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Abstract

Sub-acute (e.g., inhalation injury) and/or acute insults sustained during a severe
burn injury impairs pulmonary function. However, previous work has not fully
characterized pulmonary function in adults with well-healed burn injuries dec-
ades after an injury. Therefore, we tested the hypothesis that adults with well-
healed burn injuries have lower pulmonary function years after recovery. Our
cohort of adults with well-healed burn-injuries (n = 41) had a lower forced ex-
piratory volume in one second (Burn: 93 + 16 vs. Control: 103 + 10%predicted,
mean + SD; d = 0.60, p = 0.04), lower maximal voluntary ventilation (Burn: 84
[71-97] vs. Control: 105 [94-122] %predicted, median [IQR]; d = 0.84, p < 0.01),
and a higher specific airway resistance (Burn: 235 + 80 vs. Control: 179 + 40%pre-
dicted, mean + SD; d = 0.66, p = 0.02) than non-burned control participants
(n =12). No variables were meaningfully influenced by having a previous inhala-
tion injury (d < 0.44, p > 0.19; 13 of 41 had an inhalation injury), the size of the
body surface area burned (R* < 0.06, p > 0.15; range of 15%-88% body surface area
burned), or the time since the burn injury (R < 0.04, p > 0.22; range of 2-50 years
post-injury). These data suggest that adults with well-healed burn injuries have
lower pulmonary function decades after injury. Therefore, future research should
examine rehabilitation strategies that could improve pulmonary function among
adults with well-healed burn injuries.
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1 | INTRODUCTION

Advances in the sub-acute and acute care of burn injuries
have improved rates of survival (Porter et al., 2015; Wolf
et al., 2018). However, survivors of severe burn injuries
are at an increased risk of long-term complications (Peck,
2011; Duke et al., 2015, 2016, 2017; Jeschke et al., 2008,
2011; Stanojcic et al., 2018). Poor respiratory function, as
observed in children, following discharge from intensive
care (Desai et al., 1993) may contribute to epidemiologi-
cal findings of low cardiorespiratory fitness and physical
activity levels in survivors of severe burn injuries later in
life (Dodd et al., 2017; Duke et al., 2017; Ferrando et al.,
1997; Ganio et al., 2015; Willis et al., 2011). Together, these
findings create a strong need to fully understand the phys-
iological consequences of severe burn injuries; specifi-
cally, there are several unknowns related to the long-term
effects of severe burn injuries on pulmonary function in
adults.

Various lines of evidence suggest that adults who have
sustained severe burn injuries have reduced spirometry
values and lung volumes. For example, after a burn injury,
adults have lower values for forced expiratory volume in
one second (FEV,), forced vital capacity (FVC), functional
residual capacity (FRC), forced expiratory flow at 25%-
75% (FEF,5_;54), and total lung capacity (TLC) (Grisbrook
et al., 2012; Nylen et al., 1995; Ozkal et al., 2021; Whitener
et al., 1980; Won et al., 2021). Additionally, previous stud-
ies have conflicting findings regarding whether FEV,/
FVC and/or maximal voluntary ventilation (MVV) is re-
duced in adults with well-healed burn injuries (Grisbrook
etal., 2012; Ozkal et al., 2021; Willis et al., 2011; Won et al.,
2021). Studies have also reported that lung diffusing ca-
pacity is reduced in adults with well-healed burn injuries
when compared with non-burn injured individuals (Desai
et al., 1993; Grisbrook et al., 2012; Mlcak et al., 1995, 1998;
Nylen et al., 1995; Suman et al., 2002; Won et al., 2021).
However, lung diffusing capacity adjusted for alveolar vol-
ume has not been reported for this population, which lim-
its our ability to interpret these data (Cerfolio & Bryant,
2009). Further, it is unclear whether a prior burn injury
would affect other important measures of pulmonary
function, such as airway resistance (Kaminsky, 2012).
Lastly, much of the data detailed above were collected
within the three years after an injury (Desai et al., 1993;
Mlcak et al., 1995; Ozkal et al., 2021; Suman et al., 2002;
Whitener et al., 1980; Won et al., 2021) and the three lon-
ger follow-up studies (data collected decades after injury)
to date are limited by modest sample sizes (e.g., 7-9 pa-
tients per study) (Grisbrook et al., 2012; Nylen et al., 1995;
Willis et al., 2011).

Observed detriments in pulmonary function among
adults with well-healed burn injuries could be due to a

combination of factors. Such reasons include direct ef-
fects of inhalation injuries, respiratory injury via burns to
the thoracic region, structural changes in the mechanical
properties of the bronchial tree and lungs, hypermetab-
olism, hyperinflammation, transient reductions in sur-
factant, respiratory muscle weakness, noncardiogenic
pulmonary edema, and/or prolonged bed rest during
the critical recovery period of the burn injury (Bourbeau
et al., 1996; Desai et al., 1993; Hart et al., 2000; Jeschke
et al., 2011; Mlcak et al., 1998; Pavoni et al., 2010; Saltin
et al., 1968; Stanojcic et al., 2018; Stephenson et al., 1975;
Whitener et al., 1980; Won et al., 2021). While these mech-
anisms have been closely studied in the days, weeks, and
months following a burn injury, it is unclear whether the
observed detriments in pulmonary function are present
years (or decades) after a burn injury.

Gaining a better understanding of the pathophysiology
in the respiratory system among adults with well-healed
burn injuries will aid in developing specific rehabilitation
strategies. However, it is unclear what facets of pulmo-
nary dysfunction are present among adults with well-
healed burn injuries because a comprehensive pulmonary
function testing battery has not been completed in a large
cohort of this patient population. Therefore, to address
this knowledge gap, we tested the hypothesis that adults
with well-healed severe burn injuries would score below
normative ranges when assessed using a comprehensive
pulmonary function testing battery. We also performed
pulmonary function testing in non-burn injured adults
to serve as an additional comparator to burn-injury sur-
vivors. Lastly, in addition to characterizing pulmonary
function among a large group of adults with well-healed
burn injuries, we sought to explore whether the history of
an inhalation injury, the size of body surface area burned,
or the time since burn injury was associated with the ex-
pected impairments in pulmonary function, given their
potential influence on pulmonary function (Bourbeau
et al., 1996).

2 | MATERIAL AND METHODS

The pulmonary function measures presented herein are
unique, yet complementary, to prior published data from
this cohort of burn-injury survivors that addressed hy-
potheses related to aerobic capacity and physical function
(Huang et al., 2020; Romero et al., 2019).

2.1 | Ethical approval

This study protocol and informed consent were approved
by the Institutional Review Boards of the University of
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Texas Southwestern Medical Center and Texas Health
Presbyterian Hospital Dallas (Approval identifier: STU-
042014-060). All procedures conformed to standards
outlined in the Declaration of Helsinki. Participants were
fully informed, both verbally and in writing, of all the ex-
perimental procedures and the potential risks of participa-
tion before providing informed written consent.

2.2 | Participants

We tested 41 individuals with well-healed burn injuries
and 12 non-burned control participants between 2014 and
2019. The control participants were recruited from the
Dallas, TX area using flyers and advertisements, while the
burn survivors were recruited throughout North America.
All adults with well-healed burn injuries were studied at
least 2 years post-injury and none had musculoskeletal
impairments that limited physical activity. Based on re-
sponses to a questionnaire, both adults with well-healed
burn injuries and control adults were sedentary and
had not participated in a consistent/structured exercise
training regimen at any time over the prior 12 months.
Information related to burn injuries (e.g., presence of inha-
lation injury) was self-reported in a medical history ques-
tionnaire. All participants were between 18 and 60 years
old. Exclusion criteria for all participants included current
smoker, pregnancy, breastfeeding, or any overt immune,
pulmonary, renal, hepatic, cardiovascular, or gastrointes-
tinal disease. Individuals with controlled hypertension or
controlled hypercholesterolemia (medication usage de-
tailed in the RESULTS section below) were permitted to
enroll.

2.3 | Pulmonary function assessments

We asked participants to abstain from caffeine, nutritional
supplements, over-the-counter medications, alcohol,
and physical activity for 24 h before testing. We allowed
participants to take prescription medications, if neces-
sary, before testing. All participants completed standard
spirometry, MVV, lung volume, diffusing capacity, and
airway resistance assessments (model 6200 body plethys-
mograph: SensorMedics, Yorba Linda, CA) according to
American Thoracic Society guidelines (Graham et al.,
2017,2019) in a temperature-controlled laboratory (~22°C)
at the Institute for Exercise and Environmental Medicine
in Dallas, TX. Percent predicted values were determined
from the following published prediction equations based
on normative values: (Hankinson et al., 1999) For spirom-
etry data; (Kory et al., 1961) for MVV in male adults;
(Grimby & Soderholm, 1963) for MVV in female adults;

NsBoss =) Physiological ReportstLf13
(Goldman & Becklake, 1959) for lung volumes; (Stanojevic
et al., 2017) for transfer factor of the lung for carbon
monoxide (TLq); (Burrows et al., 1961) for lung diffus-
ing capacity divided by alveolar volume (DLqn/V,y,); and
(Dubois et al., 1956) for airway resistance. Additionally,
we used the National Health and Nutrition Examination
Survey (NHANES) IIT age-, sex- and ethnicity-specific ref-
erence values (Hollowell et al., 2005) for hemoglobin (Hb)
concentrations to calculate hemoglobin-adjusted TLqq
using: TLqg[predicted for Hb] = TLg[predicted] x (1.7
Hbmeasured / (0'7Hbreference + Hbmeasured)) (Graham et al,
2017).

2.4 | Data and statistical analysis
We did not conduct an a priori power analysis for the
objectives addressed in the manuscript. We compared
screening and pulmonary function data between the non-
burned control group and adults with well-healed burn in-
juries using unpaired, two-tailed t-tests or Mann-Whitney
tests when data failed (p < 0.05) the Shapiro-Wilk nor-
mality test. For all such non-parametric analyses, we re-
port median [interquartile range] instead of mean + SD.
We compared the percent predicted values within each
group using one-sample f-tests (theoretical mean of 100)
or Wilcoxon signed-rank tests (theoretical median of 100)
when data failed (p < 0.05) the Shapiro-Wilk normality
test. Additionally, we compared the proportion of adults
with values below the lower limit of normal (i.e., 80%) be-
tween groups using Fisher's exact tests for certain key var-
iables. We analyzed these data using GraphPad Prism 9.3
(GraphPad Software Inc., La Jolla, CA, USA). We did not
create a dichotomous line of significance/non-significance
(Curran-Everett, 2020; Gandevia, 2021). However, when p
values were below 0.10, we considered that value along
with the calculated effect size (see next sentence) as well
as the physiological relevance for each variable to draw
conclusions about the result of a given comparison. Thus,
we report effect sizes, where appropriate, for the primary
data of interest to aid the reader with interpretations,
where Cohen's d from 0.20 to 0.49 represents a small ef-
fect [slight], 0.50 to 0.79 represents a medium effect [mod-
erate], and >0.80 represents a large effect (Cohen, 1988).
On an exploratory basis, we also examined the inde-
pendent effects of several factors with the potential to
influence pulmonary function values in adults with well-
healed burn injuries. We compared percent predicted pul-
monary function values between adults with well-healed
burn injuries with a prior inhalation injury with adults
with well-healed burn injuries without an inhalation in-
jury using unpaired, two-tailed t-tests. We also examined
the strength of the association between percent predicted
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pendently, using simple linear regression: (1) Total body
surface area burned as a percentage, (2) years since burn
injury, (3) age at burn injury, and (4) thorax body surface
area burned as a percentage.

3 | RESULTS

3.1 | Participants

We present participant demographics in Table 1.
Medication usage is listed by medication class with the
number [and proportion] of participants in the control
group, followed by the number [and proportion] of par-
ticipants in the burn-injured group: Multivitamins/sup-
plements (n = 6 [50%], n = 10 [24%]), for pain (n = 0,
n = 8 [20%]), medical marijuana (n = 0, n = 6 [15%]),
antihypertensive (n = 1 [8%], n = 4 [10%]), for hypothy-
roidism (n = 1 [8%], n = 3 [6%]), antidepressant (n = 0,
n = 6 [15%]), hormonal birth control (n = 0, n = 5 [12%]),
for allergies (n = 0, n = 4[10%]), for hypercholesterolemia
(n=11[8%], n = 2 [5%]), anti-inflammatory (n = 0, n = 3
[7%]), stimulants (n = 2 [17%], n = 0), sedatives (n = 0,
n =3 [7%]), and other (n = 1 [8%], n = 11 [27%]). Lastly,
two of 10 [20% of those evaluated] control participants and
four of 26 adults with well-healed burn injuries [15% of
those evaluated] had a positive bronchodilator response.

3.2 | Spirometry

Percent predicted FEV, was moderately lower in adults
with well-healed burn injuries compared with the con-
trol group (Figure la). Percent predicted FVC, percent
predicted FEV,;/FVC, and percent predicted FEF,s ;s
were not different between adults with well-healed burn
injuries and the control group (Figure 1b-d). Percent

TABLE 1 Participant screening information

Characteristic Controls

Number of participants 12(6 F/ 6 M)
35 + 8 (20-52)
173 + 9 (162-189)
84 + 24 (39-122)
29 + 5 (20-38)
2.0 +0.3(1.4-2.4)

Body surface area burned, % -

Age, y1s

Body height, cm

Body mass, kg

Body mass index, kg/m?

Body surface area, m*

Time since burn injury, yrs -

predicted FEV; was moderately lower in adults with well-
healed burn injuries compared with the population mean
(100% percent predicted; Figure 1a). Percent predicted
FEF,5 754 was slightly lower in adults with well-healed
burn injuries compared with the population mean (Figure
1d). We also present the proportion of adults with well-
healed burn injuries and control adults who had values
below the lower limit of normal for FVC (CON: 0/12,
BURN: 2/39; p > 0.99, CI: 0.00-5.62), FEV, (CON: 0/12,
BURN: 7/39; p = 0.18, CI: 0.00-1.47), and FEF,5_5, (CON:
0/12, BURN: 3/39; p > 0.99, CI: 0.00-3.64). Absolute FEV,
and FEF,;_,s, were lower in adults with well-healed burn
injuries (Table 2). Absolute FVC was moderately lower in
adults with well-healed burn injuries (Table 2).

3.3 | Maximal voluntary ventilation
Percent predicted MVV was lower in adults with well-
healed burn injuries compared with the control group
(Figure 2). Percent predicted MVV was lower in adults
with well-healed burn injuries compared with the popula-
tion mean (Figure 2). Also, we present the proportion of
adults with well-healed burn injuries and control adults
who had values below 80% of predicted MVV (CON: 1/12,
BURN: 18/39; p = 0.02, CI: 0.01-0.79). Absolute MVV was
lower in adults with well-healed burn injuries (Table 2).

3.4 | Lungvolumes

Percent predicted TLC, percent predicted functional resid-
ual capacity, and percent predicted residual volume/TLC
were not different between adults with well-healed burn
injuries and the non-burned control group (Figure 3a,b,d).
Percent predicted vital capacity was moderately lower in
adults with well-healed burn injuries compared with the
non-burned control group (Figure 3c). Percent predicted

Adults with well-healed burn

injuries P Cohen's d
41 (20 F /21 M) - -
40 + 13 (21-60) 0.13 0.56
169 + 9 (151-190) 0.24 0.40
81 + 19 (46-126) 0.67 0.13
28 + 6 (19-43) 0.59 0.18
1.9 + 0.2 (1.4-2.5) 0.54 0.39

45 + 20 (15-88) - -
17 + 12 (2-50) _ _

Note: We present data as mean + SD with ranges. We compared group values using unpaired, two-tailed t-tests.
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FIGURE 1 Spirometry. For percent predicted forced expiratory volume in one second/forced vital capacity (panel b), we compared
group values using a Mann-Whitney test and present data as medians with individual values. For the other three panels, we compared
group values using unpaired, two-tailed ¢-tests and present data as means with individual data. Finally, we compared the percent predicted
forced expiratory volume in one second/forced vital capacity using Wilcoxon signed-rank tests (theoretical median of 100), the other three
other variables within each group using one-sample, two-tailed t-tests (theoretical mean of 100) and present the results within (or directly
aside) each bar. Control, control group of adults without a burn injury; Burn, adults with well-healed burn injuries

TABLE 2 Absolute pulmonary function values

Measure

Forced expiratory volume in one second, L
Forced vital capacity, L

Forced expiratory volume in one second/
forced vital capacity, ratio (%)

Forced expiratory flow 25%-75%, L/s
Maximal voluntary ventilation, L/min

Total lung capacity, L

Residual volume/total lung capacity, ratio (%)
Vital capacity, L

Functional residual capacity, L

Vaw: L

TLqo, mM/min/kPa
DL¢o/V,1y, ml/min/mmHg/L
Airway resistance, cmH,0/L/s

Specific airway resistance, cmH,0/L/s

Controls

3.9 + 0.9 (2.8-5.6)
49 + 1.1 (3.4-7.0)
82 + 6 (71-92)

4.1 + 1.0 (2.7-5.5)
146 + 27 (107-195)
6.5 + 1.3 (4.8-9.0)

24 [21-28] (19-33)
50+ 1.2(3.5-7.1)
2.8[2.3-3.3] (1.4-4.1)
5.8 + 1.3 (4.3-8.3)
9.5[9.0-11.0] (6.0-14.0)
5.2 [4.4-5.8] (4.0-6.4)
2.2 + 0.6 (1.5-3.6)
7.4 + 1.6 (5.3-9.7)

Adults with well-healed
burn injuries
3.2+ 0.8 (1.5-4.7)
41 +1.0(1.9-5.9)
79 + 10 (54-105)

31+1.2(1.1-6.3)
116 + 34 (48-187)
5.9 + 1.2(3.5-9.1)
28 [22-36] (17-47)
4.2 + 0.9 (2.0-6.0)
2.6 [2.4-3.1] (1.6-5.7)
51 +1.1(2.6-7.9)
7.7 [6.6-10.0] (5.1-13.0)
4.8 [4.5-5.4] (3.0-7.8)
2.8 + 0.9 (1.1-5.7)
9.6 + 3.4 (1.8-15.9)

p

<0.01
0.03
0.42

<0.01
<0.01
0.12
0.06
0.02
0.75
0.06
0.04
0.24
0.06
0.03

Cohen's d
0.82
0.76
0.36

0.91
0.98
0.48

0.75

0.58

0.78
0.83

Note: For TLq (Transfer Factor of the Lung for Carbon Monoxide), DLco/V,, (Diffusing Capacity of the Lung for Carbon Monoxide/Alveolar Volume),
residual volume/total lung capacity, and functional residual capacity, we compared group values using Mann-Whitney tests and present data as median &
[IQR] with ranges. For all other variables, we compared group values using unpaired, two-tailed t-tests and present data as mean + SD with ranges.

residual volume/total lung capacity was moderately lower
in adults with well-healed burn injuries compared with
the population mean (Figure 3d). We also present the
proportion of adults with well-healed burn injuries and
control adults who had values below 80% of predicted

TLC (CON: 0/12, BURN: 1/40; p > 0.99, CI: 0.00-30.75).
Absolute residual volume/TLC was moderately higher in
adults with well-healed burn injuries (Table 2). Absolute
vital capacity and alveolar volume (V) were moderately
lower in adults with well-healed burn injuries (Table 2).
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3.5 | Lung diffusing capacity

Percent predicted TL., was moderately lower in adults
with well-healed burn injuries compared with the con-
trol group (Figure 4a). This result was maintained fol-
lowing hemoglobin concentration adjustment for TLqq
(between groups t-test: p = 0.04, Cohen's d = 0.71; one-
sample t-test for Control versus 100% predicted: p = 0.14,
Cohen's d = 0.66, one-sample t-test for Burn versus 100%

200+ p<0.01

150

100 v

5
<

p=0.30

Maximal Voluntary
Ventilation (% predicted)

(=]

Burn

1
Control

FIGURE 2 Maximal voluntary ventilation. We compared
group values using a Mann-Whitney test and present data as
medians with individual values. We also compared the percent
predicted maximal voluntary ventilation within each group using
Wilcoxon signed-rank tests (theoretical median of 100) and present
the results within each bar. Control, control group of adults
without a burn injury; Burn, adults with well-healed burn injuries
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predicted: p = 0.14, Cohen's d = 0.34; data not shown).
Percent predicted DL-o/V,, Was not different between
adults with well-healed burn injuries compared with the
control group (Figure 4b). Additionally, we present the
proportion of adults with well-healed burn injuries and
control adults who had values below the lower limit of
normal for TL-o (CON: 0/12, BURN: 4/39; p = 0.56, CI:
0.00-2.67) and below 80% of predicted DLqo/V,;, (CON:
0/12, BURN: 3/39; p > 0.99, CI: 0.00-3.78). Absolute TLqq
was lower in adults with well-healed burn injuries (Table
2). Absolute DLqn/V,, Was not different between groups
(Table 2).

3.6 | Airway resistance

Percent predicted airway resistance was moderately
higher in adults with well-healed burn injuries (n = 40)
compared with the non-burned control group (Figure
5a). Specific airway resistance (adjusted for thoracic gas
volume) was higher in adults with well-healed burn in-
juries (n = 40) compared with the control group (Figure
5b). Percent predicted airway resistance and specific
airway resistance were also higher in adults with well-
healed burn injuries when compared with the popu-
lation mean (Figure 5a,b). Absolute specific airway
resistance was higher in adults with well-healed burn

(b) p=0.99
=3 200 )
=
=
'g 3 150
¥ s o® o g°§°
T 2 100 . 022820
c L)
o2
B G 50- .
58
w =0.58
S At
d
( L p=0.16
o d=054
T B 200-
0B
[~
3 & 1501 °
E (J
= s °og§°
S 2 100~ S 8o
-0 v
g © e0e
b=l 2 50
? O p<0.01
2 0 d=2.13
=)
- Control Burn

FIGURE 3 Lungvolumes. For percent predicted functional residual capacity (panel b), we compared group values using a Mann-
Whitney test and present data as medians with individual values. For the other three variables, we compared group values using unpaired,
two-tailed t-tests and present data as means with individual data. Finally, we compared the percent predicted forced functional residual
capacity using Wilcoxon signed-rank tests (theoretical median of 100), the other three other variables within each group using one-sample,
two-tailed t-tests (theoretical mean of 100) and present the results within each bar. Control, control group of adults without a burn injury;

Burn, adults with well-healed burn injuries
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FIGURE 4 Lung diffusing capacity. We compared group
values using unpaired, two-tailed t-tests and present data as means
with individual data. We also compared the percent predicted
values within each group using one-sample, two-tailed t-tests
(theoretical mean of 100) and present the results within each bar.
Control, control group of adults without a burn injury; Burn, adults
with well-healed burn injuries

injuries (Table 2). Absolute airway resistance was mod-
erately higher in adults with well-healed burn injuries
(Table 2).

3.7 | Independent effects of inhalation
injury, total burn coverage, time

since injury, age at injury, and thorax
burn coverage

The percent predicted TLC was higher in adults with well-
healed burn injuries with (n = 28) an inhalation injury
compared with adults with well-healed burn injuries with-
out (n = 13) an inhalation injury (Table 3). All other com-
parisons resulted in no or only slight differences between
adults with well-healed burn injuries with an inhalation
injury and adults with well-healed burn injuries without
an inhalation injury (Table 3). Body surface area size of
the burn injury and time since the burn injury were each
not meaningfully related to any percent predicted pulmo-
nary function value (Table 3). Finally, age at burn injury
(R* < 0.02, p > 0.43 for all; data not shown) and thorax
burn coverage (R < 0.05, p > 0.21 for all; data not shown)
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FIGURE 5 Airway resistance. We compared group values
using unpaired, two-tailed ¢-tests and present data as means with
individual data. We also compared the percent predicted values
within each group using one-sample, two-tailed t-tests (theoretical
mean of 100) or Wilcoxon signed-rank tests (theoretically median
of 100) and present the results within (or directly aside) each bar.
Control, control group of adults without a burn injury; Burn, adults
with well-healed burn injuries

were not meaningfully related to any percent predicted
pulmonary function value.

4 | DISCUSSION

The purpose of our study was to test the hypothesis that
adults with well-healed burn injuries have lower pulmo-
nary function values than adults without a prior burn in-
jury. Our discussion will focus on the percent predicted
values obtained because these values are adjusted for in-
formation (e.g., age, body height, sex, and race/ethnicity
in prediction equations) that influence comparisons to
adults without prior burn injuries, who were also tested
within this study. Our primary finding is that adults with
well-healed burn injuries had lower FEV,, FEF,;s_,5,, and
MVV, as well as higher airway resistance, when com-
pared with the theoretical population mean of 100 for
percent predicted values. Also, we found that adults with
well-healed burn injuries have a lower percent predicted
FEV,, MVV, TL¢q, as well as greater airway resistance
and specific airway resistance values when compared
with the non-burned control group. It is notable that some
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) ) . TABLE 3 Influence of inhalation
Inhalation Body surface Time since . . .
.. . . injury history, size of body surface area
injury area burned injury ’ . o
burned, and time since injury on key
Percent predicted measure  Cohen's d (p) R’ (p) R’ (p) variables
Forced expiratory volume in 0.37 (0.31) 0.06 (0.15) <0.01 (0.83)
one second
Forced vital capacity 0.14 (0.69) 0.08 (0.08) <0.01 (0.95)
Forced expiratory volume in 0.22 (0.56) <0.01 (0.78) <0.01 (0.81)
one second/forced vital
capacity
Forced expiratory flow -(0.55) <0.01 (0.66) <0.01 (0.67)
25%-75%
Maximal voluntary 0.45 (0.19) <0.01 (0.99) 0.04 (0.22)
ventilation
Total lung capacity -(0.03)* 0.02 (0.45) <0.01 (0.94)
Residual volume/total lung -(0.46) 0.02 (0.86) 0.04 (0.22)
capacity
Vital capacity -(0.53) 0.07 (0.10) <0.01 (0.62)
Functional residual capacity -(0.72) <0.01 (0.61) <0.01 (0.32)
Mg, 0.45 (0.24) <0.01 (0.76) 0.02 (0.43)
DLco/Vay 0.44(0.22) 0.10 (0.05) 0.09 (0.07)
Airway resistance 0.04 (0.92) <0.01 (0.98) 0.02 (0.41)
Specific airway resistance 0.46 (0.21) <0.01 (0.99) 0.01 (0.46)

Note: Inhalation injury: For forced expiratory flow 25%-75%, total lung capacity, residual volume/total
lung capacity, vital capacity, and functional residual capacity (all percent predicted values), we compared
groups using Mann-Whitney tests. For all other variables, we compared groups using unpaired, two-tailed

t-tests.

Body surface area burned & years after injury: We used simple linear regression for all variables. TL,
Transfer Factor of the Lung for Carbon Monoxide; DL¢q/V,,, diffusing Capacity of the Lung for Carbon

Monoxide/Alveolar Volume.

“Indicates that the median value for burn-injured adults with an inhalation injury was greater than the

median value for burn-injured adults without an inhalation injury.

proportion of adults with well-healed burn injuries did not
have lower pulmonary function values. Our exploratory
analyses suggest that such deficits in pulmonary func-
tion among adults with well-healed burn injuries are not
strongly related to a history of an inhalation injury, total
burn coverage, the time that has passed since the injury
occurred, the age at which an individual sustained the in-
jury, or thorax burn coverage. Together, these data—the
most comprehensive assessment of pulmonary function
among adults with well-healed burn injuries—emphasize
an impairment that requires attention in the long-term
rehabilitation of this clinical population, particularly in
those with the lowest pulmonary function values.
Previous studies report conflicting findings regarding
whether FEV,/FVC and/or MVV is reduced in adults with
well-healed burn injuries (Grisbrook et al., 2012; Ozkal
etal., 2021; Willis et al., 2011; Won et al., 2021). We did not
find FEV,/FVC to be lower in our cohort, which is consis-
tent with some (Ozkal et al., 2021; Willis et al., 2011; Won
et al., 2021), but not all (Grisbrook et al., 2012) prior work.

Similarly, we found that MVV was lower in adults with
well-healed burn injuries, which is consistent with some
(Willis et al., 2011; Won et al., 2021), but not all (Grisbrook
et al., 2012) prior work. Such discrepancies from our find-
ings and those from Grisbrook et al. (2012) could be due
to the cohort selection, as Grisbrook et al. recruited adults
who “were still experiencing a functional deficit that per-
sisted following standard rehabilitation,” whereas the
individuals recruited for the present work were not re-
cruited to meet this criterion. However, this conclusion is
speculative and future work is needed to better parse out
these concerns. When taken together, our data advance
an understanding of the deficits in pulmonary function
among adults with well-healed burn injuries.

These are the first data to demonstrate that adults with
well-healed burn injuries have high airway resistance and
specific airway resistance (adjusted for thoracic gas vol-
ume (Kaminsky, 2012)). We also found that TL, was mod-
erately low in adults with well-healed burn injuries. This
finding is consistent with prior reports that mean values
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for DL were 76%-81% of predicted—that is, well below
the theoretical mean of 100% (Won et al., 2021). However,
others (Cerfolio & Bryant, 2009) contend that DL-q/V,,
(adjusted for alveolar volume) provides more clinical in-
sight regarding an individual's capability to exchange
gases for a given surface area available for gas exchange as
well as insight into the integrity of the alveolar-capillary
interface. Therefore, our finding of no group differences
for DLCO/V,, (adjusted for alveolar volume) suggests that
adults with well-healed burn injuries do not have lower
pulmonary gas exchange capabilities.

4.1 | Inhalation injuries

In children, pulmonary findings suggestive of restrictive
and/or obstructive disorders were more common in those
who had experienced an inhalation injury compared with
those without such an injury (Desai et al., 1993). In adults
with burn injuries assessed at discharge, the presence of an
inhalation injury was associated with a lower FEV,/FVC
(Ozkal et al., 2021). In adults with burn injuries assessed
three months after injury, those with an inhalation injury
had a lower FEV, and FVC (Won et al., 2021). However,
a retrospective assessment of long-term lung function in
patients with bronchoscopic evidence of smoke inhalation
showed that combined inhalation injury and body surface
burn do not necessarily imply long-term damage to the
respiratory airways or lungs (Bourbeau et al., 1996). These
reports in humans mirror data in animals demonstrating
that smoke inhalation elicits direct alveolar damage (po-
tentially via inflammation), alveolar blood flow obstruc-
tion due to edema, and increases in pulmonary vascular
resistance resulting in increased physiological dead space
(Stephenson et al., 1975). Further, lung compliance is
reduced (i.e., the lung stiffens) via interstitial edema, de-
creased surfactant, and some degree of atelectasis and/or
bronchospasm (Stephenson et al., 1975). Despite prior evi-
dence of deleterious effects of inhalation injury in humans
and animals, we found that total lung capacity was greater
among those with a prior inhalation injury compared with
those without an inhalation injury, which was contrary to
our hypothesis. Additionally, all other evaluated variables
(see Table 3) were not meaningfully lower in those with a
prior inhalation injury compared with those without an
inhalation injury. One reason for a discrepancy between
prior work and current work is the potential recovery of
inhalation injury-related deficits in pulmonary function,
which may partially occur about five months after injury
(Whitener et al., 1980). Nonetheless, future work is neces-
sary to determine the extent to which a prior inhalation
injury affects pulmonary function, given that the pre-
sent work was an exploratory analysis using data from a
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larger study that aimed to address a secondary hypothesis.
Therefore, we have limited information regarding the se-
verity of the inhalation injury sustained among our cohort
of adults with well-healed burn injuries who were studied
as far out as 50 years post-injury.

4.2 | Body surface area burned

Because larger burn injuries produce a more profound in-
sult (e.g., hypermetabolism, as discussed below), requir-
ing longer bed rest, we reasoned that those with a higher
body surface area burn-injured would have a more com-
promised pulmonary function. In support of this, a larger
body surface area burned is associated with longer bed
rest, which is notable as bed rest alone impairs physiologi-
cal function (e.g., respiratory muscle weakness) (Saltin
et al., 1968; Whitener et al., 1980). Moreover, a recent
study reported that total body surface area burned was
moderately related to lower FEV, and FVC at hospital
discharge (Ozkal et al., 2021). To our surprise, there was
no meaningful relation between the percentage of body
surface area burned and values for any pulmonary func-
tion measure in our cohort tested years-to-decades after
recovery. It is unclear why a larger burn surface area
was not associated with worsened pulmonary function.
We speculate that there is a ceiling effect whereby even
those with the lowest burn coverages in our cohort were
likely hospitalized for multiple weeks, which could have
elicited irreversible damage that would not necessarily be
worsened by additional weeks/months in such a setting.
Indeed, prior work supports this notion with the finding
that adults with body surface area burn coverages of 20%-
40% have a very robust pathophysiological response that
is similar to larger burn coverages (Stanojcic et al., 2018).
Moreover, prior work suggests that individuals with burn
injuries on the chest wall do not have lower pulmonary
function relative to individuals with burn injuries in other
anatomical locations (Won et al., 2021). In agreement, we
found that thorax burn coverage was not meaningfully as-
sociated with any pulmonary function value. Nonetheless,
future studies are warranted to confirm or refute the find-
ings that a larger burn coverage is associated with greater
impairments in pulmonary function.

4.3 | Time since injury

Previous work demonstrates that hypermetabolism and
catabolism continue for at least nine months among chil-
dren who survived severe burn injuries (Hart et al., 2000).
Moreover, resting energy expenditure and inflammatory
cytokines may be elevated for 24 months after a burn
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injury (Jeschke et al., 2011). However, the timeline of pul-
monary function recovery in adults with well-healed burn
injuries remains unknown. Our cohort of individuals
(tested at least 2 years post-burn injury and up to 50 years
post-burn injury) did not show any obvious trends for the
relation between pulmonary function and the time since
the injury (see Table 3). Thus, our data support the pos-
sibility that any reductions in pulmonary function that
occur within the first two years after a burn injury are not
improved in the following decades. It is important to note,
however, that such speculation must be confirmed with
longitudinal data among adults with well-healed burn in-
juries. Lastly, our findings of lower pulmonary function
are consistent with findings among children (Duke et al.,
2016) and an appreciably smaller cohort of adults with
well-healed burn injuries (Mlcak et al., 1998) several years
after injury.

4.4 | Clinical significance and
future directions

We found that adults with well-healed burn injuries had
a lower percent of predicted FEV,, a lower percent pre-
dicted MVV, and a higher percent predicted specific air-
way resistance than non-burned control participants.
None of these variables were explained by having a pre-
vious inhalation injury, the size of the body surface area
burned, or the time since the burn injury. Together, these
data suggest that many adults with well-healed burn inju-
ries continue to have lower pulmonary function decades
after injury. However, longitudinal studies are warranted
to determine if a prior burn injury influences the slope of
the age-related reductions in pulmonary function values.
Separately, and importantly, lower MVV could provoke
changes in breathing mechanics during exercise (Babb,
2013). Specifically, these changes could increase the risk
of airflow limitation, dynamic hyperinflation, and altera-
tions in breathing pattern; all of which could increase
the work of breathing and impose a ceiling on maximal
ventilation (a ventilatory limitation to activity). Further,
such responses could contribute to exacerbated exertional
dyspnea sensations. Therefore, future research should
examine potential rehabilitation strategies that could im-
prove pulmonary function in adults with well-healed burn
injuries, particularly in those with the lowest pulmonary
function values.

Twelve weeks of exercise training following a burn
injury in children aged 7-17 years old improved FVC,
FEV,, and MVV (Suman et al., 2002). Such a finding was
not observed in a small study of adults with well-healed
burn injuries following 12 weeks of exercise training
(Grisbrook et al., 2012). In the study on children (Suman

et al., 2002), FVC, FEV,, and MVV were remarkably re-
duced pre-training in the patient population as compared
with controls. It could be that whole-body and/or respi-
ratory muscle exercise training increases respiratory mus-
cle strength as well as the ability to expand the lungs and
chest wall, which would increase all three aforementioned
variables. Indeed, recent work shows promise for inspira-
tory muscle strength training to improve respiratory mus-
cle strength among adults with well-healed burn injuries
(Abazarnejad et al., 2021). Such an intervention may be
a useful alternative to traditional exercise training among
adults with well-healed burn injuries, a group with dispro-
portionately low cardiorespiratory fitness and physical ac-
tivity levels (Dodd et al., 2017; Duke et al., 2017; Ferrando
et al., 1997; Ganio et al., 2015; Willis et al., 2011). Thus,
future work is necessary to identify and optimize tradi-
tional (e.g., exercise) and novel (e.g., respiratory muscle
strength training) strategies to improve pulmonary func-
tion among adults with well-healed burn injuries years
after their injury.

4.5 | Limitations

First, while some (Desai et al., 1993; Mlcak et al., 1995),
but not all (Rivas et al., 2018), previous work has dem-
onstrated a greater pulmonary dead space in children
with prior burn injuries, we did not discuss physiological
dead space in the present manuscript because it was not
assessed. Additionally, these data represent a secondary
aim of a larger project and as noted above, future studies
specifically designed to address such questions are needed
to confirm our observations. Related to the fact that these
data address a secondary research question of a larger pro-
ject, we do not have complete smoking history data avail-
able for all participants, particularly in the control group.
In the individuals with well-healed burn injuries, five
adults reported a smoking history. Of the four adults that
reported further details for their smoking history, there
was a mean and standard deviation of 5.4 + 4.9 pack-
years. The sub-group of prior smokers (n = 5) did not
differ from the subgroup of non-smokers (n = 36) among
burn-injury survivors for key variables (p > 0.36 for per-
cent predicted FEV1, percent predicted MVV, and percent
predicted sRaw). Lastly, bronchodilator responsiveness
was not assessed in all participants. Therefore, we cannot
rule out the presence of an obstructive airway disorder
in some of the participants in this cohort. However, the
sub-group of adults with well-healed burn injuries with
a positive bronchodilator response (n = 4) did not differ
from the other 37 adults with well-healed burn injuries for
key variables (p > 0.28 for percent predicted FEV1, per-
cent predicted MVV, and percent predicted sRaw). Future
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studies are warranted to fill knowledge gaps that remain
from the present work.

5 | CONCLUSIONS

In summary, we found that adults with well-healed
burn injuries had a lower percentage of predicted forced
expiratory volume in one second, a lower percent pre-
dicted maximal voluntary ventilation, and a higher per-
cent predicted specific airway resistance than control
participants without a prior burn injury. None of these
variables were explained by having a previous inhala-
tion injury, having a larger portion of body surface
area burned, or a shorter time since the burn injury.
Together, these data suggest that adults with well-
healed burn injuries continue to have lower pulmonary
function decades after injury. Therefore, future research
should examine potential rehabilitation strategies that
could improve pulmonary function among adults with
well-healed burn injuries.
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