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Abstract

Objective: Cardiopulmonary exercise testing (CPET) is often used to assess pre-
operative fitness in elderly patients, in whom peripheral arterial disease (PAD) is
highly prevalent, but may affect the results of CPET by early lactate release due to
muscle ischemia. This study investigated the effect revascularization of PAD on oxy-
gen delivery (VO,) during CPET.

Method: We conducted a prospective cohort study of 30 patients, who underwent
CPET before and after treatment of ilio-femoral PAD. The primary outcome measure
was difference in VO, at the lactate threshold (LT) before and after revascularization.
Secondary outcome measures were the relationship between change in VO, at LT and
peak exercise and change in ankle—brachial index (ABI) differential.

Results: The study was approved by the North West-Lancaster Research and Ethics
committee (reference 15/NW/0801) and registered in clinicaltrial.gov (reference
NCTO02657278). As specified in the study protocol, 30 patients were recruited but
only 20 (15 men), with a mean age of 62 years, completed pre- and post-treatment
CPETs. Twelve patients demonstrated an improvement in VO, at LT after revascu-
larization, but the difference did not achieve statistical significance (mean difference
95% CI) = 1.43 (—=0.21 to 3.08) ml/kg/min; (p = 0.085). There was, however, a
significant improvement in VO,, VE/CO,, workload and Borg breathlessness and leg
fatigue score at peak exercise after revascularization. There was no significant cor-
relation between change in VO, at LT (r = —0.11, p = 0.65) or change in VO, at peak
and ABI differential (r = —0.14, p = 0.55).

Conclusion: Revascularization of PAD led to significant improvement in multiple
peak/maximal exercise parameters within a few weeks and without exercise train-
ing. We were unable to demonstrate a statistically significant improvement in VO,
at LT albeit in a majority of subjects this exceeded what we pre-defined as clinically

significant.
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1 | INTRODUCTION

Cardiopulmonary exercise testing (CPET) provides a safe,
reliable, repeatable, non-invasive, objective, individual as-
sessment of combined pulmonary, cardiac, and circulatory
function. It quantifies the functional ability to respond to the
increased metabolic demands of major surgery generating a
patient-specific measure of risk (Moran et al., 2016). The ev-
idence base supporting the value of preoperative CPET in
identifying high-risk patients undergoing major non-cardiac
surgery is increasing (Hightower et al., 2010; Older et al.,
1999; Snowden et al., 2010; Wilson et al., 2010). CPET is
also used as a preoperative risk-stratification tool to predict
postoperative mortality, length of stay (LOS), and morbidity;
however, its role requires validation (Moran et al., 2016).

Anaerobic, or lactate, threshold (LT) marks the onset of
anaerobic metabolism as a result of inadequate oxygen deliv-
ery and is not altered by patient effort. It is usually reached
halfway through an incremental exercise test. In surgery, it
has been found to predict postoperative morbidity and mor-
tality, and can thus help triage the patient to an appropriate
postoperative care facility.

Peripheral arterial disease (PAD) is highly prevalent in
elderly patient affecting about 20% of people aged 60 years
or older (Burns et al., 2003). Patients with PAD may develop
ischemia during leg exercise not simply because of poor car-
diorespiratory reserve and/or poor fitness, but because the
blood supply to the leg muscles is impaired, resulting in early
lactate release. Hence, oxygen uptake at lactate threshold
(VO, at LT) may poorly reflect cardiorespiratory status, risk
and prognosis in PAD.

We hypothesized that, in patients with symptomatic ilio-
femoral PAD, impaired muscle blood flow would lead to re-
duced oxygen uptake at LT and that revascularization would
improve VO, in proportion to the improvement in peripheral
circulation.

2 | METHOD

2.1 | Study design
The protocol of this study, which was approved by the North
West-Lancaster Research and Ethics committee (reference
15/NW/0801) and registered in clinicaltrial.gov (reference
NCT02657278), has already been published (Key et al.,
2016). In brief, consenting patients with ilio-femoral oc-
clusive PAD scheduled to undergo percutaneous or surgical
revascularization underwent symptom-limited CPET before
and after surgical or endovascular correction of their PAD.
Inclusion and exclusion criteria are summarized in Table 1.
The CPET protocol is described in detail in previous
publications from our group (Loughney et al., 2014; West

TABLE 1 Entry criteria

Inclusion Exclusion

Ability and willingness to give written Critical ischemia as

informed consent presenting symptom
(rest pain and/or

tissue loss)

Ilio-femoral PAD scheduled for
surgical or percutaneous treatment

Age <18 years

Ability to perform a CPET on a cycle
ergometer

Previous amputation

Intermittent claudication as presenting Inability to perform a

symptom CPET on a cycle
ergometer
Age >18 years Uncontrolled
hypertension

Unstable angina

Acute coronary
syndrome within
6 weeks of the test
Terminal illness
Advanced cancer
Psychiatric illness or
dementia precluding
informed consent

Abbreviations: CPET, cardiopulmonary exercise test; PAD, peripheral arterial
disease.

et al., 2015). In brief, CPET was performed according to
the American Thoracic Society/American College of Chest
Physicians recommendations (Fleisher et al., 2007; Palange
et al., 2007). It included ECG monitoring, measurement of
ventilator parameters and recording of Borg breathlessness
and leg fatigue score every minute. At the end of the test,
the reason for cessation was documented. The tests were
blindly reported by two experienced clinicians (ND and PW).
In event of disagreement, consensus was achieved between
the two reporters by discussion. Other recorded variables
include age, gender, height, weight, BMI, smoking status,
hemoglobin concentration, ankle-brachial index (ABI) mea-
sured before and after treatment of PAD, medications and
comorbidity. Resting flow-volume loops were used to derive
forced expiratory volume in 1 second and forced vital capac-
ity. Ventilation and gas exchange variables derived by CPET
included VO, (absolute and weight-adjusted), ventilatory
equivalents for oxygen and carbon dioxide (VE/VO,; VE/
VCO,), oxygen pulse (VO,/heart rate), workload and heart
rate measured at LT and at peak exercise. We also recorded
breathlessness and leg fatigue Borg scores at rest and peak
exercise.

The first CPET was performed shortly before revascular-
ization when the individual had been listed for the procedure.
We aimed to perform the second CPET as soon as was pos-
sible after the procedure, and specifically within 3 months,
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though the exact timing was dependent on when the individ-
ual felt able to complete the assessments.

2.2 | Outcome measures

The difference in VO, at LT between the two CPETs was
the primary outcome measure. Secondary outcome meas-
ures were VO, at peak exercise and the relationship between
change in VO, at LT and peak exercise pre-treatment and
post-treatment and hemodynamic measures of PAD im-
provement (ABI differential).

2.3 | Sample size estimate

We assumed that a difference in VO, at LT of 1 (SD 1.5) ml/
kg/min would be deemed clinically significant and calcu-
lated that 26 patients would be required to demonstrate this
difference, at a 5% significance level and with 90% power.
We aimed to recruit 30 patients, to allow for a drop-out rate
of 10%-15% (Key et al., 2016).

4
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2.4 | Statistical analysis

Statistical analysis was performed using SPSS 24.0 (SPSS
Inc.). Continuous variables and their differences were tested
for normality with the Shapiro-Wilk test. As most were
normally distributed, they were described with mean and
standard deviation (SD) and compared with paired t-tests.
Differences were expressed as mean difference (md) and
95% confidence intervals (CI). Bivariate correlations were
tested with the Pearson's coefficient. Statistical significance
was set at 5%.

3 | RESULTS

Thirty patients were initially enrolled in our study; however,
only 20 completed pre and post treatment CPET (Figure
1). Six patients withdrew consent, two patients were lost to
follow-up after treatment and two patients developed sig-
nificant cardiac rhythm disturbance during CPET and were
withdrawn by the study team. Recruitment in the study was
generally slow, and, eventually, permanently halted by the

Patient screening

¥

30 patients recruited

‘—>

3 withdrew

One test terminated due
to arrhythmia - patient

27 patients
ABI measurements and 1 CPET

excluded

4

26 patients
Treatment (Surgery or Angioplasty )

‘—>

3 withdrew & 2 were lost to
follow up

One test terminated due
to arrhythmia - patient

21 patients
ABI measurements and 2" CPET

excluded

4

20 patients
completed the study

FIGURE 1 Study flowchart
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COVID-19 pandemic, which caused termination of the study
before the target sample size could be achieved. Three pa-
tients developed significant leg pain during the first CPET,
leading to termination. Following revascularization, two of
the patients experienced no pain during the second CPET
but the third subject still terminated her second CPET due
to leg pain, despite normalization of her ABI (pre = 0.65,
post = 0.95). One patient developed significant leg pain dur-
ing his second CPET only, leading to cessation of the test; in
this patient we were unable to objectively assess the hemody-
namic improvement of his leg circulation due to incompress-
ibility of the ankle arteries.

Demographics, comorbidity, drug therapy and smoking
habits of the patients are given in Table 2.

The revascularization procedures included ilio-femoral
bypass (four patients), common/external iliac artery angio-
plasty/stent (13 patients), and common femoral endarter-
ectomy and iliac angioplasty (three patients) and were all
performed without complication; no formal exercise training
was provided to the patients before or after intervention. The
second CPET was performed a median of 9 (2-22) weeks
after revascularization.

In all but one patient, pre- and post-revascularization ABI
measurements were possible with an improvement from 0.51

TABLE 2 Demographics, smoking habits, and clinical

characteristics
Mean (SD) or
number (%)

Age (years) 62 (8.3)
Gender M:F 15 (75%): 5 (25%)
Weight (Kg) 76.1 (11.0)
Height (cm) 167.4 (6.3)
BMI (Kg/m?) 27.1 (3.1)
Hb (g/L) 141.7 (11.0)
Smoking status

Never 1(5%)

Ex-smoker 13 (65%)

Current 6 (30%)
Diabetes mellitus 6 (30%)
IHD 5 (25%)
Hypertension 12 (60%)
Cardiac failure 0
CKD 0
COPD 2 (10%)
Stroke (non-disabling) 2 (10%)
Antiplatelet 20 (100%)
Statin 20 (100%)

Abbreviations: BMI, body mass index; CKD, chronic kidney disease; COPD,
chronic obstructive pulmonary disease; Hb, hemoglobin; THD, ischemic heart

disease.

to 0.92, hence a mean improvement of 0.40 (95% CI, 0.29-
0.51, p < 0.0001). Sixteen patients normalized their ABI to
>0.9

CPET variables are reported in Table 3. VO, improved in
12 cases at LT and in 13 at peak. Conversely, it decreased in
eight cases at LT and seven at peak. Mean change in VO, at
LT after revascularization exceeded the value pre-determined
as clinically significant with a mean improvement of 1.43 ml/
kg/min (95% CI, —0.21 to 3.08) but this difference did
not achieve statistical significance (p = 0.085, Figure 2).
However, there was a statistically significant improvement in
VO, at peak with a mean difference of 2.34 ml/kg/min (95%
CI, 0.02—-4.65, p = 0.048, Figure 2) as well as in Borg breath-
lessness and leg fatigue score, heart rate, workload and VE/
VCO, at peak (Table 3 and Figure 2).

There was no significant relationship between changes
in VO, at LT and ABI differential (r = —0.11, p = 0.65,
Figure 3). Similarly, there was no relationship between
changes in VO, at peak and ABI differential (r = —0.14,
p = 0.55, Figure 4).

4 | DISCUSSION

Cardio-respiratory exercise performance is limited in people
with PAD; our results suggest that revascularization may im-
prove peak ventilatory and circulatory parameters to a clini-
cally relevant extent. Revascularization improved arterial
circulation and consequently subjects exercised for longer,
achieved a higher peak workload, a higher peak heart rate,
a higher peak oxygen uptake and ventilatory efficiency was
improved. Oxygen uptake at the onset of anaerobic metabo-
lism improved in a majority of subjects, and exceeded our
pre-defined threshold for clinical significance, but this did
not reach statistical significance (the primary hypothesis),
probably because of our inability to reach our target sample
size. There was no discernible link between the improvement
in arterial blood supply and oxygen uptake.

During the initial (aerobic) phase of CPET, expired car-
bon dioxide increases linearly with VO, and reflects aerobi-
cally produced carbon dioxide in the muscles. Blood lactate
levels do not change substantially during this phase, since
muscle lactic acid production is minimal. In the late stages
of maximal exercise, anaerobic metabolism occurs because
oxygen supply cannot keep up with the increasing metabolic
requirements of exercising muscles. At this time, there is a
significant increase in lactic acid production in the muscles
and in the blood lactate concentration, a phenomenon that
can be detected on CPET as a disproportionate increase in
exhaled carbon dioxide (Albouaini et al., 2007). This is the
LT and is a key measure of fitness in several clinical settings
(Arena & Sietsema, 2011; Moran et al., 2016; O'Doherty
et al., 2013; Smith et al., 2009). Oxygen delivery to the leg
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TABLE 3 Cardiopulmonary exercise test parameters pre and post treatment

Cardiopulmonary exercise test
parameters

FEV1 (L)
FVC (L)

FEV1/FVC (%)

VO2 LT (ml/kg/min)
VO2 peak (ml/kg/min)
VE/VCO2 at LT
VE/VCO?2 at peak
Resting heart rate (beats/min)
Peak heat rate (beats/min)
LT heart rate

RER at LT

RER at peak

Workload at peak (Watt)

Pre-treatment
Mean (SD)
2.6 (0.57)
3.60 (0.75)
73.6 (5.91)
10.95 (2.83)
14.62 (3.96)
33.49 (4.44)
36.0 (5.11)
76 (14.67)
116 (20.0)
94 (28)
0.95 (0.07)
1.14 (0.10)
99.2 (27.6)

A e Physiological Reports———
Post-treatment Mean
Mean (SD) difference 95% CI )/

2.7 (0.54) 0.076 0.01-0.13 0.018
3.68 (0.77) 0.078 —0.01 t0 0.16 0.085
73.9 (7.22) 0.3 —2.49 t0 3.00 0.825

12.38 (3.55) 1.43 —0.21 to 3.08 0.085
16.98 (5.19) 2.34 0.02-4.65 0.048
33.14 (4.08) —0.34 —1.34 to 0.65 0.481
34.25 (4.86) -1.79 —3.08 to —0.050 0.009

75 (13.02) -1 —6.49 to 4.49 0.707

123 (19.0) 6 0.53-12.66 0.034

99 (15) 4.8 —4.11 to 13.74 0.273
0.96 (0.09) 0.01 —0.02 to 0.04 0.530

1.2 (0.11) 0.05 —0.006 to 0.119 0.074

109.5 (29.1) 10.3 3.84-16.75 0.003

50f8

Abbreviations: FEV 1, forced expiratory volume in 1 second; FVC, forced vital capacity; LT, lactate threshold; RER at LT, respiratory exchange ratio at lactate
threshold; RER at peak, respiratory exchange ratio at peak exercise; VE/VCO2 at LT, ventilatory equivalent for carbon dioxide at lactate threshold; VE/VCO2 at peak,

ventilatory equivalent for carbon dioxide at peak exercise; VO2 at Peak, systemic oxygen delivery at peak exercise; VO2 LT, systemic oxygen delivery at lactate
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FIGURE 2 Changes in VO?2 after revascularisation

muscles depends on a functional cardiorespiratory system,
but also on a patent arterial circulation. For this reason, one
would expect early lactate rise during exercise in patients
with PAD, despite adequate gas exchange in the lungs, good
cardiac function and good oxygen carrying capacity by the
blood and that this would improve after correction of PAD.
To our knowledge, this theory has never been tested before
nor has the effect of lower limb revascularization on VO,
been examined. We showed that VO, at LT was below the
level predicted and improved after revascularization but not
to a statistically significant degree albeit beyond that ex-
pected and used in our power calculation, hence by a clini-
cally significant degree.

There may be a number of reasons why a statistically
significant difference was not apparent at LT whereas it was

A VO2 LT ml/kg/min

FIGURE 3 Relationship between improvement in ankle brachial
index (ABI) and changes oxygen delivery (VO2) at lactate threshold
LT

at peak exercise. First, this most likely relates to statistical
power and a type 2 statistical error; our rate of drop out was
double that expected plus two further subjects could not com-
plete one or other CPET due to cardiac events during test-
ing. Recruitment issues then ensued, most recently due to the
COVID19 pandemic, precluding all but urgent or emergency
surgery in our hospitals. Second, this may relate to the tim-
ing of the second test which, on average, was performed only
a couple of months after the revascularization procedure, as
more time may have been required for the effect of improved
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FIGURE 4 Relationship between improvement in ankle brachial
index (ABI) and changes oxygen delivery (VO2) at peak exercise

arterial supply to translate into improved muscle mitochon-
drial function. We attempted to perform the second test as
soon as possible after revascularization but the interval var-
ied considerably between subjects according to whether the
individual felt able to repeat the test. Third, we have no infor-
mation about activity during this period and it may be that an
exercise program would have accelerated any improvement.
This may be worthy of further study.

There was no correlation between changes in VO, at LT
or at peak exercise and ABI improvement (the secondary out-
come measure). Patients with PAD have multi-level disease
and ABI is influenced by the presence of infra-inguinal dis-
ease, which was not corrected in our cohort, so any ongoing
skeletal muscle dysfunction may have impacted this rela-
tionship. We selected patients with ilio-femoral (rather than
infra-inguinal) disease because of the greater muscle mass
potentially exposed to ischemia during exercise (quadriceps,
hamstrings, psoas, glutei) and excluded patients with criti-
cal ischemia because this condition (severe pain at rest with/
without tissue loss) would significantly affect their ability to
perform a CPET. In addition, we hoped to gain insight into
the impact of occult PAD upon routine pre-operative CPET
testing, which would never be performed in an individual
with critical ischemia.

The impact of PAD on lower limb muscles is multi-
faceted. PAD patients have lower limb muscles with fewer
type 1 muscle fibers, fewer capillaries per muscle fiber and
a reduced fiber cross-sectional area (Askew et al., 2005).
Ischemia/reperfusion injury leads to oxidative stress and im-
pacts electron transport chain function and the production
of ATP. Reduced blood flow and oxygen delivery leads to
mitochondrial dysfunction possibly due to oxidative stress.
Our work does not include muscle biopsies or non-invasive
assessment of mitochondrial function but we have shown

that the impact of revascularization is apparent within a few
weeks without use of a specific training program.

Previous studies in this area have assessed exercise ca-
pacity using a 6-minute walking test (6 MWT) and max-
imal incremental treadmill CPET (Poersch et al., 2013;
Pollentier et al., 2010). The 6 MWT is a self-paced field test,
does not measure maximum exercise capacity and does not
allow assessment of our core outcome measures. Cycle er-
gometer based exercise tends to produce a lower peak VO,,
usually 10%-20% less than treadmill exercise (Lockwood
et al., 1997; Williford et al., 1994). This is due to utilization
of smaller amount of muscle mass, as weight is off-loaded
during cycle ergometry (Lockwood et al., 1997), and also
to the lower maximum cardiac output and lower arteriove-
nous oxygen differences as compared with treadmill exer-
cise (Miyamura & Honda, 1972). However, cycle ergometry
is more widely used for clinical testing and better for sub-
jects with gait or balance instability, orthopedic limitation or
obesity. It could be argued that treadmill would have been
a better, more sensitive, exercise method for claudicants, as
exercise by cycle ergometry does not reproduce the muscular
recruitment during walking, the activity triggering symptoms
in patients with PAD. However, there is a consistent relation-
ship between aerobic capacity determined with a treadmill
and cycle ergometry, with untrained subjects usually termi-
nating cycle exercise because of quadriceps fatigue at a work
rate 10%—20% below their treadmill peak VO, (Arena et al.,
2007; Miyamura & Honda, 1972). In fact, peak VO, in our
subjects exceeded a previous group of PAD patients sub-
jected to treadmill testing (Lindner et al., 2008).

Two previous studies (Janior et al., 2015; Tuner et al.,
2008) evaluated the cardiopulmonary responses to treadmill
and cycle ergometry exercise in patients with PAD. Tuner
et al (Tuner et al., 2008) studied both methods of exercise
assessment in 10 patients with PAD, revealing high reproduc-
ibility of the cardiopulmonary exercise responses such as the
LT, peak heart, and peak VO,. Jinior et al Janior et al., 2015)
investigated the differences in cardiopulmonary responses
and tissue saturation of calf measured by near-infrared spec-
troscopy between treadmill and cycle ergometry in nine men
with PAD. There was no significant difference in peak VO,;
however, calf demand for blood in incremental exercise is
higher in treadmill than in cycle ergometer, despite similar
cardiopulmonary responses.

Beyond the failure to achieve the target sample size, our
study had certain limitations some of which have already been
discussed. Our power calculation was based on the assumption
that that a difference in VO, at LT of 1 ml/kg/min is clinically
significant. This threshold is arbitrary, and other authors may
consider it too conservative. The drop-out rate from the study
(33%) was much higher than our initial prediction (10%—15%)
and a larger study may demonstrate a significant effect of PAD
on the VO, at LT. Further, ABI is only a crude measurement



BARKAT ET AL.

The 7of8

of the effect of treatment of PAD, not solely dependent on the
presence of PAD, and it is influenced by infra-inguinal disease
and presence of collateral circulation. Cycle ergometry pro-
duces lower work rate and lower VO, than treadmill and this
might affected the sensitivity of the study. It is possible that the
improvement in CPET performance could have been second-
ary, at least in part, to a degree of “learning” by the patients, al-
though CPET (VO, at peak in particular) has been shown to be
highly reproducible in patients with cardiorespiratory disease
(Barron et al., 2014). Finally, it is notable that VO, decreased,
in a significant minority of patients after revascularization, al-
though the changes observed in this sub-group were limited (all
<4 mg/kg/min at LT) (Figure 2). These considerations suggest
that our findings should not be seen as conclusive without con-
firmation by further research.

5 | CONCLUSION

Revascularization of PAD may lead to improvement in peak
exercise performance within a period of a few months al-
though we were unable to demonstrate a significant improve-
ment in VO, at LT. PAD may impact pre-operative exercise
performance and should be considered in people considered
at increased risk.
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