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Abstract

This case-controlled clinical study was undertaken to investigate to what extent pulmonary
function in individuals with chronic Spinal Cord Injury (SCI) is affected by posture. Forced Vital
Capacity (FVC), Forced Expiratory Volume in one second (FEV1), Maximal Inspiratory Pressure
(Plmax) and Maximal Expiratory Pressure (PEmax) Were obtained from 27 individuals with chronic
motor-complete (n=13, complete group) and motor-incomplete (n=14, incomplete group) Co-T1»
SCI in both seated and supine positions. Seated-to-supine changes in spirometrical (FVC and
FEV1) and airway pressure (Plnax and PEq3x) outcome measures had different dynamics when
compared in complete and incomplete groups. Patients with motor-complete SCI had tendency to
increase spirometrical outcomes in supine position showing significant increase in FVC (p=.007),
whereas patients in incomplete group exhibited decrease in these values with significant decreases
in FEV1 (p=.002). At the same time, the airway pressure values were decreased in supine position
in both groups with significant decrease in PEp,5x (p=.031) in complete group and significant
decrease in Plyax (p=.042) in incomplete group. In addition, seated-to-supine percent change of
Plmax Was strongly correlated with neurological level of motor-complete SCI (p=-.77, p=.002).
These results indicate that postural effects on respiratory performance in patients with SCI can
depend on severity and neurological level of SCI, and that these effects differ depending on
respiratory tasks. Further studies with adequate sample size are needed to investigate these effects
in clinically specific groups and to study the mechanisms of such effects on specific respiratory
outcome measures.

Keywords
Spinal Cord Injury; Respiratory Function; Posture

"Corresponding author: A. Ovechkin, Frazier Rehab Institute, 220 Abraham Flexner Way, Suite 1506, Louisville, KY 40202, Phone:
502.581.8675, Fax: 502.582.7605, avovec02@Iouisville.edu.
°D Terson de Paleville and DG Sayenko made equal contributions to the publication



1duosnue Joyiny vd-HIN 1duosnue Joyiny vd-HIN

1duosnuely Joyiny vd-HIN

Terson de Paleville et al. Page 2

1. Introduction

Respiratory dysfunction is a major cause of morbidity and mortality in patients with SCI
(Center, 2013; Garshick et al., 2005). Individuals with SCI are also at increased risk of sleep
disordered breathing (Burns et al., 2000). Major causes of such dysfunction are respiratory
motor control deficits associated with paresis, paralysis and spasticity of trunk and
respiratory muscles (Gracies, 2005; Ovechkin et al., 2010; Schilero et al., 2009; Terson de
Paleville et al., 2011). In general clinical practice and research the pulmonary function test
(PFT) is used to evaluate respiratory motor function. In people with SCI, this test includes
spirometrical and maximum airway pressure measures acquired with the test subject in the
seated position (American Thoracic Society/European Respiratory Society, 2002; Brusasco
et al., 2005; Jain et al., 2006; Miller et al., 2005; Stolzmann et al., 2008). While normative
values are corrected for age, height, gender and race, they may also vary depending on body
position (Manning et al., 1999; Segizbaeva et al., 2013) and functional capacity of the
respiratory muscles (Rehder, 1998). It has been shown that healthy individuals exhibit
significantly lower spirometrical and airway pressure outcomes in supine compared to
seated position (Badr et al., 2002; Meysman and Vincken, 1998; Navajas et al., 1988; Vilke
et al., 2000). It is not clear how postural changes affect respiratory function in individuals
with SCI. In contrast to healthy controls, individuals with chronic SCI showed higher FVC
and FEV1 outcomes in supine compared to seated position (Chen et al., 1990; Estenne and
De Troyer, 1987; Maeda et al., 1990). However, it has been shown that paraplegic patients
with thoracic SCI can reach higher spirometrical values in seated position (Baydur et al.,
2001). The dynamics of the maximum airway pressure measures in response to the seated-
to-supine postural change in SCI population are less known. Compared to supine position,
individuals with acute tetraplegic injury exhibited higher PEax and Plynax Outcomes in the
semirecumbent position (Alvisi et al., 2012). At the same time, significant seated-to-supine
decrease in PEp,ax has been found in the group of patients with motor-complete and
incomplete cervical SCI (Sankari et al., 2014). Therefore, since postural factors may have
differential impacts in healthy individuals and persons with SCI, it suggests that
neurological level and severity of SCI may have complex effects on postural variations in
spirometrical and maximum airway pressure measures. This study was undertaken to
investigate the impact of postural changes on spirometrical and maximum airway pressure
measures in patients with motor-complete and motor-incomplete chronic SCI.

2. Materials and Methods

2.1 Neurological assessment

The study was approved by the University of Louisville Institutional Review Board in
compliance with all the institutional and federal regulations concerning the ethical use of
human volunteers for research studies. Neurological level and clinical severity of the spinal
cord lesion were determined using the American Spinal Cord Injury Association Impairment
Scale (AIS) according to the International Standards for the Neurological Classification of
Spinal Cord Injury (ISNCSCI) (Kirshblum et al., 2011). The ISNCSCI categories were
based on the clinical estimation of voluntary contraction strengths from upper-limb (Cs to
T4) and lower-limb (L, to S;) muscles. Those with AIS-A or AlIS-B were classified as
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motor-complete SCI subjects (complete group) and participants with AIS-C or AIS-D were
classified as motor-incomplete SCI subjects (incomplete group). A sensory level of injury
was determined by light touch and pin prick for C, through Sg dermatomes (Marino et al.,
2003).

2.2 Demographic and Clinical Characteristics

Twenty seven individuals, 40+14 (mean * SD) years of age, 21 males and 6 females, 92+98
months after SCI participated in this study. Thirteen participants were classified as motor-
complete and fourteen were diagnosed as motor-incomplete with cervical (n=15; 7 with
motor-complete and 8 with motor-incomplete SCI) or thoracic (n=12; 6 with motor-
complete and 6 with motor-incomplete SCI) neurological levels of SCI ranging from C, to
T1p. (Tab. 1).

2.3 Pulmonary function test (PFT)

The participants have been tested in the afternoon when their morning routines were
restricted to exclude the consumption of caffeine and alcohol and withholding from
smoking. Participants have been asked to empty their bladder before testing. Standard
spirometrical and maximum airway pressure measurements were taken in the seated and
supine positions during every recording session. First, spirometry and airway pressure
assessments have been performed in the seated position and then, after 30-min period, had
been repeated in the supine position. FVC and FEV; were obtained from the best of three
acceptable attempts and were expressed as the percent of a predicted value (American
Thoracic Society/European Respiratory Society, 2002; Hankinson et al., 1999; Hart et al.,
2005). PEmax and Plyax Were assessed using MP45-36-871-350 differential pressure
transducer (Validyne Engineering, Northridge, CA) with graphical representation visible
during recording. The Pl was measured during maximal inspiratory effort beginning at
residual volume and PE 5 Wwas measured during maximal expiratory effort starting from
total lung capacity (American Thoracic Society/European Respiratory Society, 2002) using a
three-way valve system with rubber tube as mouthpiece (Airlife 001504, Allegiance
Healthcare Corp., McGaw Park, IL). The pressure meter incorporated a 1.5 mm diameter
leak to prevent glottic closure and to reduce buccal muscle contribution during
measurements (Griffiths and McConnell, 2007; Smyth et al., 1984). The assessment required
that a sharp, forceful effort be maintained for a minimum of 2 seconds. The maximum
pressure during each attempt was taken as the highest value that is sustained for one second
(Smyth et al., 1984). Means from three airway pressure measurements separately in both
seated and supine positions, when outcomes are not more than 20% different from each
other, were used for calculations. For each subject, 2.9+1.2 (Mean + SD) PFT recording
sessions performed at least two weeks apart, were used to calculate mean value for each
outcome measure.

2.4 Statistical analysis

Data sets were grouped according to subjects’ completeness and neurological level of SCI.
Two groups (complete and incomplete) and four sub-groups (cervical complete, cervical
incomplete, thoracic complete, and thoracic incomplete) were created. Comparisons
between data obtained in seated and supine positions were made in each group using the
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paired two-tailed t-test. Statistical power values (B) for every comparison have been
calculated using “G Power” software (www.gpower.hhu.de; UCLA, Los Angeles, CA).
Spearman'’s rank correlation coefficient (p) for whole population, groups and sub-groups
were calculated to evaluate the strength of relationships between functional changes (seated-
to-supine percent change of FVC, FEV1, PEmax, and Plnay) and neurological levels of SCI
by assigning the numerical value to the participant’s level of SCI from 1 (C1) to 20 (T1y).
Significance was reached at p<0.05 with the level of significance (a) being set at 0.05.

3. Results

When analyzed for all participants (n=27), ranges of seated-to-supine change in PFT values
for FVC and FEV1 varied from —7.5% to +29.8% and from —15.3% to +30.9%; whereas for
PEmax and Plyax those changes varied from -48.2% to +35.4% and from —38.8% to
+36.4%, respectively. When analyzed in all subjects, only PE,,x Was decreased
significantly in the supine as compared to seated position (p=.011). In the complete group
(n=13), FVC were increased (p=.007) and PE,ax Were decreased (p=.031); whereas, in the
incomplete group (n=14), both FEV; and Pl Were decreased (p=.002 and .042,
respectively) in the supine position (Table 2). The analysis of the PFT outcomes depending
on the completeness and neurological level of SCI revealed that there were significant
increase (p=.033) in FVC in participants with cervical complete SCI (n=7) and decrease in
FEVq and PEax (p=.30 and .40, respectively) in participants with cervical incomplete SCI
(n=8). In participants with thoracic complete SCI (n=6), there was a decrease in PEax (p=.
041), whereas, in participants with thoracic incomplete SCI (n=6), FVC and FEV; were
decreased (p=.022 and .042, respectively) (Table 2). Change in the amounts of Plax
correlated linearly with the level of neurological injury in the complete group (p=-.77, p=.
002) (Fig.1). Changes in the other outcomes did not correlate with the levels of injury.

4. Discussion

The major conclusion of the current study is that PFT measures assessed in seated and
supine positions in patients with chronic SCI depend on severity and neurological level of
SCI, and that these postural effects vary in specific respiratory tasks. Our findings indicate
that spirometrical (FVVC and FEV) and airway pressure (PEmax and Plyax) measures exhibit
differential dynamics when posture is changed from seated to supine position. In contrast to
subjects with motor-complete SCI, those with incomplete injury exhibited decrease in
spirometrical values. At the same time, compared to seated position, the airway pressure
outcomes were decreased in supine position in both complete and incomplete groups.

4.1 Spirometrical outcomes (FVC and FEV1)

It is known that healthy individuals (Vilke et al., 2000) as well as those with obstructive
lung function, exhibit better spirometric outcomes in the upright position versus supine,
which has been attributed to the higher lung compliance in supine position (Allen et al.,
1985). In contrast, SCI patients show improved spirometrical values in the supine position
(Baydur et al., 2001). Chen et al. reporting no difference in FVC values that were obtained
in both seated and supine positions in paraplegics, but they found that in tetraplegics, these
measurements were significantly higher in the supine position (Chen et al., 1990). Our
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results are consistent with their findings revealing significant increase in FVC in individuals
with motor-complete SCI and significant decrease in FEV1 in individuals with motor-
incomplete SCI (Table 2). In addition, in participants with thoracic motor-incomplete SCI,
both FVC and FEV; were significantly lower in supine position. These dynamics were not
detected when compared cervical vs. thoracic SCI groups, indicating that the severity of SCI
is a predominant factor over the level of SCI in the effects of postural changes onto the
spirometric characteristics. Decrease in respiratory performance in patients with motor-
incomplete SCI in supine position may play a role in predisposing them for sleep disordered
breathing by having a more collapsible airway and hypoventilation under smaller lung
volumes (Burns et al., 2000). At the same time, the results of the PFT may also depend on
factors other than the amount of respiratory motor control loss features observed in SCI
patients. These other factors may include a combination of restrictive and obstructive
respiratory patterns associated with smoking, obesity, chronic obstructive pulmonary disease
(COPD), skeletal deformations and/or airway stenosis.

4.2 Airway pressure outcomes (PEqax and Plyax)

To our knowledge, no studies regarding seated-to-supine postural changes in PE 5« and
Plmax in patients with chronic SCI considering severity of injury have been reported. In the
acute phase of SCI, Alvisi and colleagues (2012) showed that, compared to the supine
position, individuals with tetraplegic injury exhibit higher PEq,ax and Pl ,x values when
tested in the semirecumbent position. In contrast, our findings indicate that PE a1 and Plmax
values show a tendency to decrease in supine position in patients with chronic SCI. The
mechanisms of these differences might be attributed to the pathophysiological conditions
associated with acute and chronic injury. Lasting up to 4-6 weeks after injury, the acute
phase is associated with marked reduction or abolition of the reflex activity below the level
of injury and can cause dramatic motor and autonomic control deficits (Krassioukov, 2009).
As a consequence, acute SCI patients can develop tidal expiratory flow limitations
associated with increased airway resistance and a reduced capacity of the respiratory
muscles to respond to the increased load (Alvisi et al., 2012). With no discrimination to the
completeness of injury, Sankari and coworkers (2014) detected significant decrease in
PEmax in supine position in patients with cervical chronic SCI (Sankari et al., 2014). Our
analysis indicates that PE 5 and Plyax tended to be lower in supine position as compared to
seated in both complete and incomplete groups. However, in motor-complete SCI subjects,
the seated-to-supine changes in Pl,ax Were strongly correlated with the level of injury
showing increase in those with cervical injury whereas subjects with thoracic injury showed
a decrease (Figure 1). Seated-to-supine range of change in airway pressure measures was
higher (-48.2% to +36.4%) than the one in spirometrical outcomes (=7.5% to +30.9%). This
finding indicates that posture has bigger effect on maximum airway pressure than on
spirometrical measures.

4.3 Limitations of the study

1. This study was primarily limited by its relatively small sample size. It’s always a
challenge to form the homogeneous groups of highly diverse but limited SCI
population. However, as a result of this investigation, a statistical power analysis
suggests that further studies could warrant stronger conclusions.
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2. The window for the postural changes investigated in this study might vary in
patients with different time since injury. Despite the wide range of time after injury
in our population (Table 1), our analysis did not reveal functional correlations
associated with this factor (Figure 1). This can partially be attributed to multi-
factorial heterogeneity of the population related to the levels, completeness and
severity of injury and limited numbers of subjects to form specific groups.

3. When analyzed in all subjects, our result are representative of chronic SCI
population showing that 80.7% of SCI have occurred among males (Center, 2014).
However, the hypothesis that postural effects on pulmonary function may be
different when assessed separately in males and females, should be investigated in
future studies in groups with an appropriate sample size.

4. Although the dynamics of functional seated-to-supine changes in our population
have often corresponded with subjective feelings during task performance, we did
not grade these sensations. This analysis could be an important addition to these
future investigations.

5. By using a limited cohort of clinically diverse SCI subjects, it was not feasible to
evaluate the impact of combinatory effects of the restrictive and obstructive
respiratory patterns associated with smoking, obesity, COPD, skeletal
deformations, airway stenosis and other conditions.

Respiratory and postural trunk muscles have dual functions. In patients with SCI the seated
posture is often unstable, requiring the use of the same muscles to perform both respiratory
tasks and to maintain seated position. Identification of their specific role in respiratory
performance depending on postural changes is extremely difficult task. The mechanisms of
postural effects on respiratory function are more likely to have a combinatory nature. These
potential mechanisms may include: specific patterns of respiratory muscle recruitment,
effect of gravity, presence of uncontrolled muscular contraction (spasticity), changes in
respiratory mechanics, and others (Ovechkin et al., 2010; Terson de Paleville et al., 2011).
EMG activity of diaphragm and accessory respiratory muscles shows differential
recruitment patterns and amplitude during different respiratory and non-respiratory
maneuvers in neurologically intact individuals (Gandevia et al., 1990; Yokoba et al., 2003).
It has been established that body position can affect the tone of trunk muscles (Stejskal,
1979) and that spasticity of these muscles can negatively affect pulmonary function in
individuals with cervical SCI (Laffont et al., 2003). In non-injured individuals, in the supine
position, lung compliance is lower than in the seated position which can be attributed to an
increased blood volume of the lungs (Behrakis et al., 1983). In this position, there is reduced
elastic recoil of the lungs (Behrakis et al., 1983) resulting in a lower functional residual
capacity that is not evident in the sitting position (Rehder, 1998). Baydur and coworkers
(2001) reported that there is an increase in inspiratory capacity in individuals with SCI that
should be attributed to the effect of gravity (Baydur et al., 2001). In other words, a more
functional positioning of the diaphragm pushing against a resistive abdominal content may
enhance respiratory function. It has been suggested that, in the seated position, abdominal
support using a custom girdle can reduce the sensation of respiratory efforts in patients with
SCI by optimizing the operating lung volumes and decreasing abdominal compliance,
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leading to enhanced diaphragm performance (Hart et al., 2005). Our findings partially
support these mechanisms suggesting that the changes in posture may impact PFT measures
and that they can be different in each subgroup when level and severity of the injury are
taken into consideration.

5. Conclusion

The effects of posture on respiratory function after SCI can depend on specificity of the
respiratory tasks and are greater in those with higher neurological injury level and bigger
loss of motor function. Both biomechanical and neuromuscular issues are candidate
mechanisms for this observation. Therefore, additional studies are warranted to develop
methods for evaluation and improving respiratory and trunk motor control and thereby
reduce disability due to SCI-induced respiratory insufficiency. Future work should include
adequately powered studies to further investigate our findings using invasive and non-
invasive methods to accurately measure pulmonary function, airway pressure, air flow and
respiratory sensation.
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Fig. 1.
Scatter plot of seated-to-supine percent change in Ply,ax Values vs. neurological level of

injury in participants with both cervical and thoracic motor-complete SCI. The time after
injury shown above each individual data point. Note that those with cervical lesions largely
had an increase in Pl While subjects with thoracic lesion showed a decrease. Also note
that there are no correlation between data points and time after injury.
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Table 2

Pulmonary function outcomes in patients with chronic SCI in seated and supine positions

Subjects FvC FEV,
(% predicted) (% predicted)

PEmax Plmax
(cm H,0) (cm H,0)

All subjects (n=27)

Seated 76.5+19.6 66.6 +20.4
Supine 78.6 +16.9 65.5+18.0
Power (B) 0.390 0.117
p-value 0.085 0.433

60.5+26.6 -743+26.0

53.4£255% -69.3%24.1
0.756 0.296
0.011 0.083

Motor-complete (n = 13)

Seated 64.7 +13.8 56.5 +13.8
Supine 70.4 + 11.4* 59.2+11.3
Power (B) 0.840 0.200
p-value 0.007 0.248

49.1+22.7 -72.0+29.6

39.9+14.4* -69.1+26.9
0.600 0.086
0.031 0.550

Motor-incomplete (n = 14)

Seated 87.4+18.0 76.1+215
Supine 86.2+18.0 71.4+£21.4*
Power (B) 0.168 0.958
p-value 0.298 0.002

71.1+26.2 -76.5+23.1

66.0+27.4 -69.6 +22.1*
0.269 0.549
0.177 0.042

Cervical Motor-complete (n =7)

Seated 59.3+8.1 49.4 85
Supine 65.9 +7.3* 54.8+10.2
Power (B) 0.629 0.403
p-value 0.033 0.086

355+18.7 -53.9+246

29.3+7.4 -62.1+324
0.174 0.390
0.274 0.097

Cervical Motor-incomplete (n = 8)

Seated 82.6+18.1 68.7 +21.2
Supine 83.0+18.3 645+192°
Power (B) 0.060 0.639
p-value 0.834 0.030

64.0+286 —-65.7+203
56.7+222° —605+129

0.580 0.204
0.040 0.230

Thoracic Motor-complete (n = 6)

Seated 71.0+17.0 64.8 +14.7
Supine 75.6 +13.8 64.3+11.0
Power (B) 0.275 0.050
p-value 0.154 0.892

65.1+160 -93.1+19.6
522196  _772+180"

0.440 0.599
0.076 0.041

Thoracic Motor-incomplete (n = 6)

Seated 93.7£17.4 85.8 £19.2
Supine 906+182°  806+22.2"
Power (B) 0.720 0.562
p-value 0.022 0.042

80.4+214 -90.9+195
78.4+30.8 -81.8+27.0

0.056 0.309
0.798 0.132
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Values are means + SD;

*
Significant difference compared with seated, p < 0.05 (paired t-test).
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