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Background: The two most common symptoms associated with COVID-19 are dyspnea and fatigue. One pos-
sible cause of such symptoms may be inspiratory muscle weakness.
Objectives: The purpose of this study was to examine inspiratory muscle performance (IMP) from intensive
care unit discharge (ICUD) to hospital discharge (HD) in patients with COVID-19 hypothesizing that IMP
would be markedly depressed at both ICUD and HD.
Methods: IMP was examined at ICUD and HD via the PrO2 device (PrO2 Health, Smithfield, RI) which pro-
vided the maximal inspiratory pressure (MIP), sustained MIP (SMIP), inspiratory duration (ID), and fatigue
index test (FIT). Patient symptoms were assessed at ICUD, HD, and 1-month post-HD.
Results: 30 patients (19 men, 11 women) with COVID-19 were included. The mean+SD age, BMI, and length
of ICU and hospital stay was 7111 yrs, 27.9 &+ 6.3 kg/m, 9 £ 6 days, and 26416 days, respectively. The
mean=+SD MIP, SMIP, ID, and FIT of the entire cohort at ICUD vs HD were 36+21 vs 40+20 cm H20, 231+
157 vs 297+182 PTU, 8.8 + 4.2 vs 9.5 + 4.6 5, and 9.0 & 9.4 vs 13.1 £ 12.3, respectively, with only SMIP and
FIT significantly greater at HD (p=.006 and 0.03, respectively). SMIP at HD was significantly related to resting
dyspnea at HD (r=-0.40; p=.02). The SMIP and FIT of men were found to increase significantly from ICUD to
HD, but no measure of IMP in the women increased significantly from ICUD to HD. At least one COVID-19-
related symptom was present 1 month after HD with the most persistent symptoms being fatigue, cough,
and dyspnea in 47%, 40%, and 37% of the patients, respectively.
Conclusions: A significant reduction in IMP exists in patients with COVID-19 at both ICUD and HD and no
measure of IMP in women was observed to increase significantly from ICUD to HD. Impaired inspiratory mus-
cle endurance rather than strength was associated with greater dyspnea at HD.
© 2023 The Author(s). Published by Elsevier Inc. This is an open access article under the CC BY-NC-ND license
(http://creativecommons.org/licenses/by-nc-nd/4.0/)

Introduction

The two most common symptoms associated with acute and post-

Abbreviations: BMI, body mass index; CCI, Charlson Comorbidity Index; COPD,
chronic obstructive pulmonary disease; FIT, fatigue index test; HADS, hospital anxiety
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care unit discharge; ID, inspiratory duration; IMP, inspiratory muscle performance;
IMT, inspiratory muscle training; MIP, maximal inspiratory pressure; RV, residual vol-
ume; SMIP, sustained maximal inspiratory pressure; SRHS, self-reported health status;
TIRE, Test of Incremental Respiratory Endurance; TLC, total lung capacity; ICC, intra-
class correlation coefficient
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COVID-19 are dyspnea and fatigue,' with one possible cause of such
symptoms being inspiratory muscle dysfunction. Pathological
changes in the diaphragm of COVID-19 patient’s post-mortum have
been reported and include increased expression of genes involved in
fibrosis and histological evidence of fibrosis which was not observed
in controls without COVID-19 receiving a similar duration of mechan-
ical ventilation and intensive care unit (ICU) length of stay.” Further-
more, 76% of survivors from severe COVID-19 were observed to have
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Fig. 1. The pressure-time curve generated using the TIRE protocol (a). The time (d) and
area covered to inspire a mass of 500 ml of air (b) is compared to the total inspiratory
duration (e) and total area covered (c) over the entire maneuver. The FIT score is there-
fore calculated as (total area x total time) | (areaspom x timesgomi), With higher FIT
scores indicating less susceptibility to inspiratory muscle fatigue.

impaired diaphragm contractility and 20% demonstrated diaphrag-
matic atrophy.>*

Several studies have reported on the effects of COVID-19 on
the inspiratory muscles of which most have found decreased
inspiratory muscle strength. In one study, 7 COVID-19 ICU survi-
vors had a maximal inspiratory pressure (MIP) that was 42% of
the predicted value while survivors of the general ward had MIP
values that were 87% of the predicted values.” Two other studies
examined MIP after hospital discharge for COVID-19 with both
studies finding marked inspiratory muscle weakness (all subjects
in one study had a MIP that was less than —25 cm H,0 and in
the other study a MIP percent of predicted value of 65% was
observed).%” Thus, in view of the limited available literature that
has examined MIP in patients with COVID-19, inspiratory muscle
strength appears to be impaired.> ® However, none of the above
studies have longitudinally examined MIP in the same
patients prior to discharge from the ICU and after recovering in
the general ward prior to discharge from the hospital. Also of
note is that none of the above studies examined inspiratory mus-
cle endurance which may also be impaired in patients with
COVID-19.

The novel Test of Incremental Respiratory Endurance (TIRE)
includes the measurement of MIP as well as several other measures
that provides a comprehensive assessment of inspiratory muscle
strength, endurance, work, and propensity to fatigue. Fig. 1 provides
a graphic depiction of the measurements obtained during TIRE test-
ing via the PrO2 device in which the MIP, sustained maximal inspira-
tory pressure (SMIP), inspiratory duration (ID), and the fatigue-index
test (FIT) are highlighted and Table 1 provides a description of the

Table 1

above TIRE measurements. The above measures provide a more
global assessment of IMP than MIP alone in apparently healthy indi-
viduals and in a variety of patient populations including chronic
obstructive pulmonary disease (COPD), heart failure, and spinal cord
injury.°~'* In fact, in both COPD and heart failure the SMIP rather
than MIP more accurately captures the pathophysiological manifesta-
tions of disease, and in heart failure the ID was more highly corre-
lated to peak oxygen consumption than MIP (r = 0.65 versus
0.50).°~ 12

In view of the limited literature examining IMP in a longitudinal
manner in patients with COVID-19, we sought to investigate the
change in IMP from the ICU to hospital discharge using the TIRE
method to better understand the natural progression of COVID-19 on
IMP in hospitalized patients. We also report on the symptoms
patients with COVID-19 experienced during hospitalization and 1-
month after hospital discharge.

Methods
Study subjects

Subjects were consecutively recruited from the COVID-19 ICU at
the University Hospital Brno and were included if they met the fol-
lowing criteria: (a) hospitalized in the ICU for at least two days with
RT-PCR-confirmed COVID-19, (b) ability to perform the required
inspiratory maneuvers and physical tests. Demographic and other
patient characteristics were obtained from patient records and
included age, height, weight, body mass index (BMI), smoking status,
self-reported health status (SRHS) prior to COVID-19, Charlson
Comorbidity Index (CCI), and COVID-19 severity. SRHS was coded as
1, 2, and 3 for good, moderate, and poor health, respectively, which is
a commonly used method and has been found to be a good to very
good surrogate measure of many health indices such as medical con-
ditions, physical activity, and disability'>'® as well as respiratory
muscle performance'” and mortality.'®'° The CCI is a commonly
used instrument to capture comorbidity impact and has been found
to have good to very good reliability and validity.”° COVID-19 sever-
ity was categorized as mild (patients with COVID-19 not requiring
hospitalization), moderate (with or without signs of pneumonia with
an oxygen saturation > 90% on room air), severe (clinical signs of
pneumonia with one or more of the following: respiratory rate >
30 breaths/min, severe respiratory distress, or oxygen saturation <
90% on room air), and critical (presence of ARDS) using methods pre-
viously found to be valid and reliable.’! Written informed consent
was obtained from all subjects. The University Hospital Brno Ethics
Committee approved all procedures (04—101,121/EK).

Measurements obtained from the Test of Incremental Respiratory Endurance (TIRE) via the PrO2 device.

Measurements” Measurement Properties

Clinical Significance

Maximal Inspiratory Pressure (MIP)

Maximal inspiratory pressure obtained fromRVat1-2s

Common measure of inspiratory muscle strength

of inspiration measured in cm H,0 with greater values
associated with greater inspiratory muscle strength

Sustained Maximal Inspiratory Pressure (SMIP)

Inspiratory Duration (ID)

Fatigue-Index Test (FIT)

Inspiratory pressure throughout inspiration from RV to
TLC measured in PTU with greater values associated
with greater single-breath inspiratory work capacity

Duration of inspiration from RV to TLC measured in sec-
onds with greater ID associated with greater inspira-
tory endurance

Combined ratio measure of MIP, SMIP, and slope of SMIP
without a unit of measure with higher values associ-
ated with less propensity to fatigue

New measure of single-breath inspiratory work capacity
(area under the curve) incorporating measures of
strength and endurance

Surrogate measure of inspiratory endurance

Measures the propensity to fatigue similar to the tension-
time index.

RV=residual volume, TLC=total lung capacity, PTU=pressure time units.
* Measurements are obtained through a 2 mm hole within the mouthpiece of the PrO2 device.
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Measurements

IMP was examined at ICU discharge (ICUD) and hospital discharge
(HD) using the TIRE method via the PrO2device (PrO2 Health, Inc.,
Smithfield, RI) which provided MIP, SMIP, ID, and FIT. IMP was mea-
sured using American Thoracic Society Guidelines for MIP and SMIP
and both were obtained from residual volume (RV) with MIP mea-
sured at 1-2 s of inspiration and SMIP measured at total lung capac-
ity (TLC). ID and FIT were measured from RV to TLC. All IMP measures
were compared to PrO2 normative values to obtain% of predicted val-
ues.”” The PrO2 device has an operating pressure of + 400 cm H,0,
resolution of 1 cm H,0, and accuracy of + 1% with measurements
obtained through a 2 mm hole within the mouthpiece to prevent use
of the buccinator muscles. The PrO2 device has excellent reliability
(ICC range of 0.975 to 0.994 for its outcome measures) as well as
known-groups and convergent validity.?*

CT scans of the lungs were performed to determine the percent-
age of lung involvement due to COVID-19 using the Philips Intelli-
Space Portal. Data on medications, mechanical ventilation, length of
mechanical ventilation, length of ICU stay, length of hospitalization,
and mental health using the Hospital Anxiety and Depression Scale
(HADS) were obtained. The HADS has very good to excellent reliabil-
ity with Cronbach alpha values from 0.84 to 0.93 in patients similar
to those in our study and good to very good validity when compared
to other anxiety and depression measures with correlation coeffi-
cients ranging 0.49 to 0.83.>*?° Examination of patient symptoms
was performed at ICUD, HD, and 1-month post-HD. At ICUD and HD,
the level of resting dyspnea was measured via the Borg Dyspnea Scale
of 1-10 which is one of the most commonly used tools to examine
dyspnea with good to very good reliability, responsiveness, and valid-
ity.”® At HD and 1-month post-HD the following symptoms were
examined and coded as 0 and 1 for no and yes, respectively: dyspnea,
fatigue, chest tightness, peripheral muscle pain, cough, dysphagia,
pain/burning in the lungs, racing heart rate, heart palpitations, head-
ache, and dizziness. Dichotomous measurements of the above symp-
toms provide acceptable surrogate measures of symptoms obtained
with more specific instruments.>* 2® General physical therapy was
provided twice daily to patients in the ICU and general ward consist-
ing of 30 min of combined breathing, strengthening, and functional
exercises without inspiratory muscle training (IMT).

Statistical analyses

Statistical analyses included the assessment of normality of data
via both Kolmogorov-Smirnov and Shapiro-Wilk analyses, the calcu-
lation of mean=SD and proportions of discrete non-continuous varia-
bles as well as paired t-tests, independent t-tests, correlation
analyses using Spearman’s and Pearson’s analyses based on the dis-
tribution of the data, as well as linear and logistic regression.

Linear regression analyses examined the percent change in IMP
from ICUD to HD (four separate models for MIP, SMIP, ID, and FIT) as
the dependent variable using independent variables that are known
to influence IMP which included gender (coded as 0 and 1 for men
and women, respectively), BMI, mechanical ventilation (coded as 0
and 1 for no and yes, respectively), comorbid conditions using the
CCI, SRHS (coded as 1, 2, and 3 for good, moderate, and poor health,
respectively), and smoking status (coded as 1, 2, and 3 for current
smoker, former smoker, and never smoked, respectively).

Logistic regression examined the effect of the same independent
variables described above on a favorable change in IMP (increase in
IMP) or unfavorable change in IMP (decrease in IMP) from ICUD to
HD which also resulted in four separate models for change in MIP,
SMIP, ID, and FIT. Finally, a Sankey diagram was generated via San-
keyMATIC to visualize and analyze the symptoms associated with
COVID-19 during hospitalization and 1-month post-HD with the

width of each line being proportional to the flow rate. The level of
statistical significance was set at p<.05.

A priori sample size estimation was performed using data from
previous publications focusing on known-groups validity and conver-
gent validity of SMIP and its ability to distinguish between known-
groups and correlation to functional performance, respectively.!' The
correlation of SMIP to 6-minute walk test distance was previously
observed to be 0.427 (p-value=0.00) which ensured that a sample
size of 30, using a one tailed test with p=.05 and 0.80 power was sulffi-
cient for this study (G*Power 3.1.9.7).

Results

Patient characteristics are shown in Table 2. A large percentage of
the participants never smoked and reported a moderate-to-good
level of health prior to COVID-19 despite having a relatively high CCI.
Furthermore, slightly more than 3/, of the subjects had severe COVID-
19 and in the 19 subjects in whom CT scans of the lungs were
obtained, only one subject had 76—100% lung involvement. In the
ICU, few patients received neuromuscular blocking agents, but 90%
received high dose glucocorticoids and slightly over /5 of the subjects
were administered statins. The HADS anxiety and depression scores
decreased significantly from ICUD to HD for the entire cohort (p=.002
and 0.001, respectively), but was driven by a significant decrease in
men (p=.005 and 0.002, respectively) that did decrease in women,
but was not statistically significant (p=.21 and 0.14, respectively)
(Table 2). The mean4SD level of resting dyspnea of the entire cohort
decreased from ICUD to HD (1.5 + 1.6 vs 1.1 + 1.8), but was not sig-
nificantly less (p=.11). Despite this, SMIP at HD was significantly
related to resting dyspnea at HD (r=—0.40; p=.02) and MIP as well as
FIT at HD were near significant correlates to resting dyspnea at HD
(r=—0.32 and —0.33, respectively; p=.07 for both). Fig. 2 displays the
stem and leaf plots of the resting dyspnea levels at ICUD and HD of
both men and women showing the different perceptions of dyspnea
between genders.

IMP at ICUD was significantly reduced compared to normative
values and although the SMIP and FIT improved significantly in the
general ward prior to HD, almost all measures remained significantly
below normative values especially in women (Table 2). Only SMIP
and FIT were significantly greater at HD (p=.006 and 0.03, respec-
tively). The MIP, SMIP, and ID% of predicted values of the entire
cohort at ICUD vs HD were 43425 vs 46+22%, 56+35 vs 70+37%, and
98+49 vs 100+44%, respectively, and were significantly less (p=.001)
than estimated values except ID. The SMIP at ICUD as well as MIP,
SMIP, and FIT at HD of men were significantly greater than that of
women. The SMIP and FIT of men increased significantly from ICUD
to HD, but no measure of IMP in the women increased significantly
from ICUD to HD. The MIP and SMIP% of predicted values for men at
ICUD vs HD were 46425 vs 51+23% and 65438 vs 824+-39%, respec-
tively, while the same measures for women were much lower with-
out significant change at 37424 vs 37+20% and 41423 vs 48+19%,
respectively.

The symptom profiles of the patients from ICUD to HD and one
month after HD are shown in Fig. 3. Although the frequency with
which symptoms persist after COVID-19 has not yet been well estab-
lished, our findings suggest that 90% of the subjects still experienced
at least one COVID-19 related symptom 1 month after HD, with 20%
presenting with a greater number of symptoms than earlier during
hospitalization. The main persistent symptom was fatigue that
affected nearly half of the subjects (46.6%) followed by cough and
dyspnea (40% and 36.6%, respectively).

The results of correlation analyses are shown in Table 3. The%
change in the FIT from ICUD to HD was unrelated to any of the inde-
pendent variables and no measure of IMP was significantly related to
HADS anxiety or depression scores at ICUD or HD. Few significant
relationships between symptoms and IMP at HD were observed, but



98 F. Dosbaba et al. / Heart & Lung 60 (2023) 95-101

Table 2
Characteristics of the study subjects.

Variable Entire group Males Females

N (% of total) 30(100) 19(63.3) 11(36.7)

Sample characteristics

Age (years) 71.1+£113 70.6 +£12.8 72.1+£9.0

Height (cm) 1718 £85 1769+ 48 163.2 £ 6.0°

Weight (kg) 819+159 82.8 +14.2 80.4+19.2

BMI 278 +6.2 266 +5.5 302+7.1

Smoking status

Current smoker (% of total) 1(3.3) 0 1(3.3)

Former smoker (% of total) 2(6.7) 1(3.3) 1(3.3)

Never smoker (% of total) 27 (90) 18(60) 9(30)

SRHS prior to COVID-19

Good health (% of total) 12 (40) 7(23.3) 5(16.7)

Moderate health (% of total) 16 (53.3) 10(33.3) 6(20)

Poor health (% of total) 2(6.7) 2(6.7) 0

Charlson Comorbidity Index 4.4+1.9 45+19 42421
(0-33)

COVID-19 severity

Moderate (% of total) 5(16.7) 4(13.3) 1(3.3)

Severe (% of total) 23(76.7) 14 (46.7) 9(30)

Critical (% of total) 2(6.7) 1(3.3) 1(3.3)

CT scan lung involvement

1-25% 5(26.3) 3(15.8) 2(10.5)

26-50% 8(40) 4(21.1) 4(21.1)

51-75% 5(25 3(15.8) 2(10.5)

76-100% 1(5) 1(5) 0

ICU stay

Length of ICU stay (days) 92 +6.0 95+72 87+38

Mechanical Ventilation (% of 5.0 (16.7) 4(13.3) 1(3.3)
total)

Length of MV (days)' 12+33 14+34 1.0+33

NMBA

Yes (% of total) 3(10) 2(6.7) 1(3.3)

No (% of total) 27(90) 17 (56.7) 10(33.3)

High dose glucocorticoids

Yes 27(90) 16 (53.3) 11(36.7)

No 3(10) 3(10)

Statins

Yes 10(33.3) 8(26.7) 2(6.7)

No 20(66.7) 11(36.7) 9(30.0)

IMP at discharge

MIP (cmH20) 36.3+213 4114221 282 +18.2

SMIP (PTU) 231.5+1573 287.8 +164.3 1343 +82.1"

ID (seconds) 8.8 +4.1 94+32 79+5.5

FIT 9.0+94 109 + 8.6 57+10.2

Mental health at discharge

HADS anxiety (0-21) 63 +46 6.7+53 58+35

HADS depression (0—21) 57+35 6.0+3.9 52+27

Hospital stay

Length of hospital stay 25.7 £15.6 254+ 18.6 263+93
(days)

IMP at discharge

MIP (cmH20) 39.5+20.0 46.0 +20.0 28.3 +14.8*

SMIP (PTU) 297.0 £181.7° 376.0+1793 160.6 +74.4™

ID (seconds) 94 +46 103 +4.2 8.1+52

FIT 13.1+12.3" 174+ 13.1 59+6.2"

Mental health at discharge

HADS anxiety (0-21) 3.6+4.0 32442 44439

HADS depression (0—21) 35431 36+33 36+3.1

N=sample size, BMI=body mass index, SRHS=self-reported health status, CT=compu-
terized tomography, ICU=intensive care unit, NMBA=neuromuscular blocking agent,
IMP=inspiratory muscle performance, MIP=maximal inspiratory pressure, SMIP=sus-
tained maximal inspiratory pressure, ID=inspiratory duration, FIT=fatigue index test,
HADS=hospital anxiety and depression scale.

* p=<.001 for ICU discharge to hospital discharge comparisons of the entire cohort.
p<.01 for men versus women comparisons.
' Length of mechanical ventilation for the 5 patients was 3,4, 5, 11, and 14 days.

ok

both headaches and racing heart rate at HD were significantly related
to MIP at HD (r=—0.42 and —0.39, respectively; p<.05) and a trend in
the relationship between dyspnea and MIP at HD was observed
(r=—0.30; p=.10). Also, peripheral muscle pain at 1-month post-HD
was significantly related to MIP (r=—0.38; p=.03) and a near signifi-
cant relationship was observed between SMIP and peripheral muscle

Resting dyspnea at ICU discharge

Men Women

0 0 00O 0O O(o|j0 0 0 @
a4 1 a4 44
2 2 2 2 2|22 2 2
3 3 3|33 3

44
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6
T|T

Resting dyspnea at hospital discharge
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5|5
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Fig. 2. Stem and leaf plots of resting dyspnea in men and women at ICUD and HD.

pain at 1-month post-HD (r=—0.33; p=.07) with a trend in the rela-
tionship between headache 1-month post-HD and SMIP (r=—0.30;
p=.11). Fig. 4 shows the relationship between the SMIP at ICUD and%
change in SMIP at HD as well as the relationship between SMIP at
ICUD and gender.

Gender-specific correlation analyses of IMP found only one signif-
icant relationship in women which was SMIP at ICUD being signifi-
cantly related to the FIT at ICUD (r = 0.76; p=.006). More significant
correlations existed in men including the relationship between MIP
at ICUD and SMIP at ICUD (r = 0.63; p=.004) and% change in MIP at
HD (r=—0.46; p=.04) as well as the relationship between SMIP at
ICUD and FIT at ICUD (r = 0.90; p=.0001). A near significant relation-
ship between SMIP at ICUD and ID at ICUD (r = 0.44; p=.05) as well as
FIT at HD and resting dyspnea at HD (r=—0.39; p=.09) were also
observed.

Linear regression analyses found that the significant predictors of
the% change in ID were smoking status (unstandardized S coefficient
of 0.473; p=.01) and SRHS (unstandardized B coefficient of —0.276;
p=.03) with a model r-squared value of 0.42 and overall model p-
value of 0.03. The CCI was a significant predictor of the% change in
FIT (unstandardized g coefficient of —0.322; p=.03) with a model r-
squared value of 0.33 and overall model p-value of 0.12. The results
of logistic regression analyses found SRHS to be a significant (p=.04)
predictor of a favorable change in ID (an increase) with a 8 coefficient
of —1.800 and Exp () of 0.165 and 95% CI (0.030—0.926). Also, SRHS
was the only variable that trended towards significance (p=.13) in
predicting a favorable change in the FIT with a 8 coefficient of
—1.230 and Exp () of 0.292 and 95% CI (0.058—1.468).

Discussion

The results of this study identified the significant reduction in IMP
in patients with COVID-19 at ICUD. The MIP did not significantly
improve prior to HD for the entire cohort, but the SMIP and FIT did
improve significantly yet SMIP remained significantly below norma-
tive values. One of the key findings of this study is that no measure of
IMP in women improved from ICUD to HD while men were observed
to have significant improvements in both SMIP and FIT, but not MIP.
These findings highlight the importance of examining additional
measures of IMP besides MIP. Furthermore, women were observed to
have no significant change in the HADS anxiety and depression scores
from ICUD to HD while men were found to have significant improve-
ments in both measures from ICUD to HD, but were unrelated to the
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0-2 symptoms
(n=17)

3-4 symptoms
(n=7)

5-6 symptoms
(n=9)

10 symptoms
(n=1)

At hospital
discharge

0-2 symptoms
(n=21)

3-4 symptoms
(n=9)

5-6 symptoms
(n=2)

7-8 symptoms
(n=2)

At follow-up
(30 days later)

Fig. 3. Diagram depicting the change in the total number of COVID-19-related symptoms still present at hospital discharge and 1 month after infection. The width of each line is

proportional to the flow rate.

improvements in IMP suggesting the need for further investigation of
HADS and IMP in men and women with COVID-19. Our findings
strongly suggest that targeted IMT may be an important adjunct in
the rehabilitation of patient’s post-COVID-19 and especially in
women should the results of this study be confirmed.

A limited available cross-sectional literature has examined MIP in
patients with COVID-19 with findings that inspiratory muscle
strength appears to be impaired with COVID-19.2~® However, none
of the existing studies have longitudinally examined MIP in the same
patients prior to discharge from the ICU and after recovering in the
general ward prior to HD and none have examined inspiratory mus-
cle endurance. Our findings suggest that men significantly improved
two measures of IMP related to endurance and the propensity to
fatigue, but women were observed to have no significant improve-
ment in any measure of IMP.

The TIRE measures most affected in our study included both the
MIP and SMIP. In men, the% of predicted MIP at ICUD was only 46% of
the predicted value and increased to only 51% of the predicted value
at HD. In women, the% of predicted MIP at ICUD was significantly
lower than that in men at 37% of the predicted value which remained
at 37% of the predicted value at the time of HD. These findings sug-
gest a need for interventions to improve the MIP values towards
more normal predicted values in both men and women hospitalized
with COVID-19. The SMIP% of predicted values in men were signifi-
cantly greater than those of women at ICUD and at HD (65+38% vs
41423% and 82+£39% vs 484+19%, respectively), but in both men and

women were below the expected SMIP values with women remain-
ing below 50% of the predicted value throughout their hospitalization
in a measure associated with strength, endurance, and work. How-
ever, the IMP findings in women should be interpreted cautiously
because of the small sample size. Nonetheless, further investigation
of the TIRE measures in patients with COVID-19 appears warranted.

The role that SRHS prior to COVID had on the results of our study
are important to highlight. In both linear and logistic regression SRHS
was found to be a significant predictor of the% change in ID and favor-
able change in ID from ICUD to HD, respectively. Also, SRHS was the
only variable that trended towards significance in predicting a favor-
able change in the FIT from ICUD to HD. Thus, patients with better
SRHS prior to COVID appear to have a better ability to improve IMP
more than patients with poor SRHS. This is not surprising since better
SRHS has been associated with better IMP.!” These findings and the
results of our study highlight the important role of maintaining a
healthy lifestyle to combat infectious diseases like COVID-19.

Factors directly and indirectly related to the symptoms and poor
IMP of the patients in our study as well as inability to improve IMP
include the results of our linear regression analyses in which the CCI
was a significant negative predictor of the% change in FIT and the
finding that smoking status was a positive predictor of the% change
in ID. Patients who never smoked were more likely to have a greater%
change in ID than current and former smokers. Also, patients with a
greater CCI were more likely to have less% change in the FIT. Thus,
the pathophysiological effects of smoking and comorbid conditions

Table 3
Correlation matrix of inspiratory muscle performance at baseline, percent change at hospital discharge, and gender.
Variables ICUMIP ICUSMIP ICUID ICUFIT  %change MIP  %change SMIP  %changeID  Gender
ICU MIP 1
ICU SMIP 63" 1
ICUID -0.33 39* 1
ICU FIT .16 .82* 79" 1
% change MIP —-0.49* -0.17 46" .10 1
% change SMIP ~ —0.39" -0.36" —-0.02 -0.28 .60" 1
% change ID 12 —-0.05 -0.28 -0.16 -0.20 A1 1
Gender -0.30 -0.48* -0.18 -0.27 -0.09 .02 -0.10 1

* p <0.05.
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Fig. 4. Scatterplot of (a) SMIP at ICUD to% Change in SMIP at HD and (b) SMIP at ICUD by gender.

appear to contribute to less of an improvement in IMP during hospi-
talization for COVID-19 likely because of the inflammatory processes
associated with smoking and comorbid conditions and the cytokine
storm associated with COVID-19.'~% Additionally, the increase in
fibrotic tissue from COVID-19 may be responsible for the develop-
ment of pulmonary abnormalities and dysfunctional breathing
observed in patients with long COVID.?”-*® Regardless, the profound
impairment in IMP that we and others have observed in patients
with COVID-19 suggests that the dyspnea, fatigue, and dysfunctional
breathing associated with COVID-19 may in part be due to poor IMP
which in patients with COVID-19 and a variety of other patient popu-
lations has been improved with IMT.?8-32

The finding of IMP in patients with COVID-19 being below norma-
tive values at the time of discharge from the ICU and hospital is not
surprising, but the profound impairment in IMP that persisted
throughout hospitalization highlights the role that targeted IMT may
have on this patient population both in the ICU, general ward, and
after discharge from the hospital. Particular IMP measures may
respond more favorably than others to IMT. One study of IMT in 16
patients with COVID-19 found that IMT at 50% of MIP improved MIP
more than IMT at 30% of MIP (21% vs 11%) suggesting that higher
intensity IMT may be more beneficial to improve inspiratory muscle
strength of patients with COVID-19.% However, 7 patients performed

IMT at 30% of MIP while the other 9 patients performed IMT at 50% of
MIP highlighting the small sample size and need for subsequent
study of different IMT intensities and methods in patients with
COVID-19.2

The limitations of this study include a modest sample size and
unequal number of men and women in the study. However, the sam-
ple size of our study is greater than the majority of studies that have
examined MIP in a cross-sectional manner in patients with COVID-
19.°~8 Additionally, our study examined a variety of IMP measures in
a longitudinal and comprehensive manner. However, we did not
have access to measures of IMP prior to ICU admission for COVID-19
which is a limitation to the study, especially because of the high level
of comorbidity in the patients which could have impacted IMP unfa-
vorably. Although there were fewer women than men in our study,
we have accounted for gender differences by performing a variety of
gender-specific analyses that have provided important data and find-
ings highlighting the manner that IMP of men and women may
respond to COVID-19. Such limitations we believe may be strengths
of our study and suggest the need for gender-specific investigation of
the effects COVID-19 may have on IMP and subsequently on thera-
peutic efforts to address the marked impairment in IMP from COVID-
19. Regardless, the findings that we have observed in women should
be interpreted cautiously in view of the small sample size.
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Conclusions

This study identified a significant reduction in IMP in patients with
COVID-19 prior to ICUD which significantly improved in the general
ward prior to HD, but remained significantly below normative values,
especially in women. The symptoms of the study population reflected
that which has been previously reported, but no previous study appears
to have addressed the longitudinal symptomatology nor comprehensive
examination of IMP in patients with COVID-19. The results of the above
study strongly suggest that targeted IMT may be an important adjunct
in the rehabilitation of patients post-COVID-19.
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