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Abstract
Background/Objectives: To assess the effects of theophylline on pulmonary function in patients with
chronic traumatic tetraplegia, we conducted a double-blind placebo-controlled crossover study in 10
patients.

Methods: The patients (age: 41 6 3 years; time from injury: 16 6 3 years; neurological levels: C3 to C7-T1)
were randomized to receive oral theophylline or placebo for 6 weeks. After 2 months of washout, the
patients received the medication not taken in the first trial for an additional 6 weeks. We measured lung
volumes, expiratory flow rates, maximal inspiratory pressure (MIP), and maximal expiratory pressure (MEP)
at both baseline and at the end of each treatment arm. Theophylline blood serum assays were measured
during the first week of the treatment and on the day of respiratory measurements.

Results: Mean theophylline level on the day of treatment completion was 12.6 6 1.4 lg/mL. In analyzing
the data from the group of 10 patients, the percent changes from baseline in total lung capacity, forced vital
capacity, forced expiratory volume at 1 second, MIP, and MEP did not differ significantly between the two
treatment arms (P . 0.05 in all).

Conclusion: These data show that in this small group of 10 subjects with chronic tetraplegia,
administration of oral theophylline did not improve pulmonary function.
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INTRODUCTION

Patients with cervical tetraplegia have weak respiratory

muscles, which may predispose them to retention of

bronchial secretions, atelectasis, pneumonia, respiratory

muscle fatigue, and respiratory failure. Theophylline has

been traditionally used in patients with airway disease,

primarily for its bronchodilating and central nervous-

stimulating effects. Over the last 2 decades, studies

involving healthy volunteers have shown that theophyl-

line can also increase the contractility of the diaphragm

and protect against respiratory muscle fatigue (1,2). A

similar effect has also been reported in patients with
chronic obstructive airway disease (COPD) and in post-
operative patients with respiratory muscle dysfunction
(3–7). In a controlled study in COPD patients, Murciano
and colleagues (5) reported that administration of
theophylline at therapeutic dosages increased maximal
transdiaphragmatic pressure by 16% and suppressed
diaphragmatic fatigue in all patients. In another study,
also in COPD patients (4), the same investigators found
that the long-term administration of theophylline was
associated with improvements in dyspnea scores and
arterial blood gas levels and was related to improvements
in respiratory muscle function.

Theophylline has been shown to have beneficial
effects on phrenic nerve and diaphragm activation after
experimental cervical spinal cord injury in animal models
(8–10). Specifically, systemic theophylline administration
restores phrenic nerve activity and hemidiaphragm
function in rats that have been subjected to an acute
ipsilateral C2 spinal cord hemisection that completely
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disrupts descending respiratory drive to the phrenic

motor nucleus. In the hemisection model, theophylline

is believed to restore phrenic nerve activity by its action as

an adenosine A1-receptor antagonist (9,10). Acting at

the A1 receptor, theophylline facilitates synaptic function

by activating an uninjured, previously quiescent re-

spiratory tract. This tract crosses the midline of the cord

from the contralateral intact cord below the level of the

injury to innervate phrenic motoneurons ipsilateral and

caudal to the hemisection (Figure 1). The latent pathway

is referred to as the crossed phrenic pathway (11).

Restored phrenic nerve activity correlates with restored

function of the otherwise paralyzed ipsilateral hemi-
diaphragm (12). The crossed phrenic pathway has been
demonstrated in several mammalian species, but its
correlate in man is uncertain. However, a case report
citing the use of theophylline in a patient with non–
ventilator-dependent tetraplegia noted improvement in
measures of pulmonary muscle strength surface di-
aphragm electromyography (sEMG, maximal inspiratory
pressure [MIP]) and central respiratory drive (P

100
during

MIP) after 3 weeks of oral administration (13). Addition-
ally, a case report in which a patient with ventilator-
dependent tetraplegia received aminophylline therapy
describes subsequent increased activation of the patient’s
diaphragm, as evidenced by sEMG and the ability of the
patient to be liberated from ventilatory support (14).

In spite of the numerous animal studies (8–10,15)
and the 2 clinical case reports (13,14) that indicate that
theophylline improves respiratory muscle function after
cervical spinal cord injury, a detailed clinical study
assessing the effects of theophylline on improving
measures of respiratory function in a group of patients
with chronic tetraplegia has never been conducted. In
the present study, using a double-blind placebo-con-
trolled crossover design, we administered sustained-
release oral theophylline to a group of 10 patients with
chronic tetraplegia and assessed changes in maximum
inspiratory and expiratory pressure and pulmonary
function indices after 6 weeks of treatment.

METHODS
Following a protocol approved by our institutional
Human Investigation Committee and after obtaining
informed consent, patients with chronic tetraplegia
who were not receiving mechanical ventilatory assistance
were recruited for the study (neurological levels ranged
from C3 to C7-T1) (Table 1). Patients with a history of
obstructive airway disease or cardiac, liver, or renal
disease were excluded from the study.

Baseline (pretreatment) pulmonary function testing
and measurements of static inspiratory and expiratory
pressures were completed in all patients. Spirometry
(forced vital capacity (FVC), forced expiratory volume at 1
second (FEV1), and lung volumes (Collins, Braintree, MA)
were acquired by methods adhering to American Thoracic
Society (ATS) standards for acceptability and reproduc-
ibility (16); the helium dilution method was used to
measure lung volumes. All patients in the study fulfilled
the acceptability and reproducibility requirements set
forth by ATS at each study time point. MIP was measured
during maximal voluntary efforts at residual volume (RV)
and maximal expiratory pressure (MEP) during maximal
expiratory effort at total lung capacity (TLC).

To measure respiratory pressures, patients breathed
on a flanged-style mouthpiece connected to a small tube
and a differential pressure transducer (Validyne, North-
ridge, CA). The tube connecting to the mouth piece
included a 1-mm id orifice to prevent closure of the

Figure 1. Inspiratory drive to phrenic motoneurons is
mediated by medullary neurons in the rostral division of
the ventral respiratory group (rVRG). These neurons
project bilaterally to the phrenic nuclei. Both the crossed
and uncrossed rVRG pathways have latent spinal de-
cussating collaterals that also innervate the phrenic nuclei
(ie, the crossed phrenic pathways). Hemisection rostral to
the phrenic nucleus interrupts (dotted lines) the major
bulbospinal drive to the ipsilateral phrenic nucleus, which
results in paralysis of the left hemidiaphragm. Systemic
administration of theophylline enhances descending
inspiratory drive and activates the previously latent
crossed phrenic pathways, which can now depolarize
phrenic motoneurons ipsilateral and caudal to the
hemisection. Arrows indicate the pathway followed by
respiratory impulses to restore function to the hemi-
diaphragm paralyzed by the spinal cord injury. (Re-
printed from reference 29 with permission from Aca-
demic Press.)
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glottis. Respiratory flow was measured with a pneumo-

tachograph (Hans Rudolph, Kansas City, MO) connected

to the distal end of the tube, and volume was measured

by digitally integrating the flow signal. Lung volume,

mouth pressure, and flow signals were digitized (Power-

Lab, AD Instruments, Colorado Springs, CO) and

recorded on a computer hard disk for analysis. Measure-

ments of respiratory muscle strength using a flanged-

style mouthpiece typically yield lower MEP values when

compared with those obtained with a tube-style mouth-

piece. This is true for both normal volunteers (17) and for

patients with tetraplegia (18) and is related to the

inability of the buccal muscles to maintain an adequate

mouth seal with the flanged-style mouthpiece. We paid

special attention during measurements of MEP to ensure

that there was no air leak around the mouthpiece during

forceful expiration. Patients were made aware of this, and

the operator held the mouthpiece in the occasional

patient who could not assure a proper seal.

For MIP, the patients wore a nose clip and breathed

quietly on the mouthpiece for about 1 minute before

exhaling to RV. A 3-way valve was then occluded, and the

patient performed a maximal inspiratory (Mueller)

maneuver. For MEP, the patient inhaled to TLC and, after

airway occlusion, performed a maximal expiratory effort.

Patients were asked to maintain the pressure for at least 1

second. The best of 4 reproducible mouth pressures was

chosen for analysis. During measurements, patients were

encouraged to give the maximal effort. A visual feedback

of attained pressures was displayed on a computer

monitor to all patients. All respiratory pressure measure-

ments were obtained by the same individual. Both the

person taking the measurements and the patient were

blind with regard to whether theophylline or placebo had

been taken for the previous 6 weeks.

Protocol
Following baseline measurements of pulmonary function
testing, patients were randomly assigned (by means of
sealed envelopes) to receive either oral sustained-release
theophylline or placebo for 6 weeks. A serum theophyl-
line level was obtained on all patients after 7 to 8 days
and adjustments of the prescribed dosage were made, if
needed, to achieve a therapeutic level (10–20 lg/mL). All
dosage adjustments were made by a physician who did
not participate in the measurements, the randomization
process, or data analysis. After 6 weeks of treatment, the
patients returned to the laboratory for repeat pulmonary
function testing and respiratory muscle strength meas-
urements. At the time of testing, a serum theophylline
level was drawn. Blood samples for theophylline assay
were drawn within the same time frame (within 3–4
hours) after the last dose of medication in all patients,
regardless of the study arm. After a washout period of 2
months, the 2 patient groups were crossed over. Thus,
the patients who received theophylline in the first arm
received the placebo for the next 6 weeks, and the
patients who were initially administered the placebo
received theophylline for the same length of time. During
the second arm, pulmonary function and respiratory
muscle measurements were performed as described
above.

Data are reported as mean 6 SEM. Respiratory
pressures are reported as the percent change from
baseline. The 2 treatments for each response (MIP,
MEP, FEV1, FVC, and TLC) were compared using
a general linear model (GLM). The model included the
following effects: sequence, sequence within subjects
(random effect), period, treatment, and an error. The
95% confidence interval for the difference between drug
(Th) and placebo (P) was calculated based on the error
mean square of the GLM. The analysis was performed

Table 1. Patient Characteristics*

Patient
(No.) Gender Age (y)

Neurological
Injury Level

Duration of
Injury (y)

Cause of
Injury

1 M 42 C7-T1� 7 MVC
2 M 34 C5� 4 Diving
3 M 44 C3-C4z 24 MVC
4 M 62 C3-C5� 14 MVC
5 M 37 C3-C5� 15 Diving
6 M 25 C3z 7 MVC
7 M 36 C6-C7� 12 GSW
8 M 41 C6-C7� 19 MVC
9 F 54 C6-C7� 25 MVC

10 M 37 C5-C6� 20 Sports

*M, male; F, female; MVC, motor vehicle crash; GSW, gunshot wound.
�Incomplete injury.
zComplete injury.
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using a commercially available software program (SAS,
version 6.04; SAS Inc, Cary, NC). Significance was set at P
, 0.05.

RESULTS
Twenty-four patients with chronic tetraplegia were
initially recruited for the study. Of these, 10 patients
completed both arms of the study. The remaining 14
patients withdrew from the study for various reasons,
including noncompliance with the study protocol and
adverse effects of the theophylline (nausea and stomach
upset). The characteristics of the 10 patients who
completed the study are shown in Table 1. The mean
serum theophylline level at the end of the first treatment
week was 12.2 6 1.2 lg/mL, and on the day of treatment
completion, this level measured 12.6 6 1.4 lg/mL. While
receiving placebo, all patients had theophylline levels
below detectable values. The baseline respiratory values
and the effects of 6 weeks of theophylline and placebo
treatment on these values for each patient are shown in
Tables 2 and 3, respectively.

As can be seen from Tables 2 and 3, there was a high
level of variability in measured respiratory parameters
among the 10 patients before and after each arm of
treatment. When group means were determined, the
percent change from baseline values in TLC, FVC, or FEV1
did not differ significantly between the two treatment
arms (Figure 2; P . 0.05 in all). In addition, the mean
percent change in MIP or MEP with theophylline
treatment did not differ from the changes while the
participants were on placebo (7.5 6 5.4% vs �1.4 6

4.4%; P . 0.05 for MIP and 24.0 6 11.8% vs �3.6 6

4.5%; P . 0.05 for MEP) (Figure 3).

DISCUSSION
Respiratory complications are a considerable source of
morbidity and mortality in patients with chronic
tetraplegia, not only during the period immediately

following spinal cord injury, but also years after the acute
injury. Months to years following the initial injury, the
increased risk for pulmonary complications, especially
atelectasis and pneumonia, persists (19). The risk for
ventilatory failure is particularly high in patients with
complete injury and borderline respiratory muscle
function (20). Pharmacological treatments that may
prevent ventilatory failure or delay its onset have not
been tested in these patients.

The question as to whether theophylline increases
respiratory muscle strength in patients with abnormal
muscle function as well as in normal volunteers has been
highly debated over the last 2 decades. In agreement
with the data of Murciano et al (5), Nietrzeba et al (3)
found that intravenous aminophylline improved maximal
inspiratory pressure, peak inspiratory flow rate, and
exercise performance in patients with COPD. In contrast,
Cooper et al (7) showed that acute administration of
aminophylline had no effect on respiratory muscle
strength and exercise tolerance in patients with COPD.
The results from studies in healthy volunteers are equally
controversial, with improvements in respiratory muscle
strength seen in some (1,2,21) but not all studies (22–
25). To help explain these disparate data, other studies
have indicated that theophylline may increase diaphrag-
matic contractility at relatively higher concentrations that
are poorly tolerated by patients or healthy individuals
(26).

Theophylline may improve expiratory muscle
strength by enhancing conduction in descending
bulbospinal respiratory motor pathways that innervate
the intercostals and abdominal muscles. Alternately, it
has been suggested (27) that theophylline may work by
enhancing contraction of muscle fibers via inotropic
effects on skeletal muscle. It is also possible that
bronchodilation resulting from theophylline administra-
tion may result in increased FVC and thus increased MEP.

Table 2. Theophylline’s Effect*

Pt
No.

Injury
Level

Injury
(y)

Baseline Post-theophylline

FVC FEV1 TLC MIP MEP FVC %D FEV1 %D TLC %D MIP %D MEP %D

1 C7-T1 7 4.67 3.82 8.55 �100 53 4.83 3 4.08 7 9 �1 �87 �13 55 4
2 C5 4 3.47 3.22 5.58 �101 37 3.19 �8 3.15 �2 5 �4 �92 �9 34 �8
3 C3-C4 24 1.03 0.92 5.70 �23 16 0.99 �4 0.98 7 5.27 �8 �25 9 15 �6
4 C3-C5 14 2.17 1.68 4.62 �80 45 2.56 18 1.90 13 4.08 �12 �84 5 85 89
5 C3-C5 15 4.13 3.13 7.80 �79 55 4.94 20 4.05 29 7.96 2 �85 8 93 69
6 C3 7 1.97 1.97 6.24 �33 19 1.64 �17 1.64 �17 5.74 �8 �33 0 18 �5
7 C6-C7 12 4.52 3.93 5.90 �145 109 4.04 �11 3.18 �19 5.53 �6 �131 �10 109 0
8 C6-C7 19 3.45 3.08 5.16 �92 72 3.81 10 3.21 4 4.59 �11 �115 25 91 26
9 C6-C7 25 1.62 1.53 4.56 �51 22 2.06 27 1.84 20 5.27 16 �72 41 32 45

10 C5-C6 20 3.73 2.82 3.73 �100 63 3.40 �9 2.68 �5 3.40 �9 �125 25 94 49

*MIP and MEP (cm H
2
O), FVC (L), FEV1 (L), TLC (L), %D ¼ percent change from baseline.
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Our study was not specifically designed to determine the
mechanism by which theophylline might improve MEP or
MIP.

The present study is the first controlled study to
examine the effects of theophylline on pulmonary
function in a group of patients with tetraplegia. Our
data show that theophylline had no effect on respiratory
muscle indices or on pulmonary function testing (Figure
2). Animal studies have clearly shown that theophylline is
effective in improving respiratory muscle function after
experimental cervical spinal cord injury when latent
respiratory pathways in the spinal cord are spared and
they are available to be activated by the drug (8–10). As
we try to relate the animal studies using theophylline (8–
10,15) to human cases, we would expect that if the
patient’s injury is extensive (complete disruption of spinal
pathways) and involves these latent spinal pathways,
then the efficacy of theophylline would not be as great.

Therefore, those patients with an incomplete injury

might exhibit sparing of latent respiratory pathways that

theophylline could target. The level of injury varied

among patients and included patients with low (C7-T1),

intermediate (C4–C5), or high (C3) cervical lesions.

Therefore, respiratory muscle function varied among

our patients, as shown by the indices of pulmonary

function testing and the respiratory muscle strength

(Table 2). Measurements of MIP and MEP showed that 4

out of 10 patients had weak inspiratory muscles (MIP

lower than �85 cmH
2
O), whereas all patients had weak

expiratory muscles (mean MEP: 49 cmH
2
O) (28).

Figure 2. Percent changes from baseline measurements
in percent predicted (% pred) values for total lung
capacity (TLC), forced vital capacity (FVC), and forced
expiratory volume at 1 second (FEV1) during theophyl-
line (Th) (cross-hatched bars) or placebo (Pl) (solid bars)
treatment. No statistically significant changes were found
within the group of 10 patients with tetraplegia (P .

0.05).

Figure 3. Percent changes from baseline measurements
in maximal inspiratory (MIP) and maximal expiratory
pressure (MEP) in the group of 10 patients after taking
theophylline (Th) or placebo (Pl). There is a trend for an
increase in both pressures, which did not reach statistical
significance.

Table 3. The Placebo Effect*

Pt
No.

Injury
Level

Injury
(y)

Baseline Post-placebo

FVC FEV1 TLC MIP MEP FVC %D FEV1 %D TLC %D MIP %D MEP %D

1 C7-T1 7 4.58 3.64 7.80 �91 43 3.30 �28 3.23 �11 8.56 10 �104 14 38 �12
2 C5 4 3.39 3.35 5.21 �110 37 3.19 �6 3.15 �6 5.20 0 �92 �16 34 �8
3 C3–4 24 0.83 0.78 5.21 �22 14 0.91 10 0.79 1 4.50 �14 �28 27 18 29
4 C3-C5 14 2.66 2.11 4.53 �85 85 2.19 �18 1.83 �13 4.55 0 �84 �1 80 �6
5 C3-C5 15 4.32 2.86 7.38 �101 79 4.08 �6 3.05 7 7.35 0 �92 �9 78 �1
6 C3 7 1.95 1.75 5.67 �47 19 1.75 �10 1.75 0 5.56 �2 �40 �15 17 �11
7 C6-C7 12 4.16 3.33 6.30 �168 104 4.29 3 3.17 �5 5.66 �10 �153 �9 108 4
8 C6-C7 19 3.64 3.01 5.24 �95 70 3.62 �1 2.97 �1 4.96 �5 �107 13 90 29
9 C6-C7 25 1.89 1.57 4.60 �52 29 1.75 �7 1.44 �8 4.60 0 �42 �19 30 3
10 C5-C6 20 3.25 3.15 5.09 �85 70 2.96 �9 2.68 �15 5.42 6 �100 18 65 �7

*MIP and MEP (cm H
2
O), FVC (L), FEV1 (L), TLC (L), %D ¼ percent change from baseline.
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Additionally, the aforementioned animal studies were
performed in acutely injured animals. It may be the case
that in chronically injured humans, the window of
opportunity for plasticity in the system has closed, or
that plasticity has already occurred to its full extent. In
this case, theophylline may be of little use. The variability
within our patient group in levels of prestudy respiratory
dysfunction, levels of injury, completeness of injury, and
time since injury coupled with our small number of
patients (n ¼ 10) likely led to our lack of significant
findings with theophylline treatment. Furthermore, to
the best of our knowledge, a comprehensive study of the
effects of theophylline on acutely injured patients has not
been conducted.

In this study, the average theophylline level was
similar to levels reported by previous studies examining
the effects of theophylline in normal volunteers (1,2) or in
patients with respiratory muscle weakness (4,5). On
further analysis, increases in MIP or MEP observed in
some patients after theophylline administration (Table 2)
were not associated with high therapeutic range levels
(26). It is noteworthy that the withdrawal rate from the
study was very high. Patients withdrew from the study
mainly because of their inability to comply with the study
protocol or because of side effects, such as nausea or
stomach upset, related to theophylline usage.

CONCLUSION
Based on the data collected in this study, we conclude
that the long-term administration of theophylline does
not have a significant effect on pulmonary function in
patients with chronic traumatic tetraplegia. However,
studies in traumatic tetraplegia involving groups with
a larger number of patients who are more homogeneous
in terms of spinal injury level, injury extent, and time
from injury should be conducted to further investigate
theophylline’s possible efficacy in treating respiratory
muscle dysfunction in these patients.
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