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Abstract
Background;
Emphysema is a common phenotype of chronic obstructive pulmonary disease (COPD). Although
resection of emphysematous tissue can improve lung mechanics, it is invasive and fraught with adverse
effects. Meanwhile, radiofrequency (RF) treatment is an extracorporeal method that leads to tissue
destruction and remodeling, resulting in “volume reduction” and overall improvement in lung compliance
of emphysematous lungs. Whether these changes lead to improved exercise tolerance is unknown. Here,
we investigated the effectiveness of RF treatment to improve the exercise capacity of mice with
emphysema.
Methods;
Fifty-two mice (7 weeks of age) were used in this experiment. A bilateral emphysema model was created
by intratracheally instilling porcine pancreatic elastase (PPE) (1.5U/100g body weight). RF treatment
(0.5W/ g body weight) was performed extracorporeally 14 days later and mice were sacrificed after
another 21 days. The exercise capacity of mice was measured using a treadmill. Treadmill runs were
performed just before PPE instillation (baseline), before RF treatment and before sacrifice. Following
sacrifice, lung compliance and mean linear intercept (Lm) were measured and fibrosis was assessed
using a modified Ashcroft score.
Results;
There were 3 experimental groups: controls (instilled with saline, n=12), emphysema (instilled with
porcine pancreatic elastase, PPE, n=11) and emphysema + treatment (instilled with PPE and given RF,
n=9). At endpoint, the maximum velocity of the emphysema + treatment group was significantly higher
than that of the emphysema group, indicating improved exercise tolerance (86.29% of baseline vs 61.69%
of baseline, p=0.011). Histological analysis revealed a significant reduction in emphysema as denoted by
Lm between the two groups (median 29.60 µm vs 35.68 µm, p=0.033). The emphysema + treatment
group also demonstrated a higher prevalence of lung fibrosis (≧Grade 3) compared with the emphysema
group (11.7% vs 5.4%, p<0.0001). No severe adverse events from RF were observed.
Conclusion;
RF treatment improved the exercise capacity of mice with emphysema. These data highlight the
therapeutic potential of RF treatment in improving the functional status of patients with COPD.

Background
Chronic Obstructive Pulmonary Disease (COPD) is a common inflammatory disorder of the lung,
characterized by persistent airflow limitation. In COPD, the airways become progressively narrowed,
resulting in impaired lung function, increased work of breathing, and shortness of breath. Currently, COPD
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affects over 300 million people worldwide and is the leading cause of hospitalizations in many
industrialized countries such as the United States (US) and Canada. COPD is responsible for over
4.5 million deaths annually and is one of the major causes of mortality worldwide [1, 2]. Typically,
smoking-related COPD is accompanied by emphysema, which is characterized by the destruction of lung
tissue resulting in the loss of alveolar integrity, enlargement of the alveolar spaces, poor gas exchange,
and airway collapse due to the loss of elastic recoil [3]. This remodeling results in impairment in airflow
and hypoxemia.
Lung volume reduction surgery (LVRS) is a potential treatment for COPD, but it is limited to a
subpopulation of patients with severe emphysema involving the upper lobes and with low exercise
capacity. LVRS has been demonstrated to reduce breathlessness, improve exercise capacity and lung
function, and prolong survival [4, 5]. The physiologic basis for this treatment is that by selectively
removing the most diseased segments of the lung, the lungs deflate and there is better matching of
ventilation and (blood) perfusion, leading to less gas trapping and improved gas exchange, respectively,
during exercise [6]. However, LVRS is invasive and fraught with considerable perioperative morbidity and
mortality related to the procedure. As such, very few sites currently perform LVRS [2, 3, 7]. Nevertheless,
the LVRS studies have shown the therapeutic potential of selectively removing emphysematous regions
of the COPD lung.
Radiofrequency (RF) is commonly used to treat solid tumors and atrial fibrillation in a procedure called
RF ablation (RFA) [8, 9]. The principle of RFA is that RF waves agitate water molecules in the surrounding
tissue, producing friction and heat, which in turn induce cellular death via coagulation and necrosis [8].
Healthy regions with good blood supply are relatively spared from thermal damage because the
circulating blood can absorb the external heat and carry it away via a process known as a "heat sink
effect” [10]. A well-known pathologic feature of emphysema is pulmonary vascular remodeling, which
causes diminution of blood flow to the emphysematous regions [11], making these areas susceptible to
thermal injury. Based on these concepts, we applied RF therapy extracorporeally to destroy
emphysematous regions of the COPD lung in a rodent model of emphysema. Previously, we showed that
the application, using external electrodes, of RF energy in the form of electromagnetic waves improved
lung compliance by selectively heating pulmonary emphysematous tissue and inducing mild fibrosis in
the affected lung while sparing normal lung regions [12]. Whether these physiological improvements lead
to functional changes in animals with emphysema is unknown. Here, we investigated the effectiveness of
extracorporeal RF treatment in improving the exercise capacity of mice with emphysema.

Methods

Animals
Seven-week-old male C57BL/6 mice (n = 52), weighing around 22 g, from Jackson Laboratories (ME,
USA) were used. All animals were housed in a temperature- and humidity-controlled (temperature at 22 ℃
+/-4 ℃ humidity 55% +/- 15%) environment under a 12-hour light/dark cycle with food and water
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available ad libitum at the St. Paul’s Hospital animal facility in Vancouver BC. Animals were housed as a
group in static cages. For bedding, each cage contained a mix of Bed-O-Cob, Enviro-Dry paper-strands
nesting material, a nestled, and an igloo/house for nesting and shelter. Cages and reverse osmosis water
bottles were changed once per week or more often as needed. Food, water levels, and animals were
observed at a minimum once daily. This study was approved by the Animal Care Committee of the
University of British Columbia (A19-0307). The care and handling of the animals were in accordance with
the policies of the Canadian Council on Animal Care.

Experimental groups
The animals were randomly divided into three groups: (A) controls, which were exposed to intratracheal
saline (100 µl; n = 16); (B) emphysema group, which was exposed to intratracheal porcine pancreatic
elastase (PPE) (100 µl; n = 18); and (C) emphysema + treatment group, which was exposed to
intratracheal PPE (100 µl) + RF treatment (n = 18) (Fig. 1).

Treadmill Exercise Test
A digitized DigiGait treadmill (Mouse Specifics, Inc. MA, USA) was used to measure the exercise capacity
of mice. Mice were placed in the chamber and after 1 minute of acclimation, the treadmill was activated
at a velocity of 13.1 cm/sec. Velocity was increased by 2 cm/sec every 2 minutes until mice could no
longer keep up with the pace. In the event the mice did not reach a peak velocity of at least 13.1 cm/sec,
treadmill speed was reduced to 5 cm/sec for additional acclimation, after which the protocol was
reactivated. No stimulatory agents (e.g. shock or candy) were used to motivate the mice. Peak velocity
was determined as the maximal speed reached by the mice during each treadmill test. Maximum velocity
for each run was compared to the baseline value for each mouse.
The treadmill test was performed in the morning at day 0 (i.e. the day of intratracheal instillation), day 14
(i.e. 2 weeks after the intratracheal instillation), and day 35 (i.e. 5 weeks after the intratracheal instillation
of PPE and 3 weeks post-RF therapy).

Emphysema Induction
For PPE instillation, mice were first anesthetized with 2–4 % isoflurane + 1.5 L/min 100 % oxygen. This
was supplemented with intraperitoneal injections of ketamine hydrochloride (25 mg/kg body weight;
Narketan, VETOQUINOL N.-A. INC. QC, Canada) and xylazine hydrochloride (3.5 mg/kg body weight;
X1251-1G, Sigma Aldrich, MS, USA). Following anesthesia, the mice were mounted on a work stand
(Hallowell EMC, MA) at a 45-degree angle. Using a laryngoscope (LS-1; PennCentury, Philadelphia, PA), we
introduced a microsprayer (type IA-1c; PennCentury, Philadelphia, PA, USA) into the oropharynx of these
mice and delivered porcine pancreatic elastase (PPE; Sigma, Aldrich, Taufkirchen, Germany) into the
lungs. Mice were given a solution of PPE (1.5U/100 g body weight), which was diluted in 100 uL of
normal saline solution. The mice were then placed on a heating pad and given 1 ml of warm saline
subcutaneously. The dose of PPE was determined based on dose optimization experiments shown in the
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supplement files. We found that a PPE dose of 1.5U/100 g body weight was sufficient to induce
emphysema at 2 weeks post-instillation (see Additional file 1: Figure S1 A-D).

Radiofrequency Treatment
Two weeks after the PPE instillation (Day 14), mice were anesthetized with 2–4% isoflurane + 1.5L/min of
100% oxygen. After shaving off the dorsal fur of the mice, the animals were anesthetized with 0.5-4%
isoflurane anesthesia and placed in a supine position. The mice’s internal temperature was monitored
using a rectal thermometer throughout the experiment (ATK-610B Single Input K-Type Thermometer, ATP).
The RF device (Fig. 2) had 2 independent electrodes (18 mm x15mm) to treat separately the left and right
lungs. A felt pad was designed to support and protect the mice from direct heating by the RF electrodes.
The electrodes were placed on the chest wall with the felt pad interpositioned.. The external temperature
of the mice was monitored using 2 thermometers, which were embedded into the felt pad. To avoid
thermal injury to the skin related to RF therapy, cold distilled water (5 ℃-15 ℃) was infused over the
covering felt pad at a rate of 50 ml/minute, while the RF device was activated. The RF device consisted of
two parts: a 13.56 MHz RF Power Source capable of 100W output, and a matching network. The amplifier
was made by T&C Power Conversion of Rochester, N.Y and the model number is 0113. Two electrode
probes, which conduct RF waves from the device, delivered RF to the chest wall of mice. Mice were settled
into the RF device for impedance measurements. Low power RF (0.5W/g body weight) was administered
for 1-minute and repeated 3 times at 30-second intervals. The mice were then removed from the device
and placed in recovery. Post-RF therapy, the mice were monitored at the following time points: 1) right
after RF treatment, 2) 6 hours post-treatment, 3) daily for 5 days post-treatment.

Compliance Measurement- Water Displacement Method
Lung compliance was measured using a water displacement method, following Archimedes’ principle,
which has been described previously [13]. Briefly, the harvested lung was connected to a soft plastic tube
through a tracheal catheter and completely submerged in water. Lung compliance was calculated as
ΔVolume/ΔPressure [14]. The deflation limb from 15 cmH2O to 0 cmH2O was used to calculate lung
compliance in this experiment.

Histological Analysis
Following euthanasia, the lung was instilled with 10 % formalin through a tracheal catheter at 20 cmH2O
pressure. The formalin-filled lung was submerged into 10 % formalin for 2–5 days. The lung was then
embedded in agar in order to preserve structure before cutting into trans-axial 4 mm slices for paraffin
stabilization [15]. The specimen was stained with hematoxylin and eosin (H&E) and Masson's trichrome.
Stained slides were scanned and analyzed using the Aperio (Aperio Technologies; Vista, CA) scanning
system. The extent of emphysema was estimated by measuring the mean linear intercept length (Lm)
using STEPanizer [16]. We first divided the HE stained lungs into multiple 1 mm2 regions. Next, we
randomly selected 10 regions using Random.org (Randomness and Integrity Services Ltd.). The Lm was
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calculated from the length of the lines shown in the STEPanizer multiplied by the number of the lines
divided by the sum of all counted intercepts.
The Masson’s trichrome-stained specimens were used for fibrosis scoring. Each lung section was divided
into 1 mm2 regions as per the Lm calculation, and the total lung was evaluated for fibrosis, which was
performed using a modified Ashcroft Scale [17]. Each square region was given a grade from 0–8 upon
evaluation at 8x and 20x magnification and the frequency distribution of grades was determined by
calculating the proportion of fibrosis grade ≧ 3 (which was derived by dividing the number of squares
that had scores of 3 or above by the total number of squares for the whole lung). The fibrosis scoring
was performed by 2 different individuals who were blinded to the group assignment of the mice.

Statistical analysis
All results were expressed as the mean value ± standard error of the mean (SEM) unless otherwise
indicated. Where applicable, data were analyzed using either an unpaired T test or Mann–Whitney U test.
The comparison of the frequency distribution was performed by a chi-square test. The primary endpoint
of the study was the change in the peak velocity on a maximal treadmill test at 35 days post-intratracheal
instillation of PPE from baseline between mice in the emphysema alone and emphysema + treatment
groups. As there was considerable variation in the peak velocity across mice, the changes were expressed
as percentage (%) of baseline value for each animal. All analyses were conducted using GraphPad Prism
5.0 (GraphPad Software, Inc., San Diego, CA) and a value of p < 0.05 was considered statistically
significant.

Results

Mortality
A flow diagram of the study is shown in Fig. 3. During the instillation process, 3 mice in the saline group,
2 mice in the emphysema group, and 1 mouse in the emphysema + treatment group died immediately
following intratracheal instillation from asphyxiation or shock. One mouse died 7 days after the PPE
instillation in the emphysema + treatment group. Six mice were euthanized before reaching their clinical
endpoint for the following reasons: four (2 each in the emphysema and emphysema + treatment group)
experienced over 20 % body weight loss and 2 mice in the emphysema group became ill during the course
of the experiment. Euthanasia was determined based on the clinical health scoring approved by the
Animal Care Committee of the University of British Columbia. No deaths were related to RF therapy.
We excluded 2 mice in the functional analysis owing to poor performance on the treadmill test (these
mice did not run at all on the treadmill), and 3 mice were excluded in the physiologic measurement owing
to failures in the water displacement method (related to mucus trapping and tracheal damage). The final
sample size in each group was (A) control (n = 12); (B) emphysema (n = 11); and (C) emphysema +
treatment (n = 9).

Body Weight
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Mice in both emphysema and emphysema + treatment groups, showed greater body weight loss
compared to the saline control group until day 7 post-instillation. Weight loss was the most severe on day
2 (control vs emphysema vs emphysema + treatment; 99.61 ± 1.57 % baseline vs 88.66 ± 1.96 % baseline
vs 89.92 ± 6.07 % baseline); however there was full recovery of body weight by day 14 (see Additional file
2: Figure S2A). RF treatment had no material impact on body weight (see Additional file 2: Figure S2B).

Exercise Capacity on a Treadmill
Although there was no significant difference in the peak treadmill velocity across the groups at day 14
post-instillation (see Additional file 3: Figure S3), at 35 days post-instillation (our primary endpoint), mice
in the emphysema group demonstrated a significant reduction in peak treadmill velocity compared with
those in the control group (61.69% of baseline levels vs 78.66% of baseline levels; p = 0.034) (Fig. 4). RF
treatment was able to significantly improve the peak treadmill velocity of mice with emphysema (86.29%
of baseline levels vs 61.69% of baseline levels; p = 0.011; Fig. 4), indicating a therapeutic effect of the RF
therapy.

Lung Compliance and Lm
The emphysema group showed a significant increase in compliance compared to the saline group
(23.24 µl/cmH20 vs 10.90 µl/cmH20, p = 0.0003). The lung compliance of the emphysema + treatment
group was lower than the emphysema group (18.63 µl/cmH20 vs 23.24 µl/cmH20), although the
comparison did not reach statistical significance owing to a limited sample size (Fig. 5A). Lm was
significantly increased in the emphysema group compared to the control group, consistent with the
presence of emphysema in these animals (median 35.68 µm vs 28.59 µm, p < 0.0001). A significant
decrease in Lm (median 29.60 µm vs 35.68 µm, p = 0.033) was observed in the emphysema + treatment
group compared to the emphysema group (Fig. 5B).

Fibrosis Assessment
In total, 9,522 regions were individually assessed per animal by 2 reviewers and the frequency distribution
of the grades was plotted for each of the experimental groups. The emphysema + treatment group had a
significantly higher distribution of fibrosis (Grade 3 or greater) compared to the emphysema group (5.4%
vs 11.7%, p < 0.0001) (Fig. 6). As shown in Fig. 7, the emphysema group showed emphysema while the
emphysema + treatment group showed mild fibrotic lesions in the emphysematous tissue.

Discussion
To the best of our knowledge, this is the first study to show that extracorporeal RF treatment improves
exercise capacity of animals with emphysema. This suggests that RF therapy may be an effective
treatment for patients with COPD. In COPD, static hyperinflation reduces inspiratory capacity and is
commonly associated with dynamic hyperinflation during exercise, which leads to increased dyspnea and
limitation of exercise capacity. It is thought that hyperinflation develops early in the disease and is the
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main mechanism for exertional dyspnea [18, 19]. In humans, exercise tolerance is a powerful indicator of
health status and outcomes of patients with COPD. Limitations in exercise capacity are commonly
assessed using either a self-paced walking test [20, 21] or incremental cardiopulmonary exercise testing
in a laboratory [22]. To mimic this clinical scenario, we used a treadmill test in mice with emphysema to
determine the impact of RF therapy on exercise tolerance; we showed that RF therapy significantly
improved exercise capacity of mice with emphysema.
In humans, the most common risk factors for COPD are cigarette smoking and exposure to particulate
matter. To mimic this in mice, we instilled PPE intratracheally. The use of PPE produced histological and
physiological changes in the murine lungs, consistent with emphysema. After a single elastase treatment,
the Lm of these mice increased significantly from 28.6 to 35.7 µm, similar to what has been previously
reported in other murine models of emphysema [23–27]. Consistent with these histological changes, ex
vivo, these lungs also demonstrated increased compliance. RF therapy led to a significant reduction in
both Lm and compliance in the emphysema + treated (versus emphysema alone) mice, similar to what
we had been previously observed in rats [14]. While the exact mechanism by which this occurs is
unknown, we posit that RF therapy induces mild thermal injury in the emphysematous (but not in
“normal”) lungs, which in turn leads to inflammation and eventual scarring in the affected regions.
Consistent with this hypothesis, we observed in the RF-treated lungs evidence for mild fibrosis.
Notably, RF therapy did not cause any major complications to the vital organs in the treated mice. One
notable exception was the skin, which showed evidence of mild thermal injury post-therapy. This
complication was mitigated by running cool (distilled) water over the skin of the treated animals during
RF therapy.
There were limitations to the present study. First, our emphysema model does not fully replicate
pathological or physiological changes that are associated with COPD in patients. As noted previously, in
humans, COPD develops slowly over many decades through an inflammatory process that is driven by
risk factors such as cigarette smoke or air pollution exposure. Pathologically, it is characterized
predominantly by centrilobular rather than panlobular emphysema except in those with alpha-1antitrypsin deficiency. In contrast, PPE-induced emphysema in mice leads to panlobular destruction of
lung tissue as previously reported [28] and demonstrated in the present study [29]. Nevertheless, a PPEinduced model displays many of the important characteristics of COPD lungs including destruction of
alveolar space and “small” airways and increased lung compliance, regional hypoxemia and airflow
limitation [29–31]. Second, although in this study, we showed a successful improvement in exercise
capacity of RF-treated mice with emphysema, the durability of these improvements is not certain. Third,
although we posit that RF selectively reduces the volume of lung tissue that is emphysematous (because
of impaired blood supply), the present study was not designed to address the question of mechanism.
Thus, the exact pathways by which RF improves exercise tolerance of emphysematous mice remain
largely a mystery. Additional mechanistic studies are needed in the future to answer this crucially
important question.
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Conclusion
Here, we showed that extracorporeal RF therapy improves exercise capacity of mice with emphysema.
These data highlight the therapeutic potential of RF treatment in improving the functional status of
patients with COPD.
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COPD : Chronic obstructive pulmonary disease
RF : Radiofrequency
PPE : Porcine pancreatic elastase
US ; United States
LVRS : Lung volume reduction surgery
RFA : Radiofrequency ablation
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SEM : Standard error of the mean

Declarations
Ethics approval and consent to participate
This study was approved by the Animal Care Committee of the University of British Columbia (A19-0307).
The care and handling of the animals were in accordance with the policies of the Canadian Council on
Animal Care.

Consent for publication
Not applicable.

Availability of data and materials
The datasets used and/or analyzed during the current study are available from the corresponding author
on reasonable request.

Competing interests

Page 10/19

DDS has received research funding from AstraZeneca (AZ) and honoraria for speaking engagements
from AZ and Boehringer Ingelheim and Grifols. He has also received an honorarium from Nuvaira for
sitting on its advisory board. EE is the CEO of Ikomed, DG, SL and LM hold shares in Ikomed and EG, ML,
and DW are employees of Ikomed.

Funding
This study is funded by Ikomed Technologies Inc., Vancouver, BC

Author’s Contributions
MT, CC, TW, JJ, ZW and DDS created the conception and design of the study, DG, SL, LM, EE, KW, EG, ML
and DW designed and built the RF device. MT and CC carried out the PPE instillation and compliance
measurements. MT, CC, EG, ML and DW carried the RF treatment. EB and LC performed the fibrosis
assessment. MT performed the animal monitoring, treadmill, fixation of the specimen, Lm calculation,
and wrote the manuscript. MT and CY analyzed the data for statistical assessment. CC, CY, PB, ZW and
DDS helped to draft the manuscript.
All authors read and approved the final manuscript.

Acknowledgments
This work was supported by Mitacs through Mitacs Accelerate Program.

References
1. Evans J, Chen Y, Camp PG, Bowie DM, McRae L. Estimating the prevalence of COPD in Canada:
reported diagnosis versus measured airflow obstruction. Health Rep. 2014;25(3):3–11.
2. Agusti A, Anzueto A, Barnes PJ, Bourbeau J, Celli BR, Criner GJ, et al. Global Strategy for the
Diagnosis, Management, and Prevention of Chronic Obstructive Lung Disease: the GOLD science
committee report 2019. Eur Respir J. 2019;53(5):1900164.
3. Hogg JC. Pathophysiology of airflow limitation in chronic obstructive pulmonary disease. Lancet.
2004;364(9435):709–21.
4. Fishman A, Martinez F, Naunheim K, Piantadosi S, Wise R, Ries A, et al. A randomized trial comparing
lung-volume-reduction surgery with medical therapy for severe emphysema. N Engl J Med.
2003;348(21):2059–73.
5. Naunheim KS, Wood DE, Mohsenifar Z, Sternberg AL, Criner GJ, DeCamp MM, et al. Long-term followup of patients receiving lung-volume-reduction surgery versus medical therapy for severe
emphysema by the National Emphysema Treatment Trial Research Group. Ann Thorac Surg.
2006;82(2):431–43.
6. Gelb AF, McKenna RJ Jr, Brenner M, Fischel R, Baydur A, Zamel N. Contribution of lung and chest wall
mechanics following emphysema resection. Chest. 1996;110(1):11–7.
Page 11/19

7. Washko GR, Martinez FJ, Hoffman EA, Loring SH, Estépar RS, Diaz AA, et al. Physiological and
computed tomographic predictors of outcome from lung volume reduction surgery. Am J Respir Crit
Care Med. 2010;181(5):494–500.
8. Simon CJ, Dupuy DE, Mayo-Smith WW. Microwave ablation: principles and applications.
Radiographics. 2005;25(Suppl 1):69–83.
9. Gómez FM, Palussière J, Santos E, Tourdias T, Cornélis F, Sáiz V, et al. Radiofrequency
thermocoagulation of lung tumours. Where we are, where we are headed. Clin Transl Oncol.
2009;11(1):28–34.
10. Rose SC, Thistlethwaite PA, Sewell PE, Vance RB. Lung cancer and radiofrequency ablation. J Vasc
Interv Radiol. 2006;17(6):927–51.
11. Chaouat A, Naeije R, Weitzenblum E. Pulmonary hypertension in COPD. Eur Respir J.
2008;32(5):1371–85.
12. Wada T, Jaw JE, Tsuruta M, Moritani K, Tsutsui M, Tam A, et al. External radiofrequency as a novel
extracorporeal therapy for emphysema. Eur Respir J. 2020;56(5):2001422.
13. Limjunyawong N, Mock J, Mitzner W. Instillation and Fixation Methods Useful in Mouse Lung Cancer
Research. J Vis Exp. 2015; (102):e52964.
14. Papandrinopoulou D, Tzouda V, Tsoukalas G. Lung compliance and chronic obstructive pulmonary
disease. Pulm Med. 2012; 2012: 542769.
15. Knust J, Ochs M, Gundersen HJ, Nyengaard JR. Stereological estimates of alveolar number and size
and capillary length and surface area in mice lungs. Anat Rec (Hoboken). 2009;292(1):113–22.
16. Tschanz SA, Burri PH, Weibel ER. A simple tool for stereological assessment of digital images: the
STEPanizer. J Microsc. 2011;243(1):47–59.
17. Hübner RH, Gitter W, El Mokhtari NE, Mathiak M, Both M, Bolte H, Freitag-Wolf S, et al. Standardized
quantification of pulmonary fibrosis in histological samples. Biotechniques. 2008;44(4):507–17.
18. Ofir D, Laveneziana P, Webb KA, Lam YM, O'Donnell DE. Mechanisms of dyspnea during cycle
exercise in symptomatic patients with GOLD stage I chronic obstructive pulmonary disease. Am J
Respir Crit Care Med. 2008;177(6):622–9.
19. Elbehairy AF, Ciavaglia CE, Webb KA, Guenette JA, Jensen D, Mourad SM, et al. Pulmonary Gas
Exchange Abnormalities in Mild Chronic Obstructive Pulmonary Disease. Implications for Dyspnea
and Exercise Intolerance. Am J Respir Crit Care Med. 2015;191(12):1384–94.
20. Kelly AM, McAlpine R, Kyle E. How accurate are pulse oximeters in patients with acute exacerbations
of chronic obstructive airways disease? Respir Med. 2001;95(5):336–40.
21. Durheim MT, Smith PJ, Babyak MA, Mabe SK, Martinu T, Welty-Wolf KE,,et al. Six-minute-walk
distance and accelerometry predict outcomes in chronic obstructive pulmonary disease independent
of Global Initiative for Chronic Obstructive Lung Disease 2011 Group. Ann Am Thorac Soc.
2015;12(3):349–56.

Page 12/19

22. Gershon AS, Warner L, Cascagnette P, Victor JC, To T. Lifetime risk of developing chronic obstructive
pulmonary disease: a longitudinal population study. Lancet. 2011;378(9795):991–6.
23. Foronjy RF, Mirochnitchenko O, Propokenko O, Lemaitre V, Jia Y, Inouye M, et al. Superoxide
dismutase expression attenuates cigarette smoke- or elastase-generated emphysema in mice. Am J
Respir Crit Care Med. 2006;173(6):623–31.
24. Fujita M, Ye Q, Ouchi H, Nakashima N, Hamada N, Hagimoto N, et al. Retinoic acid fails to reverse
emphysema in adult mouse models. Thorax. 2004;59(3):224–30.
25. Ishikawa T, Aoshiba K, Yokohori N, Nagai A. Macrophage colony-stimulating factor aggravates rather
than regenerates emphysematous lungs in mice. Respiration. 2006;73(4):538–45.
26. Murakami S, Nagaya N, Itoh T, Iwase T, Fujisato T, Nishioka K, et al. Adrenomedullin regenerates
alveoli and vasculature in elastase-induced pulmonary emphysema in mice. Am J Respir Crit Care
Med. 2005;172(5):581–9.
27. Hantos Z, Adamicza A, Jánosi TZ, Szabari MV, Tolnai J, Suki B. Lung volumes and respiratory
mechanics in elastase-induced emphysema in mice. J Appl Physiol. 2008;105(6):1864–72.
28. Rodrigues R, Olivo CR, Lourenço JD, Riane A, Cervilha DAB, Ito JT, et al. A murine model of elastaseand cigarette smoke-induced emphysema. J Bras Pneumol. 2017;43(2):95–100.
29. Lüthje L, Raupach T, Michels H, Unsöld B, Hasenfuss G, Kögler H, et al. Exercise intolerance and
systemic manifestations of pulmonary emphysema in a mouse model. Respir Res. 2009;10(1):7.
30. Vidal D, Fortunato G, Klein W, Cortizo L, Vasconcelos J, Ribeiro-Dos-Santos R, et al. Alterations in
pulmonary structure by elastase administration in a model of emphysema in mice is associated with
functional disturbances. Rev Port Pneumol. 2012;18(3):128–36.
31. Devos FC, Maaske A, Robichaud A, Pollaris L, Seys S, Lopez CA, et al. Forced expiration
measurements in mouse models of obstructive and restrictive lung diseases. Respir Res.
2017;18(1):123.

Figures

Page 13/19

Figure 1
Timeline of the experimental protocol. Fifty-two mice (7 weeks of age) were used in this experiment. We
first induced bilateral emphysema in the lungs by instilling porcine pancreatic elastase (PPE) (1.5U/100g
body weight (BW)) into the lungs of mice. Radiofrequency (RF)) (0.5W/ g BW) treatment was then
performed two weeks later and mice were sacrificed three weeks post-RF treatment. The exercise capacity
of mice was determined on a treadmill test. Treadmill runs were performed just prior to PPE instillation
(baseline or day 0), before RF treatment (day 14) and on the day of sacrifice (day 35). Following sacrifice,
lung compliance, mean linear intercept (Lm) and fibrosis were assessed.

Figure 2
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Gross image of the RF device. (A) The overhead view of the mouse positioning. The mouse was set
between the electrodes and was supported by a felt over which cool saline was dispensed during the RF
treatment. (B) The cross-sectional view of the RF device. The electrodes were designed to match the
position of the lungs.

Figure 3
The flow of the study.
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Figure 4
Maximum velocity on day 35. While the emphysema group showed a significant reduction in peak
exercise velocity compared to that in the control group, the treatment group showed significantly
improved peak exercise velocity compared with emphysema group that represents the therapeutic effect
of the RF therapy Asterisks above the horizontal lines indicate a significant difference in the comparisons
between the groups (*p<0.05).
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Figure 5
Lung compliance and Lm. (A) Lung compliance: The lung compliance was measured by using the water
displacement method. Consistent with a decreased stiffness of the lungs, the emphysema group showed
a significant increase in compliance compared to the saline group. Lung compliance of the emphysema +
treatment group was lower than the emphysema group, albeit not statistically significant. (B) Mean linear
intercepts (Lm): Compared to the control group, the Lm was significantly increased in the emphysema
group while significantly decreased in the emphysema + treatment group. Asterisks above the horizontal
lines indicate a significant difference in the comparisons between the groups (**p<0.01, ***p<0.001).
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Figure 6
Fibrosis assessment by using the modified Ashcroft scoring. The breakdown of the total 1mmx1mm
squares of the specimen are shown in the upper table. The lower graph shows that the emphysema +
treatment group had a significantly higher distribution of clear-cut fibrosis (Grade 3 ≧) compared to the
emphysema group. Asterisks above the horizontal lines indicate a significant difference in the
comparisons between the groups ***p<0.001).
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Figure 7
Representative Masson’s trichrome staining photomicrographs showing the morphology of lung. (A)
Control: saline (100µl), (B) Emphysema: PPE (1.5U/100g body weight), and (C) Emphysema + Treatment:
PPE+RF (1.5U/100g body weight+0.5W/g) at day 35. Upper panels 8x magnification (scale bar 300 µm).
Lower panels x20 magnification (scale bar 100 µm). Clear emphysema was observed in emphysema
group and fibrosis was induced by the RF treatment as seen in the emphysema + treatment group.
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