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Abstract

Background: Tidal expiratory flow limitation (tEFL) is defined as absence of
increase in air flow during forced expiration compared to tidal breathing and
is related to dyspnea at rest and minimal exertion in patients with chronic
airflow limitation (CAL). Tidal EFL has not been expressed as a continuous
variable (0% - 100%) in previous analyses. Objective: To relate the magni-
tude of tEFL to spirometric values and Modified Medical Research Council
(MMRC) score and Asthma Control Test (ACT). Methods: Tidal EFL was
computed as percent of the tidal volume (0% - 100%) spanned (intersected)
by the forced expiratory-volume curve. Results: Of 353 patients screened, 192
(114 M, 78 F) patients (136 with COPD, 56 with asthma) had CAL. Overall
characteristics: (mean + SD) age 59 * 11 years, BMI 28 + 7, FVC (% pred) 85
+ 20, FEV1 (% pred) 66 + 21, FEV1/FVC 55% + 10%, RV (% pred) 147 + 42.
Tidal EFL in patients with tEFL was 53% + 39%. Using univariate analysis,
strongest correlations were between tEFL and FVC and between tEFL and RV
in patients with BMI < 30 kg/m?. In patients with nonreversible CAL, tEFL
was positively associated with increasing MMRC, negatively with spirometric
measurements, and positively with RV/TLC. In asthmatics, ACT scores were
higher in patients with mean BMI > 28 kg/m?* (p < 0.00014) and RV/TLC
values > 40% (p < 0.03). Conclusions: Dyspnea is strongly associated with
tEFL and lung function, particularly in patients with nonreversible CAL. Air
trapping and BMI contribute to tEFL.
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1. Introduction

Tidal expiratory flow limitation (tEFL) is defined as absence of increase in air
flow during forced expiration effort compared to tidal breathing and correlates
with dyspnea at rest better than it does with FEV, [1] [2] [3]. Tidal EFL is also
closely associated with dynamic hyperinflation in patients with chronic airflow
limitation [3] [4] and increased ventilatory demand which potentially stresses
cardiopulmonary reserves in patients with advanced airflow limitation [5]. Symp-
toms of chronic dyspnea vary, however, in patients with similar levels of airflow
limitation as assessed by spirometry. In particular, FEV, has been found to have
a weak correlation with dyspnea [3] [4] while assessment of tEFL has been shown
to associate closely with dyspnea [3] [4].

Tidal EFL was first described as part of the evaluation of forced expiratory
flow-volume (FEFV) curves in the 1960’s [6] [7]; subsequent research has shown
this approach to be unreliable because of variability in static lung recoil and air-
way resistance following a deep inspiration, and time-dependent lung emptying
and viscoelastic forces in the lung [1]. A simple method to detect tEFL, the nega-
tive expiratory pressure (NEP) technique, developed in the mid-1990s by Kou-
louris and colleagues [2], avoids certain technical challenges of the FEFV curve.
However, NEP requires specialized equipment for recording (not commercially
available) and requires steady quiet breathing which is sometimes not possible
because of subject anxiety. The operator of the testing apparatus has to remain
hidden in order to avoid cortical input that might alter the subject’s breathing
pattern. Meanwhile, analysis of the forced expiratory flow-volume curve as part
of spirometry remains the standard by which respiratory function and impair-
ment are assessed in community and academic settings. Assessment of the mag-
nitude of tEFL using the FEFV would provide additional evidence for its associa-
tion with dyspnea. We are not aware of any quantitative analysis of association
of the FEFV-generated tEFL with commonly used indices of dyspnea in patients
with nonreversible and reversible airflow limitation.

The purpose of this study was to evaluate 1) the relationship of dyspnea in pa-
tients with nonreversible airflow limitation, as assessed by the modified Medical
Council Dyspnea (MMRC) scale, and in reversible airway disease as assessed by
the Asthma Control test (ACT), to tEFL as assessed by the conventional FEFV
curve, 2) the relation of magnitude of tEFL to spirometric values and degree of
air trapping, and 3) discuss how technical limitations of the FEFV maneuver might

influence the findings. We analyzed tEFL as a continuous variable encompassing
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the tidal curve from 0% to 100% rather than dividing it into discreet compart-

ments or just indicating whether it was present or not.

2. Patients and Methods

Retrospective analysis was conducted on data collected at Los Angeles County +
University Southern California Medical Center, a 600-bed tertiary care center.
The investigation was approved by the institutional review board of the USC
Health Sciences Center (HS-17-00120). Patients with chronic airflow limitation
included those with nonreversible chronic obstructive pulmonary disease (em-
physema and chronic bronchitis), asthma and bronchiectasis. Patients with a
post-bronchodilator ratio of forced expiratory volume at one second (FEV,) to
forced vital capacity (FVC) less than 0.7 met the American Thoracic Society (ATS)
definition for chronic obstructive pulmonary disease (COPD) [8]. Those with a
12% and absolute increase in 200 mL or greater in FEV, or FVC following bron-
chodilator were classified as having asthma or reversible airway disease. Patients
with bronchiectasis (confirmed by characteristic imaging features) without re-
sponse to bronchodilator were classified under the nonreversible category; if they
exhibited an appropriate response they were included in the reversible airway
category. Patients with non-obstructive or infiltrative respiratory diseases, chest
wall and neuromuscular disorders, left ventricular heart failure, and those una-
ble to perform lung function testing according to ATS guidelines were excluded
from analysis.

Pulmonary function testing was performed in adults (age > 18 years) between
June 2011 and January 2019. Testing consisted of spirometry, lung volumes by
body plethysmography, and single-breath diffusion capacity (D.CO) measured in
seated position according to ATS guidelines [8]. Predicted values for spirometric
indices, lung volumes and single-breath carbon monoxide diffusion capacity
were from Crapo and Morris [9] [10]. Dyspnea in patients with nonreversible
airflow limitation was graded according to the modified Medical Research Council
MMRC scale [11]. Severity of COPD was graded based on GOLD 2017 staging
[12]. Symptoms in patients with asthma were graded using the ACT score [13].

2.1. Tidal Expiratory Flow Limitation

Patients were instructed to breathe quietly for 5 minutes or until the tidal vo-
lume remained steady (not more than 10% variation). After performing a maxi-
mal inspiration to total lung capacity followed by an immediate expiration, spi-
rometric maneuvers were performed as per ATS guidelines [14]. Only FEFV
curves with sharp peak flows were accepted for analysis. The immediately pre-
ceding tidal flow-volume curve and the corresponding forced expiratory flow-
volume curve were overlaid and the portion of the flow-volume loop where there
was no appreciable increase in expiratory flow was considered as flow-limited
(Figure 1). Tidal EFL was computed as percent of the tidal volume (0% - 100%)

spanned (intersected) by the forced expiratory-volume curve. (ref. [15], Figure 1).
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Figure 1. Intersection of the maximal forced expiratory flow-volume curve (MFVL) with
the tidal volume (VT) curve. tEFL (%) is computed as (VFL/VT) * 100. EILV, end-inspi-
ratory lung volume; EELV, end-expiratory lung volume; ERV, expiratory reserve volume;
IRV, inspiratory reserve volume; IC, inspiratory capacity; VFL, flow-limited volume; RV,
residual volume; TLC, total lung capacity. Diagram from ref. [15].

2.2. Statistical Analysis

Continuous variables were expressed as means and SD or medians (range), de-
pending on normality of distribution. Spearman correlations were used to assess
associations between lung function, MMRC and ACT score [16]. Differences
amongst physiologic variables based on MMRC and ACT scores were assessed
using analysis of variance (ANOVA) controlled for age, gender and BMI with
Bonferroni correction. Separate correlation analyses were conducted for patients
with BMI = 30 mg/kg? and those with BMI < 30 kg/m* A p < 0.05 was taken as

indicating significant differences amongst cohorts.

3. Results

Data for 353 patients were screened, of which 192 fulfilled criteria for analysis;
59% were male. For the entire cohort, overall mean + SD age and BMI was 59 +
11 years and 28 + 7 kg/m?, respectively. Seventy patients were current, 68 were
former, and 54 were never smokers. Mean (+SD) FEV,, FVC, FEV,/FVC, RV,
slow VC, and RV/TLC, was 66% * 21% predicted, 85% + 20% predicted, 55% +
10%, 147% + 42% predicted, 87% + 20% predicted, and 48% + 11%, respectively.

3.1. Relation of MMRC to BMI, tEFL, Lung Function in Patients
with Nonreversible Chronic Airflow Limitation

Of the 192 patients, 136 were diagnosed with nonreversible chronic airflow li-
mitation and 56 with asthma (airflow limitation with reversibility). BMI pro-
gressively increased with MMRC (Table 1); mean BMI was highest in the group
exhibiting MMRC 4 (30 kg/m?, p < 0.0001). As can be seen in Table 1, a pro-
gressive increase in the number of patients with each MMRC score is noted in
just the GOLD D patients. By contrast, no patients in GOLD A had MMRC

scores of 3 or 4.

DOI: 10.4236/0jrd.2021.113009

94 Open Journal of Respiratory Diseases


https://doi.org/10.4236/ojrd.2021.113009

B. Pengetal.

Table 1. Anthropometric and physiologic characteristics of 136 patients with nonreversible chronic airflow limitation.

MMRC 0 MMRC 1 MMRC 2 MMRC 3 MMRC 4 p-value
N (total = 136) 11 12 16 44 53
Age 6111 65+ 10 61+6 63+10 60 £ 19 0.79
Sex, M (%) 55 75 56 73 62 0.40
BMI (kg/m?) 24+5 23+3 29+5 26+6 30+9 5.7E-07
GOLD A (n, %) 5 (45.5) 3(25) 2 (12.5) 0 0
GOLD B (n, %) 5 (45.5) 8 (66.7) 11 (68.5) 17 (38.6) 2(3.8)
GOLD C (n, %) 1(9) 0 2(12.5) 17 (38.6) 8 (15.1)
GOLD D (n, %) 0 1(8.3) 1(6.5) 10 (22.7) 43 (81.1)
tEFL (%) 0(0 - 65) 43.0 (0 - 76.8) 81.1 (62.1 - 100) 56 (0 - 81) 83 (56 - 100) 0.02
FEV1 (% pred) 82+ 21 72+ 16 56 + 16 64 %20 52 420 1.9E-13
FVC (% pred) 103 + 18 91+ 15 76 + 16 83 +17 73 +22 3.0E-08
FEV1/EVC (%) 57+9 56+ 9 53+ 10 54+ 10 51411 1.9E-06
TLC (% pred) 115 + 14 112+ 16 107 + 15 112+ 19 105 + 19 0.37
FRC (% pred) 122 + 23 124 + 25 119+ 30 128 + 27 128 + 32 0.52
Slow VC (% pred) 104+ 17 95+ 16 80 + 13 85+ 18 76 £ 19 5.0E-07
RV (% pred) 129 + 40 136 + 34 149 + 43 150 + 46 155 + 45 0.0052
FRC/TLC (%) 61+9 64+7 62+9 65+ 8 66+ 9 0.54
RV/TLC (%) 41+ 11 45+9 50+9 49+ 10 53+ 10 3.8E-06
IC (% pred) 103 + 19 91+19 90 £ 19 88 +21 81+ 23 0.18
IC/TLC (%) 41£10 36+7 38+9 35+8 3549 0.54
DLCO (% pred) 92+19 84+ 13 77 (72 - 101) 76 + 21 60 + 24 0.0017

Values are means (+SD) or medians (range). BMI, body mass index; tEFL, tidal expiratory flow limitation. FEV1, forced expiratory volume in one second;
FVC, forced vital capacity; TLC, total lung capacity; FRC, functional residual capacity; slow VC, slow vital capacity; RV, residual volume; IC, inspiratory
capacity; DLCO, single breath carbon monoxide diffusion capacity.

Tidal EFL was present in 113 (83%) patients with nonreversible airflow limita-
tion and 36 (64%) with asthma. Median values for tEFL in nonreversible patients
increased rapidly from MMRC 0 to MMRC 2, dipped slightly at MMRC 3, and
reached a maximal value (mean 83%) at MMRC 4 (p = 0.02, Table 1). FEV,,
FVC, FEV/FVC and slow VC decreased progressively (all significant differences
at p < 0.001) while RV/TLC increased steadily up to MMRC 3, then more slowly,
reaching a peak at MMRC 5 (p < 0.001). There were insignificant decreases in IC
and IC/TLC as MMRC increased, while no significant differences in FRC and
TLC amongst MMRC scores were noted. Finally, DLCO exhibited a decline of
35% with MMRC progression from 0 to 4 (p = 0.0017).

Multivariate regression analysis between lung function values, anthropomor-
phic data, and MMRC score showed that the single most closely associated vari-
able with tEFL was FEV, (r? = 0.33, p = 1.95E-13, followed by FVC (r* = 0.21, p
= 2.97E-08) and RV/TLC (r* = 0.15, p = 3.84E—06).
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Figures 2-4 show the significant correlations between tEFL and FEV,, FVC
and FEV/FVC (all associations at p < 0.0001). Figure 5 and Figure 6 also show
close associations between tEFL and RV and RV/TLC although the associations
were 2 to 7 orders of magnitude less than for FEV, and FVC.
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Figure 2. Relation between tidal expiratory flow limitation and FEV in 136 patients with
nonreversible chronic airflow limitation.
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Figure 3. Relation between tidal expiratory flow limitation and FVC in 136 patients with
nonreversible chronic airflow limitation.
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Figure 4. Relation between tidal expiratory flow limitation and FEV1/FVC in 136 patients
with nonreversible chronic airflow limitation.
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Figure 5. Relation between tidal expiratory flow limitation and RV in 136 patients with
nonreversible chronic airflow limitation.
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Figure 6. Relation between tidal expiratory flow limitation and RV/TLC in 136 patients
with nonreversible chronic airflow limitation.

3.2. Relation of ACT Score to BMI, Lung Function and tEFL in
Asthma Patients

Table 2 shows the same variables listed according to ACT score in 56 patients
with asthma; ACT scores were subdivided into segments of 5. Only 2 patients
reported no or minimal symptoms with exertion. Amongst lung function va-
riables, only the RV/TLC exhibited significant differences amongst cohorts (p <
0.03, Figure 7). Associations between tEFL and spirometric values were not sta-
tistically significant. ACT scores were higher in patients with mean BMI > 28
kg/m? (p < 0.00014) and RV/TLC values > 40% (p < 0.03). Despite the increase
in air trapping, IC and IC/TLC did not change significantly over the range of
ACT scores.

4. Discussion

The main findings in this study are that: 1) in patients with chronic nonreversi-
ble airflow limitation, tEFL was associated most closely with FEV,, FEV/FVC,
FVC, slow VC, RV and RV/TLGC, 2) in these patients, tEFL increased as MMRC
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Figure 7. Relation between tidal expiratory flow limitation and RV/TLC in 55 patients
with asthma.

Table 2. Anthropometric and physiologic characteristics of 56 patients with asthma.

ACT score 0-5 6-10 11-15 16 - 20 21-25 p-value
N (total = 56) 2 19 10 10 15

Age (yr) 49+2 49 + 14 58 +10 58 +12 54+8 0.11
Sex, M (%) 50 47 20 60 47 0.99

BMI (kg/m?) 25+0.6 2846 29+5 2846 2947 0.00014
tEFL (%) 50 +50 38(0-92.3) 49.5(0-84.8) 28(0-82) 25(0-71) 0.23
FEV1 (% pred) 73£9 75 %16 76 £11 85+21 77 £13 0.26
FVC (% pred) 84+ 15 95+17 98 £ 15 103+18 96+14 0.16
FEV1/EVC (%) 66 + 4 60+8 57+6 60+8 60 £ 4 0.79
TLC (% pred) 91+ 16 113+ 12 116 + 19 113+9 115+ 13 0.46
FRC (% pred) 93 £21 121 + 24 128 + 27 123+17 125+27 0.55
Slow VC (% pred) 8713 94+ 17 95+ 14 102 + 22 96 £ 13 0.28
RV (% pred) 92+ 14 147 + 36 151 + 40 133+34 148+ 34 0.10
FRC/TLC (%) 55+3 5811 60+8 61+9 57+6 0.22
RV/TLC (%) 34+3 43+ 12 47+ 6 41+ 10 437 0.03
IC (% pred) 85+6 105 + 26 103 + 23 101 £27 108 £19 0.082
IC/TLC (%) 45+3 43 £11 40+ 8 39+9 43+6 0.22
DLCO (% pred) 103 103 + 21 92 +17 101 + 18 99 £23 0.10

Values represented same as in Table 1.

increased, 3) in patients with asthma, the ACT score was most closely associated
with air trapping and tEFL, but not other lung functions, and 4) in both groups,
BMI was associated with increase in perception of dyspnea and/or functional li-
mitation.

In patients with nonreversible flow limitation, the degree of tEFL was nega-

tively related to spirometric values, findings similar to other studies of COPD [2]
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[3] [4] [17], bronchiectasis [2] [4] and cystic fibrosis [18]; all of which employed
the NEP technique. Similarly, we found that hyperinflation, as reflected by in-
creases in RV and RV/TLC, was positively related to tEFL. We did not find an
association between IC (and IC/TLC) and tEFL, in part because of the opposing
effects of obesity which increased with MMRC in this group. In the studies of
Koulouris et al. [4] and Holland et al [18] IC was significantly reduced in the
presence of tEFL; in contrast to our study, however, BMI did not differ amongst
their seated non-tEFL and tEFL groups. Furthermore, hyperinflation is not just
dependent on presence of tEFL [19]. Other contributing factors include loss of
elastic recoil [20] [21], narrowing of upper and lower airways [22] [23], small

airway closure [24] and post-inspiratory diaphragmatic braking activity [25].

4.1. Critique of Use of the Forced Expiratory Flow-Volume Curve

One of the main criticisms of using the FEFV in the determination of tEFL has
been variability in lung volume history dependent on preceding deep inspira-
tions and time-dependent lung emptying and viscoelastic forces in the lung [1].
We attempted to maintain consistent the viscoelastic properties during respira-
tory by asking subjects to take in the deepest breath they could prior to rapid ex-
piration. Lung deflation occurs faster following rapid inflation as the elastic
energy stored in thoracic structures is greater with rapid rather than with slow
inspiration. This phenomenon was first described by Mortola et al [26] who
found that holding the breath after a maximal inspiration resulted in slower pas-
sive lung deflation. Eisaa ef al [27] and Guerin et al [28] confirmed this finding
in subsequent studies and explained it by noting that the elastic recoil pressures
of the lung and chest wall gradually decrease as a result stress relaxation.

In asthmatics, deep breathing is an effective means of reversing bronchocon-
striction [29] [30]. In an in vitro model of human airways, Lavoie et al [31]
found that reversal of bronchoconstriction depends on the degree of tidal ex-
pansion and is inversely related to the severity of bronchoconstriction. In our
asthmatic patients, we attempted to maintain consistent bronchial tone and reac-
tivity with maximal inspiration just prior to spirometric measurements; never-
theless these maneuvers did not prevent the heterogeneous distribution of lung
function over the range of ACT scores in contrast to the distribution of lung
function in COPD patients over the range of MMRC, suggesting that volume
history and viscoelastic properties have different effects in asthmatics as opposed
to emphysema and bronchiectasis which are characterized by parenchymal de-
struction.

Another criticism of using the FEFV curve has been the potential imprecision
of superimposing the tidal flow-volume curve within the FEFV, because such
alignment is made considering TLC as a fixed reference point [1] [2] [3]. We
made no such assumption realizing that lung volumes may change slightly de-
pending on volume and time history and viscoelastic properties. To ensure that

the tidal curve was consistently related to the FEFV, equipment was checked for
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leaks before testing began and subjects were monitored for maintaining a tight
mouth seal and nose clip during respiratory maneuvers. In short, we recognized
the finding of tEFL to be influenced by the very factors known to affect the
“concept of expiratory flow limitation” [32].

Tidal EFL was absent in only 23 (17%) patients with nonreversible airflow li-
mitation, and absent in 20 (36%) with asthma. The prevalence of tEFL in nonre-
versible FL patients was higher than others who used the NEP technique (36% -
59% in stable COPD patients) [2] [17] [18]. Similarly, while tEFL was less fre-
quent in our asthmatic patients than in patients with nonreversible airflow limi-
tation, it was more prevalent than in another study of asthma that employed the
NEP technique. Boczkowski et al. [33] reported that 6 of 13 (46%) asthmatic pa-
tients not exhibiting tEFL with the NEP technique would have been considered
as having EFL by the FEFV method (ref. [33], Table 5). By contrast Filippelli et
al. [34], using partial FEFV curves, found that half of their asthmatic patients
exhibited tEFL, closer to our patients’ prevalence of tEFL (64%). Again, differ-
ences can be attributed to volume and time history and time-constant inequali-
ties within the lung [33] [35].

4.2. Relation of Symptoms to Lung Function and tEFL

One hundred twenty five (92%) of patients with nonreversible airflow limitation
exhibited MMRC values of I or greater, with 98 patients (72%) exhibiting a mean
tEFL of 70%. RV/TLC increased with higher MMRC scores in patients with
nonreversible airflow limitation. This finding was also present in asthmatics al-
though increases in RV and RV/TLC were not as consistent as their ACT score
increased. The more progressive increase in lung volume in nonreversible COPD
patients can again be explained in part by the loss of elastic recoil in these pa-
tients in contrast to the variable effects of tidal stretching on airway caliber in
asthma. Furthermore, variability in airway caliber in asthmatic patients (in part
related to airway remodeling) would result in fluctuating degrees of air trapping
and dyspnea. Even though RV/TLC was significantly different amongst ACT
cohorts, Table 1 shows that the ratio varied amongst cohorts, and only in ACT 0
- 5 was RV/TLC was lowest at 34% (only 2 patients in this subcohort). Taking
deep breaths just prior to performing spirometry was an attempt to make more
consistent the lung history, but this maneuver is likely to have a more predicta-
ble effect in patients with COPD than in asthma.

4.3. Effects of Obesity

In general, as gas trapping increases, IC is expected to decrease with increasing
tEFL. We did not find this to be the case, most likely because of the counteract-
ing effect of obesity displacing the diaphragm more cephalad, thereby reducing
the end-expiratory lung volume from its hyperinflated state. Use of the FEFV
curve avoids a potential error associated with the negative expiratory pressure

technique in obese patients: upper airway collapse and a false comparison with
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the immediately previous control spontaneous tidal expiration [36] [37]. As an
alternative method, Ninane and colleagues [38] described the use of manual com-
pression of the abdominal wall to demonstrate flow limitation during spontane-
ous breathing in different body positions in healthy subjects and patients with
COPD. Despite the inherent caveats of the forced expiratory flow-volume curve,
we nevertheless found that dyspnea worsened as air trapping increased, particu-
larly in individuals with nonreversible airflow limitation.

There were limitations to our study. By employing spirometry instead of the
body box to measure flow and volume, compression artifacts likely resulted in
underestimation of the true maximal airflow and therefore an increase in the
prevalence of tEFL [39]. This error would be magnified with increase in RV and
airflow resistance. Therefore in patients with chronic airflow limitation under-
going spirometry, the error in measured expiratory flow at (for example) 50%
VC could amount to as much as 50%, depending on the degree of air trapping
(ref. [39], Figure 4). This would have contributed to the overestimation of tEFL
in our patients. Plethysmography, however, has its own limitations. Gas com-
pression is reduced at lower lung volumes in airflow limitation. Furthermore,
with severe airway obstruction, FRC and RV can be overestimated because of a
lag in transmission of alveolar pressure to the mouth [40] [41] and compliance
of the upper airway [42] during panting. Finally, obesity causes a reduction in
expiratory reserve volume and a shift of the tidal curve towards RV, resulting in

a reduction of this error by promoting tEFL.

5. Conclusion

Dyspnea is closely associated with tEFL, spirometric values and hyperinflation,
particularly in patients with nonreversible airflow limitation. In patients with
asthma, tEFL does not change significantly as ACT score increases, likely be-
cause of opposing effects of obesity and variability in airway remodeling. Air
trapping and a BMI of <30 kg/m? are strongly associated with expiratory flow
limitation in patients with both reversible and chronic airflow limitation. Tidal
EFL is of higher prevalence using the FEFV curve than historical values of tEFL
using the negative expiratory pressure technique mainly because of volume and
time history and volume inequalities within the lung. Nevertheless, while the
magnitude and frequency of tEFL are greater with FEFV, relationships between
tEFL, symptoms and lung function are similar to those obtained by the negative

expiratory pressure technique.
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