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Time constant of inspiratory muscle relaxation in cystic fibrosis

Theodore Dassios', Athanasios Kaditis?, Anna Katelari®, George Chrousos?, Stavros Doudounakis® and Gabriel Dimitriou’

BACKGROUND: Patients with cystic fibrosis (CF) are at
increased risk of inspiratory muscle fatigue and respiratory fail-
ure. The time constant (1) of the inspiratory muscle relaxation
is a simple bedside test of muscle fatigue. We have compared
patients with CF and healthy controls regarding T and hypoth-
esized that it is negatively associated with severity of lower air-
way obstruction.

METHODS: For this cross-sectional study, T after maximal
inspiration and spirometric indices (forced expiratory volume
in 1 s (FEV,) and forced vital capacity (FVC)) were measured.
RESULTS: Fifty-three CF patients (median age 14y (interquar-
tile range: 11-19.5)) and 53 age- and sex-matched healthy
control subjects (14 y (11-19.5)) were recruited. Application
of a general linear model revealed that health status (CF vs.
non-CF) had a significant effect on 7 (P < 0.001), but age group
and the interaction of age group with health status did not
have significant effects on 7 (P = 0.10 and P = 0.71, respec-
tively). Participants with CF had significantly higher 7 (253
(188-406)) than control subjects (117 (81-185)) (P < 0.001) and
T was negatively related to FEV, (r=-0.205;P=0.031) and FVC
(r=-0.294; P=0.002).

CONCLUSION: Patients with CF have higher 7 than healthy
controls but the correlation of T with expiratory flow function
is modest.

espiratory failure constitutes the commonest cause of

death in patients with cystic fibrosis (CF). Although respi-
ratory failure in patients with CF primarily results from lower
airway and lung parenchyma failure, respiratory muscle dys-
function significantly contributes to the development and the
severity of the clinical picture. Respiratory muscle fatigue has
been attributed to lower airway obstruction (1), lung hyperin-
flation (2), malnutrition (3), and chronic respiratory infection
(4,5). Early recognition of respiratory muscle impairment may
allow timely application of strategies aimed at preserving the
functional integrity of the respiratory muscles, such as inspi-
ratory muscle training (6) and noninvasive ventilation (7).
Respiratory muscle dysfunction can be evaluated using a vari-
ety of measures, such as maximal respiratory pressures (8), the
tension-time index of respiratory muscles (9), diaphragmatic
electromyography (10), and inspiratory muscle endurance
during exercise (11). However, the majority of these measures

require the use of complex laboratory equipment and method-
ology and frequently involve invasive placement of catheters
or electrodes, or repeated maximal forced maneuvres, which
could be challenging for young or unwell patients with CE.

Evaluation of the time constant of muscle relaxation (7, tau)
may potentially be an alternative method for the assessment of
respiratory muscle fatigue in patients with CF, which can be
easily measured by portable manometry. The basic principle on
which the method is based is that when skeletal muscles con-
tract against increased external loads, their relaxation slows as
a result of ATP depletion (12). ATP depletion affects the func-
tion of the calcium pumps in the sarcoplasmic reticulum (13)
and results in slower calcium uptake by muscle fibers (14). In
terms of physical properties, fatigued muscle fibers take longer
to relax after contraction and this reduction in the relaxation
rate can be quantified by an increase in 7. Rising 7 values signal
worsening inspiratory muscle function and potentially future
respiratory failure.

7 has not been previously studied in patients with CF In the
current investigation, we hypothesized that: (i) patients with
CF have higher 7 than healthy controls; and (ii) 7is negatively
correlated with expiratory flow function (ie., spirometric)
indices and somatic muscular indices. A secondary objective
of this study was to assess whether 7can be utilized as a predic-
tor of future hospitalization(s).

RESULTS

Patients and Age Groups

During the study period, 53 subjects were recruited in the
study. The control group consisted of 53 healthy individuals
matched to patients for age and gender. Ages ranged from
7 to 34 y. Anthropometric, nutrition, pulmonary function
and respiratory muscle function data in the CF and control
groups, and relevant statistical comparisons are summarized
in Table 1. The two study groups did not differ in terms of
maximal inspiratory pressure (P, )

Effects of CF Status and Ageon

Values for 7 according to age and health status are summa-
rized in Table 2. Patients with CF had higher 7 than healthy
controls (P < 0.001), but the 7-11-y-old group did not dif-
fer from the 12-34-y-old group in terms of 7 (P > 0.05).
Application of the general linear model revealed that health
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Table 1. Anthropometric, nutrition, pulmonary function, and
respiratory muscle function data in the CF and the control groups

Healthy subjects Cystic fibrosis

n=53 n=53 Pvalue
Male gender (%) 31(58.5) 29(54.7) NS
Age, years 14(11-19.5) 14(11-19.5) NS
Height, cm 161(147-172) 156 (140-165) 0.045
Weight, kg 53 (43-64) 48 (35-59) NS
BMI, z-score 0.53(-0.411t00.93) 0.14(-0.63t00.72) NS
MAMC, cm 25.0(23.0-27.0) 22.0(19.0-24.5) <0.001
TST, mm 14(10-20) 12(9-15) 0.036
UAMA, mm? 3225(2664-4047) 2449 (1855-3257)  <0.001
FVC, z-score N/A -0.90(0.33t0-3.03) N/A
FVC, % predicted N/A 96 (72-111) N/A
FEVL z-score N/A -1.74 (-0.38t0-3.97) N/A
FEVL % predicted N/A 88(61-101) N/A
FEF, . z-score N/A -2.36(-0.02t0-4.05)  N/A
FEF,, ., % predicted N/A 52(29-85) N/A
RR 18(14-22) 18(15-23) NS
TV,L 0.605 (0.440-0.795) 0.460 (0.370-0.700) 0.025
P, CMH,0 86 (61-108) 74 (61-100) NS
T 117 (81-185) 253 (188-406) <0.001

Continuous data are presented as median (interquartile range).

FEF,. ., forced expiratory flow between 25 and 75% of vital capacity; FEV, forced
expiratory volumein 1s; FVC, forced vital capacity; MAMC, midarm-muscle-
circumference; RR, respiratory rate; TST, triceps-skinfold-thickness; TV, tidal volume;

UAMA, upper arm muscle area.

Table 2. Values of Tin younger children aged 7-11y and older
children and young adults aged 12-34y in the CF and the control
groups

Healthy subjects CF
Age7-11y; Age12-34y; Age7-11y; Age12-34
n=17 n=36 Pvalue n=17 y;n=36 Pvalue
T 92 130 0.053 229 284 0.223
(71-137) (94-211) (144-388) (204-407)

Data are presented as median (interquartile range).
CF, cystic fibrosis.

status (CF vs. non-CF) had a significant effect on 7 (P < 0.001;
Figure 1), but age group and the interaction of age group with
health status did not have significant effects (P = 0.10 and
P =0.71, respectively).

Effects of Anthropometric Characteristics, Nutritional Status,
Somatic Muscle Mass, and Spirometric Indiceson t

When the whole cohort was analyzed, there was no signifi-
cant relation between 7 and BMI z-score, upper arm muscle
area (UAMA), respiratory rate (RR), or tidal volume (TV).
When only the CF group was considered, there was a signifi-
cant negative relation between 7 and forced expiratory volume
in 1sec (FEV ) z-score (r = =0.205, P = 0.031) and between 7
and forced vital capacity (FVC) z-score (r = —0.294, P = 0.002)
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Figure 1. Time constant of relaxation of the inspiratory muscles after a
forced maximal inspiration (7) in health and in cystic fibrosis. Horizontal
lines represent the 5th, 25th, 50th, 75th, and 95th percentile of 7 values.
*P <0.001.

but not between 7and BMI z-score, UAMA, RR, TV, or forced
expiratory flow between 25 and 75% of vital capacity (FEF,, ).
High FEV , 7, and Risk for Future Hospitalization

During the 12 mo following respiratory measurements, 27
(50.9%) subjects were hospitalized at least once due to exac-
erbation of respiratory symptoms. Receiver operating char-
acteristic curve analysis to assess the performance of 7 in
predicting hospital admission produced an area under the
curve of 0.579. The 90th centile of 7in the control participants
was equal to 289 and this value was used to define 7as high or
low in participants with CE Twenty-one of 53 (39.6%) subjects
with CF had high 7 and there was no significant association
between presence of high 7 and future hospitalization (odds
ratio (OR) = 1.56 (95% confidence interval (CI): 0.80-3.04);
P = 0.186). Twenty-six (49.1%) of subjects with CF had low
FEV . Although low FEV  was associated with future hospital-
ization (OR = 2.48 (95% CI: 1.31-4.70); P = 0.002), there was
no effect of the interaction between 7and FEV, on the risk of
hospitalization (OR = 0.99 (95% CI: 0.99-1.01); P > 0.05).

DISCUSSION

We have demonstrated that patients with CF have higher 7 of
the inspiratory muscle relaxation after forced inspiration than
age- and sex-matched control subjects without lung disease.
Furthermore, we have found that in patients with CF the more
severe the airway obstruction the higher the 7 values or in
other words the slower the relaxation of inspiratory muscles
following a maximum inspiratory effort against an occluded
airway. However, this correlation was only modest, suggesting
that factors other than the severity of lower airway obstruction
may be important determinants of 7. Assessment of inspira-
tory muscle relaxation in patients with CF by measurement of
the time constant of relaxation has not been reported in the
literature previously.

Copyright © 2015 International Pediatric Research Foundation, Inc.
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Figure 2. Ln-transformed P, vs. time: Tis calculated from the lower 60%
portion of the curve when the decay is monoexponential (z= 1/slope).

When inspiratory muscle function was evaluated in subjects
without CF based on measurement of 7, increased values were
demonstrated following induced inspiratory muscle fatigue
(15-18). In agreement with 7 measurements in healthy par-
ticipants of the present cohort, T values in the range of 50-100
have been found in other reports, both pre- and postinduction
of fatigue (15,17,18). Of note, our subjects with CF had much
higher 7 values than healthy control participants, potentially
suggesting that these patients are at increased risk of inspira-
tory muscle fatigue and respiratory failure compared to the
general population.

Determinants of respiratory muscle compromise in CF have
been reported in detail (1-3,9,19,20). Airway obstruction
impacts on inspiratory muscle function by increasing the load
against which the respiratory muscles are forced to operate (1)
and hyperinflation places the respiratory muscles in mechanical
disadvantage (2). Moreover, malnutrition affects the diaphrag-
matic pressure-generating capacity (20), given that decreased
somatic muscle mass indices have been consistently associated
with decreased maximal respiratory pressures in CF patients
(3,9). Furthermore, chronic respiratory infection (5) and nutri-
tional deficiencies (19) might also be implicated in the patho-
physiology of respiratory muscle dysfunction in CE Our study
identified that FEV, and FVC were associated only modestly
with 7in CE The relatively modest association of 7 with FEV,
and FVC implies that high values of 7and possible respiratory
failure are determined by additional factors other than spirom-
etry. Thus, 7 might be conveying information that is not readily
available through other methods, and has the potential to fit an
unmet clinical need in managing patients with CE

Inspiratory muscle impairment in patients with CF has been
studied in the literature using maximal respiratory pressures
(8), diaphragmatic electromyography (10), the tension-time
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index of the respiratory muscles (2,3,9), and endurance test-
ing by breathing against increased external loads (11,21,22).
Although maximal respiratory pressures describe the pres-
sure-generating capacity of the respiratory muscles at a given
point of time, they would not be appropriate for the assess-
ment or prediction of respiratory muscle function over time
(14). surface diaphragmatic electromyography can be affected
appreciably by electrical “noise” from neighboring or underly-
ing muscle groups or by levels of subcutaneous fat. Moreover,
the noninvasive tension-time index of the respiratory muscles
has been explored in CF patients in a number of studies and
high values of TT_  have been reported, also indicating an
increased risk of inspiratory muscle fatigue and respiratory
failure (2,3,9). Unfortunately, measurement of the tension-
time index requires the utilization of pneumotachograph and
differential-pressure transducers, i.e., a technical setup which
is only found in specialized research laboratories. Direct mea-
surements of respiratory muscle endurance via breathing
against imposed external resistances would be a laborious task
for patients with CF who are already using an appreciable frac-
tion of their reserves to cope with everyday activity. Finally,
portable equipment can be used to assess respiratory muscle
function by measurement of the maximum relaxation rate
(23), an index whose utility might be questionable due to the
limited number of integer values that it attains in health and in
CF. For these reasons, we suggest that measurement of 7, for
the assessment of inspiratory muscle function in CF patients
has considerable advantages.

In terms of clinical applicability, measurement of 7 can be
easily performed at the bedside and in the community and
bears minimal running cost. Serial determination of 7, espe-
cially in patients with severe airway obstruction, could pos-
sibly allow timely implementation of therapeutic interventions
for unloading the respiratory muscles and increasing inspira-
tory muscle efficiency. Inspiratory muscle training (6), aerobic
exercise (24), and noninvasive ventilation (7) are good exam-
ples of such interventions. Respiratory failure in patients with
CF is the combined result of lower airway, lung parenchymal
and respiratory muscle dysfunction, making abnormal 7 val-
ues a plausible predictor of respiratory failure in these patients
(25). However, the specific values of 7 which would bear clini-
cal implications or predict fatigue of the inspiratory muscles,
respiratory failure and need for mechanical ventilation in CF
patients have not been studied in the literature so far.

Although increased 7 values would likely have a bearing on
severity of illness and probably aggressiveness of therapy at the
time of admission, in our cohort of patients with CF, high Twas
not a significant predictor of hospital admission due to exacer-
bation of respiratory symptoms. We propose that risk of hos-
pital admission might be determined not only by 7 values but
also by the interrelation of 7, nutritional status and expiratory
flow function as reflected by spirometric indices. In addition,
other processes including lung tissue damage and remodeling,
asynchronous and ineffective breathing patterns, and alveolar
recruitment may also contribute to respiratory failure in CE
Thus, further research should clarify the relative contribution
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of these factors in predicting hospital admission. For exam-
ple, further research in this field might aim in determining a
fatigue threshold for 7 via regression analysis of 7 against vali-
dated indices such as the tension-time index of the respiratory
muscles, for which a fatigue threshold has already been estab-
lished (26), or via measuring 7 in patients with impeding or
established respiratory failure prior to initiation of mechanical
ventilation. Additionally, future studies could further clarify
the effect of lung hyperinflation and chronic airway infection
onT.

In conclusion, this study has demonstrated slower relaxation
of inspiratory muscles in patients with CF relative to healthy
control subjects but a modest association of inspiratory mus-
cle dysfunction with the severity of lower airway obstruction.
Regular determination of 7 is feasible and could potentially
yield important information on the state of respiratory muscle
function longitudinally.

METHODS

Subjects

CF patients attending regularly the clinic at the Cystic Fibrosis Center
of the Aghia Sophia Children’s Hospital (Athens, Greece) were eligible
for recruitment from January until October 2010. The control group
consisted of healthy children and young adults without respiratory
problems matched for age and gender that were enrolled at the gen-
eral pediatrics outpatient clinics. CF diagnosis was based on positive
sweat chloride test (sweat chloride concentration > 60 mEq/l) and
expanded mutation analysis. Exclusion criteria for participation in
the study were: (i) acute exacerbation within 30 d prior to the assess-
ment; (ii) use of systemic corticosteroids; and (iii) inability to provide
reproducible flow-volume curves in spirometry. Height and weight
were measured and BMI z-score was calculated (27). UAMA was cal-
culated from the triceps-skinfold-thickness and the midarm-muscle-
circumference (28).

The study protocol was approved by the Aghia Sophia Children’s
Hospital Research Ethics Committee. Informed written consent
was obtained from all adult patients and all parents of children who
were <18 y of age. Consent was obtained from older children and
adolescents.

Maneuvers Performed by CF Patients and Control Participants

Following measurements of BMI and UAMA, all participants under-
went respiratory muscle testing. Testing was completed in the morn-
ing hours, with the subject in the sitting position and while wearing
a nose clip. During the evaluation, both CF patients and control sub-
jects were in stable clinical condition. RR and TV were measured with
a pneumotachograph (Mercury F100L, GM Instruments, Kilwinning,
Scotland) connected to a differential pressure transducer (DP45,
range + 3.5cm H,0O, Validyne, Northridge, CA). P, . was measured
from a side port on the pneumotachograph, using a differential pres-
sure transducer (DP45, range + 225cm H,O, Validyne). The signals
from the differential pressure transducers were amplified, using a car-
rier amplifier (Validyne CD 280, Validyne). The amplified signals were
recorded and displayed in real time on a computer running Labview
software (National Instruments, Austin, TX) with analog-to-digital
sampling at 100 Hz (16-bit NI PCI-6036E, National Instruments).

T was assessed using a handheld respiratory manometer
(MicroRPM, CareFusion, San Diego, CA). Each subject performed at
least three reproducible maximal inspiratory maneuvres, followed by
normal quiet expiration, during which inspiratory muscle relaxation
was assessed. P, was measured while performing a maximal inspi-
ratory effort from residual volume against an occluded airway. The
occlusions were performed with a unidirectional valve (Intersurgical,
Berkshire, UK) connected to the mouthpiece (total dead-space 8 ml).
Care was taken to eliminate any leak around the mouthpiece; a
small circuit leak allowed for avoidance of glottic closure (14). Only
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maximal pressure maneuvres with plateau pressure of at least 1 s were
accepted for subsequent analysis (14). In addition to respiratory mus-
cle testing, patients with CF underwent spirometry according to the
European Respiratory Society guidelines (MasterScreen Pulmonary
Function Analyzer; Jager AG, Wurzburg, Germany) (29).

Calculation of T

7 was assessed after maximal inspiration against an occluded airway
performed as described above, using the PUMA PC analysis software
(Carefusion). 7is a unitless variable and is equal to the reciprocal of
the slope of the In-transformed pressure decline as a function of time
at the lower 60% part of the curve (Figure 2). The slope is defined as
the limiting ratio of the logarithmic pressure difference between two
different times over the time interval separating these two instances.
It is equal to the tangent of the angle that the tangent to the graph
makes with the horizontal time axis. At the lower part of the curve,
the pressure decay is monoexponential and the trace follows a straight
line (14). The PUMA software automatically traced and selected the
slope, and 7 was expressed in absolute values. Only those pressure
traces with smooth pressure decay were studied. For each subject, the
mean 7 value of at least three maximal reproducible maneuvres was
recorded.

Spirometry

FEV,, FEF, and FVC were measured in patients with CE
Spirometric indices were expressed as z-scores (30). Spirometry was
completed without administration of a bronchodilator.

Primary and Secondary Outcome Measures and Explanatory
Variables of the Study

Twas the primary outcome measure of the study. Health status (CF vs.
non-CF), age, BMI z-score, UAMA, RR, TV, FEV, FEF and FVC
were explanatory variables that were assessed for their potential effect
on the primary outcome measure. Patients with CF were followed for
1 y after completion of measurements to record hospitalizations due
to respiratory symptom exacerbation according to the clinical impres-
sion of the CF attending physician. Subsequently, T was evaluated as
predictor of at least 1 hospitalization for respiratory symptom exacer-
bation during the 12 mo following respiratory muscle testing.

Sample Size Calculation

The sample size calculation was based on the assumption that a differ-
ence in 7between CF patients and controls equal to 26 was clinically
significant (15). The SD obtained from pilot data collection was equal
to 30. The required sample size to detect an increase in 7 of 26 with
95% power at the 1% level of statistical significance was 48 subjects in
each study group.

Data Analysis

CF subjects and controls were compared regarding anthropometrics,
somatic muscle indices, P, 7, and breathing cycle components.
Data were tested for normalaity with the Kolmogorov-Smirnoft test
and by visual inspection of their distribution curves. Differences
between the two study groups or between younger (7-11-y old) and
older participants (12-34-y old) were tested for significance using the
Mann-Witney rank sum test or y” test, as appropriate. Since younger
children have significantly different respiratory muscle function
than older children and young adults (9), a general linear model was
applied to evaluate the possible effect of: (i) health status (CF diagno-
sis vs. non-CF); (ii) age group (7-11 y of age vs. 12-34 y of age); and
(iii) the interaction of health status with age, on 7. Kendall-tau rank
correlation coefficient was used to examine the relationship of 7 with
BMI z-score, UAMA, RR, and TV in both patients with CF and con-
trol participants. For CF patients only, the correlations of 7 with FVC
z-score, FEV, z-score, and FEF,, __ z-score were also assessed.

The performance of Tin predzicting hospital admission due to respi-
ratory exacerbation was assessed by receiver operating characteris-
tic curve analysis. FEV, z-score >1.64 was considered normal and
<1.64 was defined as low (30). In addition, the 90th centile of 7 in
the control participants was used as cut-off value to define 7 in CF
patients as high or low. OR and the corresponding 95% CI for at least
1 hospitalization due to respiratory symptoms exacerbation occurring
over the year following respiratory measurements in CF subjects with

Copyright © 2015 International Pediatric Research Foundation, Inc.
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high vs. low 7 was calculated (univariate logistic regression analysis).
Multivariable logistic regression analysis was carried out to explore
the effects of FEV | z-score and the interaction between FEV | z-score
and 7 on the risk of hospitalization. P values less than 0.05 were con-
sidered significant. Statistical analysis was performed using SPSS 17.0
(SPSS, Chicago IL).
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