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Abstract The role of airway inflammation in mediating
airflow obstruction in persons with chronic traumatic tetra-
plegia is unknown. Measurement of the fraction of exhaled
nitric oxide (FeNO) affords a validated noninvasive tech-
nique for gauging the airway inflammatory response in
asthma, although it has never been assessed in persons with
tetraplegia. This study was designed to determine the FeNO
in individuals with chronic tetraplegia compared with that in
patients with mild asthma and healthy able-bodied individ-
uals. Nine subjects with chronic tetraplegia, seven subjects
with mild asthma, and seven matched healthy able-bodied
controls were included in this prospective, observational,
pilot study. All subjects were nonsmokers and clinically
stable at the time of study. Spirometry was performed on all
participants at baseline. FENO was determined online by a
commercially available closed circuit, chemiluminescence
method, using a single-breath technique. Subjects with tet-
raplegia had significantly higher values of FeNO than
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controls (17.72 £ 3.9 ppb vs. 10.37 £ 4.9 ppb; P < 0.01),
as did subjects with asthma (20.23 £ 4.64 ppb vs. 10.37 +
4.9 ppb, P < 0.001). There was no significant difference in
FeNO between subjects with tetraplegia and those with
asthma (17.72 £ 3.9 ppb vs. 20.23 + 4.64 ppb, P < 0.27).
Individuals with chronic tetraplegia have FeNO levels that
are comparable to that seen in mild asthmatics and higher
than that in healthy able-bodied controls. The clinical rele-
vance of this observation has yet to be determined.

Keywords Spinal cord injury - Tetraplegia -
Fraction exhaled nitric oxide - Nitric oxide - Asthma

Introduction

The role of airway inflammation in individuals with
chronic cervical spinal cord injury (SCI) is unknown. Our
research group has postulated that aspects of airway
physiology characteristically seen in chronic tetraplegia
are the consequence of overriding cholinergic airway tone
mediated by intact vagal (parasympathetic) nerve fibers
arising from the brainstem [1-4], whereas sympathetic
innervation is interrupted at the level of the upper tho-
racic spinal cord. These physiologic responses include
decrease in baseline airway caliber [4], significant bron-
chodilator responsiveness after inhalation of beta-2-
adrenergic agonists or anticholinergic agents [4, 5], and
airway hyperreactivity (AHR) [1-3]. These same aspects
of airway physiology in tetraplegia also are encountered
in asthma, and in asthma are closely linked to airway
inflammation.

To examine the potential role of airway inflammation in
persons with tetraplegia, measurement of the FeNO now
offers a noninvasive methodology to assess indirectly the
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airway inflammatory response [6]. FeNO is markedly ele-
vated in poorly controlled asthma due to excess NO pro-
duced by inflammatory cells within the airways [7-9], but
exhaled levels in tetraplegia have heretofore never been
investigated.

The purpose of this pilot investigation was to analyze
FeNO levels in individuals with chronic cervical SCI
compared with mild asthmatics and healthy able-bodied
controls. We hypothesized that measurement of FeNO in
individuals with chronic cervical SCI would give us insight
into the role that airway inflammation plays and help to
explain the obstructive physiology observed in this
population.

Materials and Methods

This work was performed at the James J. Peters Veterans
Affairs Medical Center, Bronx, NY. The study was
approved by the local Institutional Review Board and
Research and Development Committee. Written, informed
consent was obtained from all participants prior to enroll-
ment in the study.

Subjects

Twenty-two subjects were studied: eight with a diagnosis
of chronic tetraplegia (>1 year in duration), seven with
mild asthma (baseline forced expiratory volume in the first
second (FEV|) >70% predicted), and seven healthy able-
bodied controls. Participants were matched for age, height,
weight, and body mass index (BMI). Subjects were non-
smokers (e.g., lifelong or more than 5 years since stop-
ping). Individuals with tetraplegia and controls did not
report a history of asthma or recent respiratory infection
(i.e., within 3 months), and they were not taking medica-
tions that are known to alter airway caliber. Measurements
of FeNO were performed at least 7 days after the last
administration of inhaled or oral corticosteroid medication,
48 h after the last administration of long-acting inhaled
bronchodilator medication, 24 h after the last administra-
tion of leukotriene modifiers, and/or at least 12 h after the
last administration of short-acting inhaled bronchodilator
medication.

The following measurements were performed in all
participants:

Spirometry
Spirometric measurements were performed using the
VMax Encore integrated pulmonary function lab (Viasys,

Yorba Linda, CA). Forced vital capacity (FVC), FEV, and
FEV /FVC ratio are reported. All recordings were made in
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the seated position. At least three tests were performed in
accordance to American Thoracic Society (ATS) guide-
lines for testing and reproducibility [10]. The highest val-
ues for FVC and FEV, are reported.

FeNO Measurement

Exhaled NO measurements were performed in accordance
to ATS recommendations for the standardization of this
procedure [11]. Sievers Nitric Oxide Analyzer NOA 280
system for online measurements (Sievers Instruments,
Boulder, CO) was used. Online measurement provided
real-time display of exhaled NO and allowed the technician
to adjust and to provide proper collection technique. Before
obtaining measurements, the analyzer was calibrated
according to the manufacturer’s specification. The subjects
were seated comfortably with the mouth piece at the proper
position and height. To avoid nasal NO accumulation and
leakage contaminating the sample, nose clips were not used
[11]. Subjects were instructed to breathe through their
mouth and to avoid nasal breathing. Subjects were then
asked to inhale to total lung capacity (TLC) and to expire
against a constant expiratory resistance of 5 cm H,O to
ensure velopharyngeal aperture closure and to prevent
nasal NO contamination. Study subjects were provided
biofeedback by displaying the flow rate on the monitor.
The duration of the exhalation was sufficient to obtain a
plateau in the NO concentration. Repeat exhalation mea-
surements were performed to assure reproducibility. Test-
ing was completed when three NO plateaus were obtained
within 10% of each other. At least 30 seconds of relaxed
tidal breathing subsequent to testing was provided between
measurements to allow the subject to rest. Exhaled NO was
reported as the mean of three values within 10% of each
other.

Statistics

All data were analyzed using Statview 5.0 (SAS Institute,
Inc.). Continuous data are reported as mean £+ SD. A priori
level of significance was set at P < 0.05. Unpaired ¢ tests
were performed to identify group (control, asthma, tetra-
plegia) differences for demographic characteristics (age,
height, weight, and BMI). Univariate analysis of variance
was performed to identify group differences for the
dependent variable (FeNO levels). Significant group effects
were further evaluated using a Fisher PLSD post hoc test.

Results

Subjects in the three groups were matched for age, height,
weight and BMI; consistent with a mild restrictive
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Table 1 Demographics of the groups and spirometric indices

Control Tetraplegia ~ Asthma

n="7) (n=9) n=17)
Age (year) 37 £ 10 42 + 10 42 +9
Height (m) 1.73 £ 0.5 1.70 £ 0.05 1.71 &+ 0.08
Weight (kg) 7149 78 + 12 81 + 13
BMI (kg/m?) 23.6 270 £47 278 £46
DOI (yr) 18.3 + 12.6
FVC () 4.66 £ 0.51*% 291 £ 044 4.07 £ 0.53%**
FEV; (1) 3.62 £ 0.62%* 240 & 0.30 2.91 £ 0.63%****
FEV\/FVC (%) 77 £7 83 7 71+£9

Values are expressed as mean £ SD
BMI body mass index, DOI duration of injury

* P <0.0001 vs. tetraplegia group; ** P < 0.001 vs. tetraplegia
group; *** P < (0.005 vs. tetraplegia group; **** P < (0.026 vs.
control group

Exhaled Nitric Oxide (ppb)

Control Asthma

Tetraplegia

Fig. 1 Data are presented as group mean =+ standard deviation.
* P < 0.01 tetraplegia versus control group; ' P < 0.001 tetraplegia
versus control group

ventilator defect subjects with tetraplegia had significantly
lower FVC values than asthmatic or control subjects, and
significantly lower FEV| than control subjects (Table 1).
FeNO levels in individuals with tetraplegia were compa-
rable to those observed in asthmatic subjects (17.72 £
3.9 ppb vs. 20.23 £ 4.64 ppb, P < 0.27), and significantly
higher than that observed in the control group (17.72 £
3.9 ppb vs. 10.37 & 4.9 ppb, P < 0.004). Individuals with
asthma had significantly higher levels of FeNO than that of
the control group (20.23 & 4.64 ppb vs. 10.37 & 4.9 ppb,
P < 0.0005; Fig. 1).

Discussion

Respiratory complications are the leading cause of death
during the first year after SCI, and the third leading cause

of death thereafter [12]. Complete or partial loss of respi-
ratory muscle innervation in individuals with cervical and
high thoracic injuries leads to inadequate ventilation and
inability to effectively clear secretions, often prompting
supportive ventilation after initial injury. Development of
atelectasis, pneumonia, and respiratory failure are the most
common respiratory complications seen in the acute phase
of injury [13]. It is well known that a restrictive ventilatory
defect, dependent upon the level and completeness of
injury, is apparent in individuals with chronic cervical SCI
and was noted in our subjects. Respiratory functional
impairment might be further compromised in these indi-
viduals, the majority of whom share many aspects of
obstructive airway physiology commonly associated with
asthma.

The etiology wunderlying obstructive physiology
observed in individuals with tetraplegia has been assumed
to be different from that associated with asthma. The
asthma-like features that individuals with chronic cervical
SCI demonstrate have been hypothesized to be due to
overriding cholinergic airway tone carried by intact vagal
(parasympathetic) nerve fibers arising from the brainstem
[1-3], whereas sympathetic innervation is interrupted at the
level of the upper thoracic spinal cord. In persons with
asthma, similar pulmonary physiological responses are
attributed to allergic airway inflammation. Whether airway
narrowing and AHR in chronic cervical SCI also is related
to chronic airway inflammation is unknown, although it is
conceivable that repeated respiratory infections and/or,
possibly, a neurogenic component, could contribute to an
inflammatory response.

The role of NO in the respiratory tract has been the
focus of extensive studies during the past decade. In the
respiratory system, NO is formed and released by an
array of different cells, including inflammatory, nerve,
epithelial, endothelial, and airway smooth muscle cells.
Nitric oxide is synthesized from the amino acid L-argi-
nine by the enzyme NO synthase (NOS). Studies have
identified the presence of three NOS isoforms in the
human lung: neuronal NOS (nNOS), which is felt to be
involved in the modulation of airway tone and is the
principal inhibitory (bronchodilating) neurotransmitter of
the non-adrenergic non-cholinergic nervous system
(NANC) within the airways [14, 15]; endothelial NOS
(eNOS), which is responsible for vasodilation; and
inducible NOS (iNOS), which is predominantly found in
macrophages and epithelial cells [15, 16]. The enzymes
nNOS and eNOS are known as constitutive NOS (cNOS),
and they are thought to be involved in the regulation of
airway and vascular tone by local production of small
amounts of NO in response to neurogenic and non-neu-
rogenic stimuli [16]. The iNOS is stimulated by proin-
flammatory cytokines during airway inflammation and
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regulates the production of large amounts of NO in the
airways and vasculature. It is apparent that iNOS pro-
duces 1,000-fold higher levels of NO than does cNOS
[17], and most of exhaled NO measured in patients with
asthma is thought to be iNOS-derived. In patients with
asthma, high levels of NO detected in exhaled air are
thought to be closely related to the degree of airway
inflammation, and due to increased production of NO by
the inflammatory cells. This may suggest a role of NO in
the generation and maintenance of airway inflammation.
On the other hand, when generated in the small amounts,
NO also has a direct bronchodilatory effect on airway
smooth muscle and acts as a principal neurotransmitter of
the NANC system (the only known neural relaxant
pathway in human airways).

Although implicated in conflicting biological mecha-
nisms, it is now widely believed that in the airways of
patients with asthma the release of NO represents a
physiological mechanism to counteract the bronchocon-
striction caused by various stimuli [18]. Whether the
elevated levels of FeNO that we observed in individuals
with chronic tetraplegia are reflective of airway inflam-
mation due to iNOS-derived production of NO vs. altered
regulation of NOS pathways (i.e., upregulation of the
NANC system) is not known. Further studies are needed
to define the source of elevated NO in the exhaled air of
persons with tetraplegia (iNOS vs. cNOS pathway), the
relationships among FeNO, the presence of underlying
airway inflammation and its effects on bronchial tone,
airway hyperreactivity, and overall pulmonary function in
individuals with chronic tetraplegia. Confirmation of
chronic underlying airway inflammation in those with
tetraplegia would raise consideration for use of anti-
inflammatory agents, such as inhaled steroids, as a
potential therapeutic option.
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