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ABSTRACT

The harm associated with lung cancer treatment include
perioperative morbidity and mortality and therapy-induced
toxicities in various organs, including the heart and lungs.
Optimal treatment therefore entails a need for risk assessment
to weigh the probabilities of benefits versus harm. Exercise
testing offers an opportunity to evaluate a patient’s physical
fitness/exercise capacity objectively. In lung cancer, it is most
often used to risk-stratify patients undergoing evaluation for
lung cancer resection. In recent years, its use outside this
context has been described, including in nonsurgical candi-
dates and lung cancer survivors. In this article we review the
physiology of exercise testing and lung cancer. Then, we assess
the utility of exercise testing in patients with lung cancer in
four contexts (preoperative evaluation for lung cancer resec-
tion, after lung cancer resection, lung cancer prognosis, and
assessment of efficiency of exercise training programs) after
systematically identifying original studies involving the most
common forms of exercise tests in this patient population:
laboratory cardiopulmonary exercise testing and simple field
testing with the 6-minute walk test, shuttle walk test, and/or
stair-climbing test. Lastly, we propose a conceptual frame-
work for risk assessment of patients with lung cancer who are
being considered for therapy and identify areas for further
studies in this patient population.

© 2016 International Association for the Study of Lung
Cancer. Published by Elsevier Inc. All rights reserved.

Keywords: Exercise testing; Cardiopulmonary exercise
testing; Six-minute walk test; Stair-climbing test; Shuttle
walk test; Lung cancer

Introduction

“First, do no harm” is a key principle of clinical
practice and medical ethics. Though a simple statement,
the decision for optimal treatment can be very difficult

in many situations in medicine, especially when dealing
with diseases with a poor prognosis such as lung can-
cer. Such treatment decisions entail a need for risk
assessment to weigh the probabilities of benefits versus
harm.

Lung cancer treatment consists of a combination of
modalities involving surgical resection, chemotherapy,
radiotherapy, targeted therapy, and/or immunotherapy.
The associated immediate harm includes perioperative
surgical complications and therapy-induced toxicities on
various organs, including the heart and lungs. Perioper-
ative morbidity/mortality depend on multiple factors,
including patient-related factors (e.g., cardiopulmonary
reserve, comorbidities), extent of the operation/surgical
approach, and surgical/institutional expertise." Surgical
mortality rates for lobectomy range from 1% to 5%.”
After lung resection, patients are at risk for impaired
exercise capacity and persistent dyspnea and fatigue
from the loss of lung function. Platinum-based chemo-
therapy, a mainstay treatment for advanced-stage lung
cancer, is associated with an increased risk for cardio-
vascular disease.” Radiotherapy, with or without
chemotherapy, can lead to cardiac dysfunction in pa-
tients with lung cancer who are undergoing treatment.”
Radiation pneumonitis will develop in 5% to 15%
of those undergoing definitive external beam radia-
tion therapy, with progressive pulmonary fibrosis, cor
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pulmonale, and/or respiratory failure subsequently
developing in a minority.” Cardiopulmonary toxicities of
small molecule kinase inhibitors include interstitial lung
disease (e.g, interstitial pneumonitis, hypersensitivity
pneumonitis), pleural effusions, left ventricular systolic
dysfunction, and/or heart failure.” ' Programmed death
1 (PD-1) inhibition can lead to pneumonitis and wors-
ening fatigue/dyspnea.’* '*

To balance the benefits of lung cancer treatment
against the associated harm,15 traditional risk assessment
involves evaluation of the patient’s performance status,
which has been shown to be an independent predictor of
survival in patients receiving chemotherapy and/or
radiotherapy.’® These scoring systems, however, are pa-
tient reported, rely on subjective factors, and often do not
correlate well with patients’ perceptions of functional
status; therefore, they are prone to inconsistencies.'”

Exercise testing provides an opportunity to evaluate
a patient’s functional status/exercise capacity objec-
tively. In lung cancer, exercise testing is most often used
in the preoperative physiologic assessment to risk-
stratify patients for lung resection. An individual’s
exercise capacity has been associated with the periop-
erative risk for morbidity and mortality. The role of ex-
ercise testing in patients with advanced lung cancer (i.e.,
nonsurgical candidates) and lung cancer survivors has
also recently been explored.

Physiology of Exercise Testing and Lung Cancer
In exercising individuals, physiologic responses to

meet the metabolic demands of contracting skeletal

muscles involve changes in ventilation, cardiac output,
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and pulmonary and systemic blood flow to ultimately
preserve cellular oxygenation and acid-base homeosta-
sis.'? Assessment of exercise capacity traditionally relies
on measurement of oxygen consumption (Vo,, expressed
in liters per minute or milliliters per kilogram per minute),
reflecting one’s ability to take in, transport, and use oxy-
gen to produce adenosine triphosphate during exercise
(Fig. 1). In healthy individuals, maximum exercise toler-
ance is limited by the oxidative ability of skeletal muscle
and/or cardiac output. With increasing exercise intensity,
Vo, increases and reaches a point at which increasing
exercise intensity no longer leads to an increase in Vo,
(maximal Vo, [Vo,max]). A normal Vo,max usually ex-
cludes significant pulmonary, cardiovascular, hematolog-
ic, neuropsychological, and skeletal muscle disease.”’
Vozmax, therefore, is often regarded as the accepted
standard measurement of cardiopulmonary fitness."®

In patients with lung cancer, exercise limitations can
be due to the effects of the cancer, coexisting morbid-
ities, and/or the effects of treatment. Cancer-related
anemia’’ and muscle atrophy and dysfunction®* can
limit oxygen content and oxygen utilization. Limitations
of ventilation and gas exchange can be prominent in
those with coexisting lung disease, whereas chronotropic
incompetence and ventricular dysfunction due to
ischemia and/or remodeling can limit cardiac output in
patients with coexisting heart disease. Lung cancer
treatment can lead to impairments in pulmonary and/or
cardiovascular function. In time, the inactivity that
accompanies cancer, its comorbidities, and treatment-
related effects can reduce muscle strength and condi-
tioning, further reducing exercise capacity.

MUSCLE 0, and CO, VENTILATION
ACTIVITY DELIVERY (VA + VD = VE)
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Figure 1. Diagram of cardiopulmonary exercise testing. BF, breathing frequency; CO,, carbon dioxide; HR, heart rate; LV, left
ventricle; 0,, oxygen; Qco,, elimination rate for carbon dioxide; Qo,, consumption rate for oxygen; RV, right ventricle; SV,
stroke volume; V,, alveolar ventilation; Vp, dead space ventilation; Vg, minute ventilation; Vco,, carbon dioxide elimination;
Vo,,0xygen consumption; Vg, tidal volume. Reprinted from Wasserman et al.’® with permission.
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Methods of Exercise Testing

Traditionally, Vo, is measured during formal cardio-
pulmonary exercise testing (CPET). In this test, patients
are instructed to exercise using a treadmill or cycle
ergometer at incrementally increasing workloads.
Vo,max is reached when there is a plateau of the
measured Vo, with increasing workload. In individuals
who do not reach Vozmax, usually on account of pro-
hibitive symptoms including those due to cardiac and/or
pulmonary limitations, the term W,peak is used to
describe the highest Vo, reached during CPET. Reference
values have been proposed, adjusting Vo, to age, sex, and
weight and height.?’ Other methods of exercise testing
include simple field tests, including the 6-minute walk
test (6MWT), shuttle walk test (SWT), and stair-climbing
test (SCT). Simple field tests can be self-paced or exter-
nally paced, ending after specific amounts of time, a
designated distance or height, or development of pro-
hibitive symptoms or volitional exhaustion. Their testing
measurements, relative intensities, complexities, and
relationships to Vo,max/peak and other clinical assess-
ments/outcomes are summarized in Table 1.

In this manuscript, we review the current status of
exercise testing in patients with lung cancer, provide a
conceptual framework regarding the utility of exercise
testing in this patient population, and explore knowledge
gaps to guide future research efforts.

Methods

We used PubMed searches to identify studies by us-
ing the medical subject heading (MeSH) terms exercise
testing and Iung neoplasm and the keywords exercise
testing or exercise test or the individual test (6-minute
walk test, shuttle walk test, stair-climbing test, or car-
diopulmonary exercise test) and lung cancer or the MeSH
term lung neoplasm. Only original studies published in
the English language were included. We then reviewed
abstracts and/or articles for the type of exercise testing
and the context in which they were used. We pre-
formulated a framework for evaluating the utility of
exercise testing in four different contexts: (1) preoper-
ative evaluation of lung resection candidates, (2)
follow-up after treatment, (3) prognosis, and (4) as an
assessment tool for exercise-based interventions. In each
context (Supplementary Digital Content E-Table 1), we
summarized studies with the Ilargest number of
enrolled/included patients; in context 3 and 4 studies
were grouped according to clinical stage and, in context
4, favoring randomized trials.

Results
By using the MeSH search terms exercise testing and
lung neoplasms, we found 98 studies involving the use of
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VOZ

End Point

Pacing

Vco,, VE, AT, HR, BP, +-++

+++

CPET?°

Externally Prohibitive symptoms

0, saturation,

work
HR, BP, O,

or plateau of Vo,

paced
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++ Moderate-strong  Moderate Weak-moderate Consistently strong

Distance

6MWT?>24 Self-paced 6-min duration

-strong

saturation,

desaturation

indices, work
HR, O, saturation,

N/A

N/A

N/A

N/A

+

Time

ESWT?*>* Externally Prohibitive symptoms

distance
HR, O saturation,

or 20-min duration

Externally Prohibitive symptoms

paced

Suggestive

N/A

Weak-

Strong

++

Distance

ISWT?23:24

moderate

N/A

or 12 total stages Vo,, VE
HR, O, saturation,

paced
Self-paced Volitional exhaustion or Height

N/A

N/A

Moderate-strong

++

SCT

time

designated height/
flights of stairs

Note: In general, not specific to lung cancer.

6MWT, 6-minute walk test; AT, anaerobic threshold; BP, blood pressure; CPET, cardiopulmonary exercise testing; ESWT, endurance shuttle walk test; ISWT, incremental shuttle walk test; HR, heart rate; O,, oxygen; PA,

physical activity; PRO, patient-reported outcome; SCT, stair-climbing test; VE, minute ventilation; Vo,, oxygen consumption; min, minute.
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exercise testing in patients with lung cancer (Fig. 24).
The four exercise tests most frequently identified were
as follows: (1) CPET (51 studies [52%]); (2) 6MWT (16
studies [16%]); (3) SCT (11 studies [11%]); and (4) SWT
(four studies [4%]). Other forms of exercise testing/as-
sessments included pedometers,” stair steppers,”® the
12-minute walk test (12MWT),”” pulmonary hemody-
namics/arterial occlusion,”®* *° and bronchoscopic lobar
occlusion during exercise.®’ Additional PUBMED
searches that used a combination of the aforementioned
keywords and MeSH terms, including only articles not
previously identified utilizing the four most common
exercise tests resulted in19 additional studies. In total,
84 original studies in the English language involved
CPET, 6MWT, SCT, and/or SWT in the population of
patients with lung cancer (Table 2, Fig. 2B).

Preoperative Evaluation for Lung Cancer
Resection

In this context, the most common exercise tests were
the SCT, SWT, and CPET, which measure the height

Journal of Thoracic Oncology Vol. m No. m

climbed, distance walked, and Vozpeak respectively.
Performance using these physiologic measurements
correlates with perioperative morbidity and mortality;
these assessments were therefore used to risk-stratify
patients. The indications, cutoffs, and applications in
clinical decision making are summarized for the most
frequently used practice guidelines in Table 3.%* %

Since the most recent published guideline in 2013,
we have identified five studies involving exercise
testing in the preoperative evaluation of patients with
lung cancer: two used CPET (to predict postoperative
complications),35'36 two used the 6MWT,%>”® and one
assessed the relationship between performance on the
6MWT, endurance shuttle walking test, and incremental
shuttle walking test (ISWT) with CPET Vo,peak.*’ Given
the extensive review on the utility of CPET, SCT, and
SWT in the previous practice guidelines and practical
considerations in preoperative physiologic assessment,
we sought to further evaluate the role of the 6MWT in
the preoperative evaluation of patients with lung
cancer.

All studies Only English Only original
studies
A Do greopin” | (77 | — == -
and “‘exercise test” -
B | Keywords “lung cancer” and
“exercise test” 130 studies | ——> | 107 studies | =
Keywords “lung cancer” and 5 -
“exercise testing” 24 Sdics >
Keywords “lung cancer” and
“six-minute walk test” — 7 studies I
Only original
Keywords “lung cancer” and - - smdi.es, not Only original studies
“shuttle walk test” prevpusly ) using the 6MWT,
identified, using the SCT. SWT. or CPET
« 5 WT, SCT, SWT,
Keywords “lung cancer” and S ; 6MWT, > >
“stair climbing test” i or CPET — >
=
Keywords “lung cancer” and -
“cardiopulmonary exercise test” >
MeSH term “lung neoplasm” and
keywords “six-minute walk test” S atudics
MeSH term “lung neoplasm” and S -
keywords “shuttle walk test” Bistridiss >
MeSH term “lung neoplasm” and
keywords “stair climbing test” losds —
MeSH term “lung neoplasm” and - -
keywords “cardiopulmonary e > | 16 studies — _—
exercise test”

Figure 2. Flow diagram of search results. (A) Initial search of studies involving all forms of exercise testing in lung cancer. (B)
Identification of studies involving the four most common exercise tests in lung cancer. 6MWT, 6-minute walk test; CPET,
cardiopulmonary exercise testing; MeSH, medical subject headings; SCT, stair-climbing test; SWT, shuttle walk test.
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Table 2. Studies of Exercise Testing in Lung Cancer

Exercise Preoperative Efficacy

Test Evaluation Posttreatment Prognosis Assessment
CPET 35 9 9 10
6MWT 6 5 4 8
ESWT 2 0 0 0
ISWT 4 0 0 0
SCT 6 2 2 0
Total® 42 15 13 15

“Some studies used more than one exercise test.

6MWT, 6-minute walk test; CPET, cardiopulmonary exercise testing; ESWT,
endurance shuttle walk test; ISWT, incremental shuttle walk test; SCT, stair-
climbing test.

6MWT

The first two studies involving walking tests utilized
the 12MWT; both reported a lack of association
between the 12MWT distance and postoperative
(pulmonary®’ or cardiopulmonary*”) complications. In
contrast, in two later studies using the 6MWT, the
6-minute walking distance (6MWD) was reported to be
associated with respiratory failure*’ and a 6MWD
greater than 1000 feet (~ 300m) was predictive of
survival at 90 days after surgery.*” On the basis of these
four studies (Table 4), the European Respiratory Soci-
ety/European Society of Thoracic Surgeons recom-
mended against using the 6MWT in the preoperative
assessment,>® a recommendation that has been cited
and supported by the American College of Chest Phy-
sicians®%; the British Thoracic Society did not give a
specific recommendation regarding the 6MWT in this
context®* We identified two additional studies
involving the 6MWT in the context of preoperative
evaluation: Nakagawa et al.*® described significant
correlations between Vo,max and the 6MWD and oxy-
gen desaturation, whereas Marjanski et al.”” described
an association between a 6MWD less than 500 m with
postoperative complications (Table 4).

Exercise Testing in Lung Cancer 5

To understand the role of the 6MWT in the preop-
erative evaluation of candidates for lung cancer resec-
tion, further study is needed. The literature cited in the
practice guidelines describes a lack of correlation be-
tween the 12-minute walking test distance and post-
operative complications; however, these observations
were made in studies with a small number of patients
(77 in total) without a uniform selection process. In
addition, most patients with comorbidities are unlikely
to perform well on the 12MWT because of its extended
testing time. In the two studies using the 6MWT, the
6MWD was found to be a significant predictor of surgical
complications; however, the measured outcomes were
defined differently between these two studies. Holden
et al. defined poor surgical outcome as death within 90
days of surgery,”” whereas Pierce et al. defined it as
inclusive of all postoperative complications.*” The total
number of patients in these studies is also small (77
patients). Additionally, patients were instructed to
perform the 6MWT multiple times as part of their eval-
uation (twice by Holden et al.*’ and three times by
Pierce et al.,*" with the longest 6MWD used for analysis).
Since the publication of these studies, a learning effect
has also been shown to have a significant impact on the
6MWD,?3%4 guidelines for the 6MWT have been devel-
oped,”® and performance of practice tests is no longer
recommended in most settings."’

The two studies we identified’’”® included a
larger number of patients. However, the study by
Nakagawa et al.>® assessed the 6MWD as a predictor of
Vo,max and not postoperative complications. The 6MWT
is often performed as a submaximal test, and although
the 6MWD has been correlated with Vo,max in different
patient populations,”* including patients with chronic
obstructive pulmonary disease and those with pulmo-
nary fibrosis, it is unlikely to be a strong predictor of
Vo,max in patients with lung cancer who do not have
severe comorbidities owing to its self-paced nature (this

Table 3. Summary of Guidelines for Exercise Testing in the Preoperative Evaluation for Lung Cancer Resection Surgery

Clinical Question ACCP Guideline*

BTS Guideline®*

ERS/ESTS Guideline®:

Whom to test/which test ppoFEV; or ppoDiLco 30%-60%: SCT
or SWT

ppoFEV, or ppoDico < 30%: CPET

SCT height < 22 m, or

SWT distance < 400 m, and/or

Vopeak < 20 mL/kg/min (75%

Functional cutoff
indicating elevated risk

_ predicted)
Anatomic resection Vo,peak < 10 mL/kg/min (35%
generally not predicted)

recommended (i.e.,
“prohibitive risk”)

ppoFEV, or ppoDLco < 40%: SWT or
CPET

SWT distance < 400 m, or
Vozpeak < 15 mL/kg/min

SWT distance < 400 m, or
Vo,peak < 15 mL/kg/min

FEV, or Dico < 80% predicted:
CPET

Vozpeak < 20 mL/kg/min (75%
predicted)

Vozpeak < 10 mL/kg/min (35%
predicted)

ACCP, American College of Chest Physicians; BTS, British Thoracic Society; CPET, cardiopulmonary exercise testing; Dico, diffusion capacity of the lung for
carbon monoxide; ERS/ESTS, European Respiratory Society/European Society of Thoracic Surgery; FEV4, forced expiratory volume in one second; ppo,
predicted postoperative; SCT, stair-climbing test; SWT, shuttle walk test; Vo,peak, peak oxygen consumption.



Table 4. Studies Involving the 12MWT/6MWT in the Preoperative Evaluation for Lung Cancer Resection Surgery

Walk Test
Predictor

Study

Study Design

Patient Selection

Outcomes Measured

Results

Bagg et al.”’

Markos et al.*

Holden et al.*?

Pierce et al.”!

Nakagawa
et al.®®

Marjanski et al.*’

Prospective
cohort

Prospective
cohort

Prospective
cohort

Prospective
cohort

Retrospective
analysis

Retrospective
analysis

30 consecutive patients undergoing
surgical evaluation; 22 underwent
surgical resection

55 consecutive patients undergoing
surgical evaluation, Pao, > 60 mm Hg,
Paco, < 45 mm Hg while breathing
ambient air; 47 underwent surgical
resection

23 consecutive high-risk patients (FEV,
< 1.6 liters) undergoing surgical
evaluation; 19 patients underwent
surgical resection

54 consecutive patients, FEV; > 55%
predicted for pneumonectomy, 40%
predicted for lobectomy, or ppoFEV, >
30% predicted, and Vo,peak > 15 mL/
kg/min; 52 underwent surgical
resection

51 patients with lung cancer who
underwent both the 6MWT and CPET
before surgery

253 patients with lung cancer who
underwent lobectomy and had 6MWT
performed on the day before surgery

12MWD

12MWD

6MWD

6MWD

6MWD, O,

desaturation

6MWD

Respiratory complications

Cardiopulmonary
complications (including
3 deaths)

Death (5 patients died
within 90 d of surgery)

Postoperative
complications (including
9 deaths within 32 d of
surgery)

Vo,max

Postoperative
complications

12MWD did not differ between those with (n = 7)
and without (n = 15) respiratory complications
(mean 12MWD 968 + 40 m vs. 930 + 37 m,
respectively)

12MWD was not predictive of postoperative
complications

Mean 12MWD = 1018 feet (~310 m) in those
without complications (n = 32) vs. 905 ft (~276
m) in those with complications (n = 15)

6MWD > 1000 feet (~300 m) was predictive of a
successful surgical outcome (survival 90 d
after surgery)

Mean 6MWD 1315 feet (~401 m) in those with
minor or no complications (n = 11) and 878 feet
(~268 m) in those dying within 90 d after
surgery (n = 5) (p < 0.05)

6MWD, as a continuous variable, was predictive of
respiratory failure in MVA

Mean 6MWD was 501 + 47 m in those with
postoperative complications (n = 36) vs. 556 +
88 m in those without complications (n = 9)

(p = 0.034)

Significant correlation between Vo,max and the
6MWD (r = 0.55, p < 0.001) and O, desaturation
(>4%) (r = 0.538, p < 0.001)

6MWD and O, desaturation had AUCs of 0.692 (p =
0.02) and 0.814 (p < 0.001), respectively, when
used to predict a Voomax < 15 mL/kg/min

6MWD < 500 m was associated with postoperative
complications; OR = 2.63 (1.42-4.88, p = 0.001)

6MWD < 500 m had an AUC of 0.593 (Cl: 0.530-
0.654) when used to predict high vs. low
complication rates

6MWD, 6-minute walk distance; 6MWT, 6-minute walk test; 12MWD, twelve-minute walk distance; AUC, area under the curve; Cl, confidence interval; FEV,, forced expiratory volume in the first second; MVA,

multivariable analysis; O,, oxygen; OR, odds ratio; Paco,, partial arterial pressure of carbon dioxide; Pao,, partial arterial pressure of oxygen; ppo, predictive postoperative; Vo,max/peak, maximal/peak oxygen

consumption; d, day.
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hypothesis has been confirmed by a recent study by
Granger et al. in 20 patients with stage I through IIIB
lung cancer’”). The American Thoracic Society recom-
mends that the 6MWT be used in complementary
fashion and not as a substitute for CPET.** The study by
Marjanski et al.,*” although involving the largest number
of patients with the 6MWT in the preoperative evalua-
tion setting, was analyzed retrospectively.

Despite these limitations, the 6MWT appears to have a
role in the preoperative evaluation of lung cancer resection.
A 6MWD threshold of more than 300 to 500 m appears to
predict a lower risk for perioperative complications. This
finding should be confirmed with additional studies before
wider adoption in clinical practice (Fig. 3).

After Lung Cancer Surgery

Exercise testing has also been used in patients after
lung cancer therapy. We identified 15 studies involving
three different exercise tests: CPET (nine studies),
6MWT (five studies), and SCT (two studies). Most
studies involved postoperative patients. We divided our

Exercise Testing in Lung Cancer 7

summaries according to different time frames after
surgery: 1 to 3 months; 3 to 6 months; 6 to 12 months;
and longer than 12 months (Table 5).

At 1 month after surgery, Nagamatsu et al.** assessed
164 patients (91% lobectomy) and found that Vomax
decreased and subsequently improved significantly to
88% of the preoperative baseline. In contrast, Brunelli
et al.*” assessed 180 postlobectomy patients and found
that Vozpeak (estimated by the SCT) did not change at 1
and 3 months after the operation; however, after pneu-
monectomy, Vozpeak decreased significantly and
improved to 87% of the preoperative value at 1 month
and 89% at 3 months. Self-reported physical composite
scales have also shown that patients’ physical capacity
decreased at 1 month after their operation but recovered
at 3 months."®

At 3 to 6 months, Nugent et al."” assessed 53 patients
and found that Vozpeak was reduced by 28% after
pneumonectomy whereas it was unchanged after tho-
racotomy alone, wedge resection, and lobectomy. In a
larger study, Nezu et al.*’ assessed 82 patients and

Algorithm for Thoracotomy and
Major Anatomic Resection
(Lobectomy or greater)

VO2max

Positive high-risk
cardiac evaluation®

ppoFEV1 or

6MWD <300-500m

<10 ml/kg/min
Or < 35%

VO2max
10-20 ml/kg/min
Or 35%-75%

Positive low-risk
or Negative cardiac
evaluation

|

ppoFEV1%

ppoFEV1 or
ppoDLCO < 60%
AND both >30%

SCT <22m OR e
WT < 4 X

Wl 400 >20 mi/kg/min
Or >75%

Stair climb or

Shuttle walk

et |

>22m OR
>400m

| 6MWD > 300-500m

ppoFEV1 and
pPODLCO > 60%°

[] Proposed addition to current guideline

ppoDLCO%?

Figure 3. Proposed addition of the 6MWT to the physiologic evaluation of patients with lung cancer for further studies. 6MWD,
6-minute walk distance; 6MWT, 6-minute walk test; Dico, diffusion capacity of the lung for carbon monoxide; FEV;, forced
expiratory volume in 1 second; ppoDLco, predicted postoperative DiLco; ppoFEV,, predicted postoperative FEV,; SCT, stair-
climbing test; SWT, shuttle walk test; Vo,max, maximal oxygen consumption. (a) For pneumonectomy candidates, perfusion
scan is suggested to calculate ppoFEV; or ppoDLco (ppo values = preoperative values x (1 — fraction of total perfusion
for resected lung). For lobectomy patients, segmental counting is indicated to calculate ppoFEV; or ppoDLco (ppo values =
preoperative values x (1 — y/z), where y is the number of functional or unobstructed lung segments to be removed and z is
the total number of functional segments. (b) Cutoff chosen based on indirect evidence and expert consensus opinion. (c) For
patients with a positive high-risk cardiac evaluation deemed to be safe to proceed to resection, both pulmonary function test
and cardiopulmonary exercise test are suggested for a more precise definition of risk. (d) Definition of risk: Low risk: The
expected risk of mortality is below 1%. Major anatomic resection can be safely performed in this group. Moderate risk: Morbidity
and mortality rates may vary according to the values of split lung functions, exercise tolerance, and extent of resection. Risks
and benefits of the resection should be thoroughly discussed with the patient. High risk: The risk of mortality after standard
major anatomic resection may be higher than 10%. Considerable risk of severe cardiopulmonary morbidity and residual function
loss is expected. Patients should be counseled about alternative surgical (minor resections or minimally invasive surgery) or
nonsurgical options.>3? Modified from Brunelli et al.>? with permission.



Table 5. Selected Studies on Exercise Testing after Lung Cancer Resection Surgery

Postsurgical Time

Point/Selected Study Patient Population

Exercise
Test/Instrument

Findings

Other Findings

1 mo: Nagamatsu
et al.*

1-3 mo: Brunelli
et al.*®

1-3 mo: Brunelli
et al.®®

3-6 mo: Nugent
etal.”

3 and > 6 mo: Nezu
et al.®®

12 mo: Wang et al.*

Minimum 5 years:

Deslauriers et al.>°

Mean 5.5 + 4.2 years:

Vainshelboim et al.”

164 patients (149
lobectomy, 5
bilobectomy, 5
pneumonectomy)

156 patients (144
lobectomy, 12
pneumonectomy)

200 patients (180
lobectomy, 20
pneumonectomy)

53 patients (13
pneumonectomy)

82 patients (62
lobectomy, 20
pneumonectomy)

28 patients (19
lobectomy, 5
pneumonectomy,

4 segmentectomy)

CPET

SF-36 questionnaire

SCT to estimate

Vozpeak

CPET

CPET

CPET

100 postpneumonectomy 6MWT

patients

17 postpneumonectomy

patients

CPET, 6MWT

Vo,max improved significantly to 88% (+19%)
of the preoperative baseline

Physical scale was reduced compared with
preoperative value at 1 mo (51 vs. 45, p <
0.0001), and recovered at 3 mo (51 vs. 52,

p=0.2)

After lobectomy, Vozpeak was unchanged at
1 mo (96% of preoperative value) and 3 mo

(97%)

After pneumonectomy, Vo,peak significantly
improved (p < 0.05) to 87% of preoperative
value at 1 mo and 89% at 3 mo

Vospeak was reduced by 28% (23.9 + 1.5 vs.
17.2 + 1.7 mL/kg/min, p < 0.01) in patients
undergoing pneumonectomy (n = 13) but
unchanged after thoracotomy alone (n = 13),
wedge-resection (n = 13), and lobectomy

(n = 14)

After lobectomy, Vozmax decreased
significantly at 3 mo and improved after more
than 6 mo but did not reach preoperative

values

After pneumonectomy Vo,max decreased
significantly at 3 mo and did not recover

thereafter

On average, Vo,max decreased 13.3% after
lobectomy and 28.1% after pneumonectomy

Vo,max decreased significantly (p < 0.05) after
pneumonectomy (by 20%) and lobectomy (by
12%), but not after segmentectomy

On average, Vo,max decreased significantly by
2.1 mL/kg/min (from 18.5 + 4.0t0 16.3 + 4.8

mL/kg/min, 11%)

6MWD was 83 + 17% of predictive values; 19 out
of 91 patients had lower than expected

normal values

FEV,, FVC, and Drco improved significantly to ~70% of baseline

Mental and social scores were unchanged after surgery
compared with preoperative scores

After lobectomy, FEV, and Dico significantly improved (p <
0.005) to 80% and 82% of preoperative values, respectively
at 1 mo, and 84% and 89% at 3 mo

After pneumonectomy, FEV; and Dico significantly improved (p
< 0.005) to 65% and 75% of preoperative values, respectively
at 1 mo, and 66% and 80% at 3 mo

FEV, and Dico % predicted was significantly reduced (p < 0.05)
by 26% and 30%, respectively, after pneumonectomy

After lobectomy, FEV, and VC decreased significantly at 3 mo
and improved after more than 6 mo but did not reach
preoperative values

After pneumonectomy FEV, and VC decreased significantly at
3 mo and did not recover thereafter

FEV, decreased significantly after pneumonectomy (by 23%),
lobectomy (by 9%), and segmentectomy (by 10%)

FVC decreased significantly after pneumonectomy (by 28%) and
lobectomy (by 13%) but not segmentectomy

Dico decreased significantly after pneumonectomy (by 33%),
lobectomy (by 22%), and segmentectomy (by 9%)

Compared to preoperative values, FEV, % predicted decreased
significantly by 30%, FVC by 14%, and Dico by 33%

SPAP was mildly elevated at 36 + 9 mm Hg; abnormal
diaphragmatic motion detected in 88 patients; dyspnea was
mild in 47 patients, moderate in 24 patients, and severe in
3 patients

Vozpeak was 48 + 17% of predicted (11.5 + 3.3 FEV, was 46 + 14%, FVC 55 + 13%, Dico 53 + 18% of predicted

mL/kg/min)

6MWD was 89 + 25% of predicted (490 + 15m)

SPAP mildly elevated at 38 + 12 mm Hg

6MWD, 6-minute walk distance; 6MWT, 6-minute walk test; CPET, cardiopulmonary exercise testing; Dico, diffusion capacity of the lung for carbon monoxide; FEV4, forced expiratory volume in 1 second; FVC, forced
vital capacity; SCT, stair-climbing test; SPAP, systolic pulmonary arterial pressure; VC, vital capacity; Vo,peak/max, peak/maximal oxygen consumption; mo, month.
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found that after lobectomy, Vo,max decreased signifi-
cantly at 3 months and improved after more than 6
months but did not reach preoperative values; after
pneumonectomy, Vo,max decreased at 3 months and did
not recover thereafter.

At 12 months, the largest study assessed 28 patients
and found that Voymax decreased significantly after
pneumonectomy and lobectomy but not after segmen-
tectomy.”” At a minimum of 5 years, Deslauriers et al.”°
found that the 6MWD was approximately 83% of pre-
dicted values in postpneumonectomy patients, with 19
out of 91 patients having less than expected age- and
sex-adjusted normal values. In a similar study,
Vainshelboim et al.”’ assessed 17 postpneumonectomy
patients (mean time 5.5 years after surgery) and found
reductions in Vozpeak at approximately 48% of
predicted values and 6MWD at approximately 89% of
predicted values.

After lung resection, therefore, most patients appear
to recover exercise capacity by 3 months. However, there
appear to be subgroups of patients with extended re-
covery beyond 3 months. Those who do not recover by 6
months tend to remain limited beyond that time. Post-
pneumonectomy patients tend to have poorer recovery
of exercise capacity compared with nonpneumonectomy
patients and can have persistent limitations beyond 5
years. Long-term evaluations of exercise capacity and
health status, including patient-reported function and
dyspnea (especially in those receiving lobectomy,
chemotherapy, and/or radiotherapy), are lacking.

Lung Cancer Prognosis

Exercise testing has also been used to predict sur-
vival in patients with lung cancer. We found 13 such
studies involving CPET (nine studies), 6MWT (four
studies), and SCT (two studies).

In patients undergoing evaluation for surgical resec-
tion, two large studies evaluated exercise testing and
prognosis after surgery. Brunelli et al.”* studied the as-
sociation between performance on the SCT and survival
in 296 patients with stage I non-small cell lung cancer
(NSCLC) (mean SCT height 20 m). They reported that an
SCT height greater than 18 m was an independent
predictor of survival (hazard ratio [HR] = 0.5, p = 0.02),
along with diffusion capacity of the lung for carbon
monoxide (Drco) and pathologic tumor stage. In a larger
study involving CPET, Jones et al.”® investigated the as-
sociation between Vozpeak and survival in 398 patients
with stage [ through III lung cancer (mean Vo,peak of
15.8 mL/kg/min), and found that compared with those
with a Vo,peak less than 12.8 mL/kg/min, the adjusted
HR for all-cause mortality was 0.64 for patients with a
Vopeak 15.5 mL/kg/min, and 0.56 for those with a
Vozpeak greater than 19.1 mL/kg/min.
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In patients with advanced lung and breast cancer, Jones
et al.°* conducted a pilot study to assess the safety and
feasibility of CPET. In 85 patients who underwent CPET,
three patients (3.5%) were found to have positive elec-
trocardiographic changes suggestive of ischemia, whereas
asymptomatic, nonsignificant changes in ST segment
developed in 12 patients with NSCLC (26.0%) and 17 pa-
tients with breast cancer (43.6%); in two patients adverse
events developed during the test. In another study, Jones
et al.”” assessed the prognostic value of the 6MWD in 118
patients with stage IIIB to IV NSCLC (mean 6MWD 396 m);
they found the 6MWD to be an independent predictor of
survival, with each 50-m improvement in the 6MWD
associated with a 13% reduction in the risk for death.
Compared with patients with a 6MWD less than 358.5 m,
patients with a 6MWD greater than 450 m had an adjusted
HR for all-cause mortality of 0.48.

In another study involving patients with advanced
lung cancer, Kasymjanova et al.°® enrolled 64 consecu-
tive patients with stage III to IV NSCLC who were un-
dergoing doublet platinum-based chemotherapy (mean
initial 6MWD of 420 m); they found that a 6MWD greater
than 400 m was the only variable associated with
improved survival in multivariable analyses (HR = 0.44,
p = 0.001). In 45 patients who were able to complete the
6MWT both before and after chemotherapy, the mean
6MWD decreased after two cycles of chemotherapy from
462 m to 422 m (p = 0.01).

The aforementioned studies suggest that exercise
capacity is a strong predictor of survival in patients with
various clinical stages of lung cancer who are undergo-
ing various modes of therapy. CPET testing appears to be
well tolerated by patients with clinical stage I through III
disease but may be difficult for patients with stage IV
disease. The 6MWT appears to be a suitable test for
evaluation of exercise capacity in patients with advanced
lung cancer who are undergoing systemic therapy. The
clinical implication of exercise testing outside of the
preoperative evaluation setting cannot be accurately
determined from the studies performed to date.

Assessment of Efficacy of Exercise Training
Programs

Exercise interventions are known to increase exercise
capacity in patients with chronic lung diseases. In the
population of patients with lung cancer, we identified 15
studies involving exercise testing as a tool to assess the
efficacy of exercise-based interventions: CPET (10
studies) and 6MWT (eight studies). All studies involved
patients before or after resection, except for two that
involved patients with advanced-stage lung cancer.

Edvardsen et al.’” conducted a single-blind, ran-
domized controlled trial involving high-intensity endur-
ance and strength training in 61 patients (clinical stage I
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through III) at 5 to 7 weeks after a resection. In an
intention-to-treat analysis the exercise group had a
greater increase in Vozpeak, Drco, muscular strength,
total muscle mass, functional fitness, and quality of life
(QoL) compared with the control group.

In patients with stage III to IV lung cancer who were
undergoing systemic chemotherapy, Quist et al.”® pro-
spectively studied the benefits of a 6-week supervised
group exercise intervention. A total of 114 patients
were recruited; however, 43 (37.7%) did not perform
their 6-week test point on account of disease progres-
sion (n = 10), lack of energy (n = 12), or refusal to
participate in the training (n = 21). In those who
completed the study, the program resulted in
improvement in Vo,peak (1.3 to 1.4 liters/min, p =
0.0003), 6MWD (527-561 m, p < 0.001), and muscle
strength. Patients also scored better on the social and
emotional well-being scales; anxiety was statistically
improved, whereas depression was not.

In a study of patients with adenocarcinoma who were
receiving targeted therapy, Hwang et al.°” randomized
24 patients to an exercise program or standard care.
They reported a significant increase in Vo,peak (+1.6
mL/kg/min, p < 0.005) in the exercise group (n = 13)
with no change in the control group. There were no
changes in QoL scores; however, the exercise group
displayed a significant improvement in dyspnea as well
as decreased fatigue compared with baseline.

These studies suggest that exercise training in-
terventions can improve exercise capacity in patients
with lung cancer at various clinical stages. Exercise tests
appear to be sensitive in detecting changes in exercise
capacity in these patients. The 6MWT seems to be
tolerated better than CPET, notably in patients with
advanced disease.

Practical Considerations

There is ongoing debate as to which exercise test
should be used in the population of patients with lung
cancer. A few practical considerations are worth
mentioning. Because of severe comorbidities and/or
safety concerns, some patients with lung cancer are not
able to perform exercise tests. For instance, Brunelli
et al. found that 45 of 391 patients (11.5%) undergoing
SCT for preoperative evaluation were unable to perform
the test on account of musculoskeletal disease (26 pa-
tients), neurologic impairment (11), cardiovascular dis-
ease (seven), blindness (two), or psychiatric illness
(one).?” In a similar but smaller study, Epstein et al.
found that 14 of 74 patients (18.9%) undergoing CPET
for preoperative evaluation for lung resection were un-
able to perform the test owing to musculoskeletal dis-
ease (seven), neurologic impairment (three), peripheral
vascular disease (one), or psychiatric illness (one).®’
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Interestingly, in both studies, the inability to perform
the test was associated with worse outcomes (increased
risk for morbidity and mortality).°”®* CPET appeared to
be less well tolerated and more likely to be difficult for
patients with advanced lung cancer.

In addition to patient tolerance, the complexities and
availability of the tests should be taken into consider-
ation. CPET is substantially more complicated than
simple field tests, with greater equipment and technical
expertise requirements and often complex interpretation
strategies.20 As such, it is not widely available in all in-
stitutions. The 6MWT, although readily available and
easy to perform, is often a submaximal test because of
its self-paced nature. Although patients can have a
steady-state Vo, profile after 3 minutes of testing”’
those without significant coexisting pulmonary or car-
diac disease are unlikely to approach their Vo,max. The
benefits of the 6MWT include the availability of stan-
dards for reproducibility and interpretation between
various institutions.*® In addition, age- and sex-specific
reference standards and minimally significant differ-
ences have been proposed.”*** Like the 6MWT, the SCT
is also self-paced. The lack of standardization (i.e., stair
height) makes results difficult to interpret between
different locations and institutions. The ISWT is exter-
nally paced and therefore can be used to estimate
Vo,max by increasing the walking speed. Although there
are also set standards and proposed reference values for
performance and interpretation of the ISWT,**** it is not
readily available in many of the exercise laboratories in
the United States.

A Proposed Conceptual Framework for Exercise
Testing

Exercise tests can be used to assess patients’ exercise
capacities and, to a reasonable extent, their ability to
tolerate the necessary stresses induced by lung cancer
treatment. Their use in risk stratification for lung cancer
resection, specifically with direct or indirect measures of
Vo,max/peak, is fairly well established. Conceptually,
physiologic parameters from maximal exercise testing
(CPET or ISWT) may be more predictive of outcomes,
including postoperative functional limitation, after sur-
gical stresses that are acute, intensive, and short-lived. In
contrast, for stresses that are slow in onset, less inten-
sive, and longer-lasting (e.g, chemotherapy and/or
radiotherapy), submaximal exercise tests (e.g, 6MWT,
the endurance shuttle walking test) in addition to
maximal exercise testing may potentially be predictive of
outcomes.

Traditionally, survival is the principal outcome in
many studies assessing therapeutic efficacy in lung
cancer. In the absence of good alternative treatment
options, relatively high risks (including the risk for
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perioperative death) have been taken to achieve the
potential benefit of a cure. As such, older studies of lung
cancer resection reported much higher rates of surgical
mortality. As surgical techniques and technological ad-
vancements have allowed for safer, better-tolerated
treatment modalities, other outcome measures besides
death or serious complications need to be taken into
account in clinical decision making. In patients with
advanced lung cancer, the risks of systemic therapy,
including clinical worsening, have to be balanced against
the potential benefits of reducing tumor burden and
symptoms. The risks of chemotherapy are not well un-
derstood and are poorly defined. In a landmark study,
palliative care in patients with advanced lung cancer
resulted in improved survival,°” potentially because of
less exposure to systemic therapy in patients too ill to
tolerate the toxic effects. Advancements in targeted
therapies and immunotherapy for advanced-stage lung
cancer allow for better-tolerated systemic therapy. There
are, however, continued challenges when faced with
mutations conferring resistance to treatment and even-
tually leading to systemic chemotherapy. As such, other
assessments of health, including evaluation of exercise
capacity, long-term disabilities, and health-related QoL,
should also be considered in clinical outcome measure-
ments. Exercise testing to evaluate exercise capacity can
help identify high-risk patients being considered not
only for surgical resection but potentially also for sys-
temic therapy and/or subsequent therapy.

Although there appear to be associations between
certain physiologic exercise measures and clinical out-
comes, clinical decision making, especially regarding bi-
nary decisions, (e.g, surgery versus no surgery), is
complex and multifaceted. No single variable or algo-
rithms involving exercise testing should be used in the
decision making process. Instead, an individualized/
patient-oriented and multidisciplinary approach is
likely to lead to better clinical outcomes.

Areas for Further Studies

Currently, there is no accepted definition of “pro-
hibitive risk” for lung cancer therapy.®® Assessments of
health in patients in whom lung cancer has been newly
diagnosed and in lung cancer survivors can help better
define both prohibitive and relative risks by identifying
long-term disabilities resulting from the associated
treatments. Such assessments might be useful to risk-
stratify patients being considered for therapy, facilitate
postoperative/treatment care, and potentially improve
outcomes and QoL. Rehabilitation programs and/or
exercise-based interventions appear to improve
outcomes in certain subgroups of patients; however,
their appropriate use is not well studied or understood,
and randomized studies assessing efficacy are lacking.
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Exercise testing could help to identify those with
impaired exercise capacity who are most likely to derive
benefit from these programs/interventions. Lastly, it is
unclear whether clinical decisions regarding in-
terventions based on any one form of exercise testing
discussed in the previous sections can lead to improved
outcomes/overall survival in the lung cancer population.

Studies are underway seeking to bridge the existing
gap between the simple field tests and CPET.
During the 6MWT, patients have been fitted with a
lightweight metabolic monitor and face mask to provide
simultaneous measurements of Vo,, Vco,, Vo,peak, and
breathing reserve.®* Portable hemodynamic monitoring
with impedance cardiography during the 6MWT has also
been used to assess patients with pulmonary hyperten-
sion.®® To the best of our knowledge, no previous studies
involving the 6MWT or other simple field tests coupled
with these technologies have been applied in patients
with lung cancer. In addition, there may be promise in
the predictive ability of certain autonomic measures
(e.g., heart rate recovery at the end of exercise®®®”) and
other physiologic measures from CPET (e.g., ventilatory
inefficiency®®) that may be further validated in larger
populations.

Conclusions

The take-home points from this article are as follows:
(1) patients with lung cancer are at risk for exercise
limitations due to comorbidities, the effects of lung
cancer, and/or its treatment; (2) exercise capacity is
prognostic and predictive of outcomes in lung cancer,
and it is most useful to risk-stratify patients undergoing
evaluation for lung cancer resection; (3) the 6MWT,
CPET, SCT, and SWT have been used most frequently,
each with its own limitations in availability, feasibility,
standardization/interpretation, and relationships to
outcome; and (4) rehabilitation programs and/or
exercise-based interventions to improve exercise ca-
pacity can improve lung cancer outcomes.

Supplementary Data

Note: To access the supplementary material accompa-
nying this article, visit the online version of the Journal of
Thoracic Oncology at www.jto.org and at http://dx.doi.
org/10.1016/j.jtho.2016.04.021.
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