and nitrite/nitrate values were
defined as the highest values obtained
for each individual patient during the
72-hr study period. Mean methemoglo-
bin and nitrite/nitrate values were cal-
culated by summing all individual pa-
tient values obtained during the study
period and dividing by the total num-
ber of measurements. We compared the
differences in mean and peak methemo-
globin and in nitrite/nitrate between
the septic shock and control groups and
between survivors and nonsurvivors.
The Student’s ¢-test was used for para-
metric continuous data, and the
Wilcoxon signed-ranks test was used
for nonparametric continuous data. The
strengths of the relationships between
methemoglobin and nitrite/nitrate, be-
tween methemoglobin and clinical vari-
ables, and between nitrite/nitrate and
clinical variables were estimated us-
ing regression analysis based on all
available data for patients diagnosed
with septic shock. Nonparametric val-
ues were log-transformed before regres-
sion analysis. The differences over time
between methemoglobin and nitrite/
nitrate values in survivors and non-
survivors were evaluated using two-
way analysis of variance. A p < .05 was
considered statistically significant.

RESULTS

Thirty-two patients, aged 110.5 =
12.3 months, were enrolled in the study.
The study population consisted of 17
boys and 15 girls, including 22 patients
in the septic shock group and ten pa-
tients in the healthy control group. The
PRISM score at the time of study entry
for the septic shock group was 14.4 =
1.7, and the peak PRISM score during
the 72-hr study period was 19.1 = 2.1.
The corresponding predicted mortality
rates were 15.9 = 4.7% and 25.6 = 5.7%,
respectively. Nine children did not sur-
vive to discharge from the pediatric
ICU, and therefore, the actual mortal-
ity rate was 41%.
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Methemoglobin and nitrite/nitrate
values were compared between clini-
cal groups and with specific clinical
variables. Methemoglobin and nitrite/
nitrate values were significantly higher
in children diagnosed with septic shock
than in control patients (Table 1).

Nitrite/nitrate concentrations were
significantly correlated with serum
creatinine (r? = .19, p = .04) and in-
versely correlated with arterial pH (r?
= .28, p = .01) and urine output (r? =
21, p = .03), when analyzed by log-
linear regression (Fig. 1). When ana-

lyzed by log-log regression, nitrite/
nitrate and methemoglobin concentra-
tions showed a trend in correlation,
but this trend did not reach statistical
significance (r* = .15, p = .07) (Fig. 1).
There were no significant correlations
between methemoglobin and PRISM
score nor between any clinical vari-
able, when analyzed by regression
analysis. No significant correlations
existed between nitrite/nitrate and
PRISM score, heart rate, blood pres-
sure, or capillary refill. Indexing ni-
trite/nitrate to creatinine did not result

Table 1. Comparison of demographic features and indicators of nitric oxide production
between patients diagnosed with septic shock and control patients (mean = sEm)

Septic Shock Group
(n=22)

Control Group

(n=10) p Value®

105 + 16
12/10
2.4 + 0.3
3.4 =06
81.9 + 18.2
129.9 = 22.6

Age (mo)

Gender (male/female)
Mean MetHb (%)
Peak MetHb (%)
Mean NOx (uM)
Peak NOx (uM)

+

122 = 20
5/15
1.5+ 0.1

NS
NS
.01

.05

40.7 £ 9.1

| | ¥

MetHb, methemoglobin; NOx, nitrite/nitrate.
“Unpaired two-tailed Student’s ¢-test or chi-square test, as appropriate.
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in any changes in the regression analy-
ses.

Survivors were significantly younger
than nonsurvivors (Table 2). Non-
survivors had higher mean and peak
nitrite/nitrate concentrations than sur-
vivors, but these results did not reach
statistical significance. Nonsurvivors
had significantly higher nitrite/nitrate
concentrations from 30 to 42 hrs after
entry into the study (Fig. 2, top). Ni-
trite/nitrate concentrations at other
time points did not distinguish survi-
vors from nonsurvivors. There were no
differences in methemoglobin concen-
trations between survivors and non-
survivors at any time point during the
study (Fig. 2, bottom).

DISCUSSION

Nitric oxide is important in a vari-
ety of metabolic activities in both health
and disease (1). Direct or indirect meas-
urement of nitric oxide activity is
needed to monitor and modulate its
effect during pathophysiologic states.
Because of its short half-life, nitric
oxide remains undetectable in the
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Figure 1. Log-transformed peak nitrite/nitrate (Log NOx) vs. A) arterial pH (r* = .28; p = .01), B) urine output (r2 = .21; p = .03), C) serum

creatinine (r? =
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.19; p = .04), and D) log-transformed peak methemoglobin (r? = .15; p = .07) in patients diagnosed with septic shock.
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