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ORIGINAL ARTICLE
Association between skeletal muscle quality assessed by phase angle, peak oxygen
uptake and anaerobic threshold in male patients with coronary artery disease:
a cross-sectional study

Hiroyuki Takahashi"?, Eiki Tsushima®, Junichi Yokota®, Seisho Takahashi",
Takahiro Seki”, Hitoshi Kudo", Hiroshi Honjo”, Hideaki Endo”,
Katsuhiko Oda”, Yoshiki Sakurada®, and Masanori Kanazawa®

Abstract

Objective: This study aimed to elucidate the relationship of phase angle (PhA) with peak oxygen uptake (VO,) and
anaerobic threshold (AT) in male patients with coronary artery disease (CAD).

Methods: In this cross-sectional study, male patients with CAD who had been treated with percutaneous coronary
intervention (PCI) or coronary artery bypass grafting (CABG) were included. At discharge, the PhA was measured
using bioelectrical impedance analysis, and the peak VO, and AT were measured by cardiopulmonary exercise
testing (CPET). A multiple linear regression model with peak VO, and AT as dependent variables was used to
analyze their association with PhA. Covariates included age, skeletal muscle index, left ventricular ejection fraction,
blood hemoglobin concentration, type of revascularization, geriatric nutritional risk index, and dosage of S -blockers.
Results: This study analyzed 90 patients. The results of our analysis showed that PhA was an independent related
factor of peak VO, (b: 0.335, 95% confidence interval [CI]: 0.037-0.633, P-value: 0.028) and AT (b: 0.336, 95% CI: 0.007-
0.664, P-value: 0.046), even after adjusting for covariates.

Conclusion: PhA was related factor of peak VO, and AT in male patients with CAD.
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Introduction

In patients with coronary artery disease
(CAD), peak oxygen uptake (peak VO,)
measured by cardiopulmonary exercise testing
(CPET) is an independent predictive factor of
all-cause and cardiovascular mortality”. Thus, a
primary goal of cardiac rehabilitation (CR) for
patients with CAD is to improve their peak VO,.

Physiological factors that determine peak VO,
have been summarized by Fick’s equation: Peak
VO, = stroke volume X heart rate (HR) X
arteriovenous oxygen content difference (c(A-V)
0, diff)”. The dA-V)0, diff is associated with
skeletal muscle mass®*. However, the skeletal
muscle mass exhibits only slight changes over a
short period of time”, making it difficult to
adequately assess the effects of short-term
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exercise intervention. Meanwhile, c(A-V)O, diff
can be influenced by the quality of skeletal
muscle. Muscle quality, more responsive to short-
term changes than muscle mass”, can be non-
invasively assessed using phase angle (PhA)
through bioelectrical impedance analysis (BIA)®.
Previous studies have suggested a relationship
between decreased muscle quality, resulting
from structural changes in muscles due to
accumulation of intramuscular fat” ¥, which

9, 10)
,

results in reduced muscle output and

decreased peak VO, independently of the skeletal
muscle mass'’. Positive associations between
PhA and peak VO, have been found in diverse
populations, including children and adolescents'”,
adults with obesitylg), and patients with human
immunodeficiency virus'. Despite this, no
studies have explored the relationship between
PhA and exercise tolerance in patients with
CAD.

Elucidation of the association between PhA
and exercise tolerance in patients with CAD
may contribute to selecting effective exercise
therapy programs aimed at improving exercise
tolerance and evaluating their efficacy. Therefore,
the present study aimed to elucidate the
relationship of skeletal muscle quality, as
assessed by PhA, with peak VO, and anaerobic
threshold (AT), as measured by CPET, in

patients with CAD.

Materials and Methods

This was a cross-sectional study of patients
with CAD who had been admitted to Iwate
Prefectural Central Hospital (which is the
affiliation of the first author) and had undergone
CR from July 2017 to December 2022. The
inclusion criterion was patients who had
undergone CPET and BIA at the time of
discharge. The exclusion criteria were as follows:
(1) female sex; (2) presence of a bone/joint or
neurological disease that limits the implementation

of CPET; (3) presence of a respiratory disease
affecting the results of CPET; (4) history of
dialysis; (5) presence of a cognitive dysfunction
or mental illness that hinders communication; (6)
history of implantation for pacemaker,
implantable cardioverter defibrillator; (7) history
of surgery for artificial joint replacement; (8)
history of combined heart valve surgery; (9) gas
exchange ratio (peak respiratory exchange ratio
[RER]) <1.10 or a Borg scale score <17 during
exercise load": and (10) difficulty in identifying
the AT.

Data collection

We collected demographic data for the
following parameters: age; body mass index
(BMI); diagnosis; type of revascularization
(percutaneous coronary intervention [PCI]); off-
pump coronary artery bypass grafting (off-pump
CABG) or on-pump CABG; acuity (emergency
or non-emergency revascularization); number of
days from revascularization to assessment;
smoking history; and history of hypertension,
dyslipidemia, diabetes mellitus, atrial fibrillation,
and heart failure. Additionally, the following
information was collected from the records
obtained at the closest date from BIA and CPET
assessments: echocardiographic parameters (left
ventricular ejection fraction [LVEF] and E/e’),
laboratory data (blood hemoglobin [Hb]
concentration, serum creatinine [Cre], and
estimated glomerular filtration rate [eGFR]),
nutritional status [Geriatric Nutritional Risk
Index (GNRI)], and medication status
(B-blockers, angiotensin-converting enzyme
inhibitor-angiotensin II receptor blocker, and
diuretics).

Body composition

Body composition was measured using a body
composition analyzer (InBody S10; InBody,
Tokyo, Japan) immediately before CPET. At the
analysis, the participants were asked to rest in
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the standing position for 5 min. During the body
composition analysis, the participants were
instructed to stand with both shoulders abducted
at a 15° angle from the trunk and with feet
placed approximately shoulder-width apart. Eight
electrodes were placed between both hands
(thumb and middle finger), ankle bones, and
heels.

PhA, which was obtained as an index of
skeletal muscle quality, is defined as the angle
formed by the reactance (Xc), which reflects the
capacitance of the cell membrane and the cell
size, and the resistance (R), which reflects the
conductivity through the ionic solution. Thus, the
PhA increases with higher structural integrity
of the cell and higher physiological function'®.
PhA was defined by the following formula: PhA
(°) = arctangent (Xc)/ (R)) x (180/xn). The
PhA was calculated using Xc and R at 50 kHz.
As indicators of skeletal muscle mass, data on
appendicular skeletal muscle mass (ASM) and
skeletal muscle index (SMI) were collected.
ASM represents the total skeletal muscle mass
of the limbs and can be converted to SMI by
dividing it by the square of the height (kg/m?).

Cardiopulmonary exercise testing

For CPET, a cycle ergometer (Strength Ergo
8 BK-ERG-121; Mitsubishi Electric Engineering
Co., Ltd., Tokyo, Japan) and an expiration gas
analyzer (Aero Monitor AE-310; Minato Medical
Science Co., Ltd., Osaka, Japan) were used. The
exercise protocol comprised 2 min of rest on the
ergometer, 4 min of warm-up (10 W, 60 rpm),
and ramp exercise loading (10-15 W/min).
Discontinuation criteria for CPET were as
follows: discontinuation requested by patient,
occurrence of abnormal physiological responses,
Borg scale score >17, and achievement of
maximum workload'”. Peak VO, was defined as
the highest VO, value during CPET, with a peak
RER of >1.10". AT was defined as the value
synthetically determined from the gas exchange

standard and V-slope analysis (VCO,-VO, plot)
at the time point where the equivalent ventilation
increased non-linearly'”. The obtained VO, values
were smoothed using a 9-breath moving
averagelg) and corrected for body weight. CPET
and BIA were conducted by different examiners.

Statistical analysis

The Shapiro-Wilk test was used to confirm
the normal distribution of each variable.
Categorical data are expressed as percentages.
Normally distributed data are expressed as mean
+ standard deviation, and non-normally
distributed data are expressed as median and
interquartile range (IQR). In addition, a multiple
linear regression model was used to analyze the
relationship of PhA with peak VO, and AT. The
covariates selected were age, SMI, LVEF, blood
Hb concentration, type of revascularization
(CABG or PCI), GNRI, and dosage of B-blockers.
These were selected as explanatory variables,
which were considered important in relation to
peak VO, and AT based on previous studies and
clinical considerations. Multicollinearity was
assessed using the variance inflation factor
(VIF). Moreover, Pearson’s correlation coefficient
was calculated to examine the association of PhA
with peak VO, and AT according to type of
revascularization and acuity. All statistical
analyses were performed using R ver. 4.2.1 (R
Software for Statistical Computing, Vienna,
Austria), and the significance level was set at 5%.

Ethical consideration

This study was approved by the Ethics
Review Board of Iwate Prefectural Central
Hospital (approval number: 1350) and the Ethics
Review Board of Hirosaki University Graduate
School of Health Sciences (approval number:
2022-033), and consent was obtained using an
opt-out method. This study was conducted in
accordance with the ethical guidelines of the
Declaration of Helsinki.
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CAD patients who underwent cardiac rehabilitation (n = 134)

Excluded (n = 44)

- Female (n = 6)

+ Orthopedic or neurological disease (n = 3)
+ Respiratory disease (n=1)

* Hemodialysis (n = 5)

+ Cognitive or psychiatric disorder (n = 1)

+ Cardiovascular implantable electronic device(n = 17)
+ Metal parts such as artificial joints(n = 2)

+ Complex heart valve surgery (n = 4)

+ Insufficient exercise load for CPET (n = 4)
- Difficult to detect AT (n = 1)

Studied patients (n = 90)

Figure 1 Flow chart of the study population.

AT, anaerobic threshold; BIA, bioelectrical impedance analysis; CAD, coronary artery
disease; CPET, cardiopulmonary exercise test; n, number of patients; VO,, oxygen uptake.

Results

Participants

Of the 134 eligible patients, female participants
(n=6) as well as those with a bone/joint or
neurological disease that limited the implementation
of CPET (n=3), the one with a respiratory disease
affecting the results of CPET (n=1), those
undergoing dialysis (n=5), the one with history of
cognitive dysfunction or mental illness that hinders
communication (n=1), those with history of
implantation for pacemaker, implantable
cardioverter defibrillator contraindicated for BIA
(n=17), those with history of surgery for
artificial joint replacement affecting the results
of BIA (n=2), those with history of combined
heart valve surgery (n=4), those with
insufficient exercise load (n=4), and the one with
difficulty in identifying AT (n=1) were excluded.
Finally, 90 patients were included (Figure 1).

Demographic characteristics

Table 1 summarizes the patient’s
characteristics. The mean age of the patients
was 61.5*10.0 years and mean BMI was 254 =

3.3 kg/m® There were 41 (46%) and 79 (88%)
patients with diabetes mellitus and dyslipidemia,
and 83 (92%) patients were receiving B-blockers
(92%). There were 57 (63%), 11 (12%), and 22
(24%) patients who had undergone PCI, CABG,
and on-pump CABG, respectively. The mean
LVEF was 51.8+9.5%. PhA, according to the
histogram, exhibited a normal distribution with a
mean of 5.68 £0.88° (Figure 2). Regarding indices
of skeletal muscle mass, the patients had a
median ASM of 29.2 (IQR: 26.2-32.2) kg and a
mean SMI of 8.07+0.92 kg/m® They had a mean
peak VO, of 15.5+4.0 mL/min/kg and a mean
AT of 104+2.3 mL/min/kg. In CPET, the
median peak RER was 1.15 (IQR: 1.13-1.17),
confirming the application of sufficient exercise
load. Moreover, reasons for CPET discontinuation
were insufficient rotation speed owing to lower
limb fatigue and a Borg scale score >17, with no
occurrence of arrhythmia or abnormal vital signs.

Association of PhA with peak VO, and AT

Table 2 shows the results of the multiple
linear regression model analysis. The minimum
and maximum VIF values were 1.073 and 2.792,
respectively, indicating no problem of
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Table 1. Patient characteristics

Total (n=90)

Age, years
Height, cm
Weight, kg
Body mass index, kg/m?*
Days from revascularization to assessment
Co-morbidity, n (%)
Hypertension
Diabetes mellitus
Dyslipidemia
Atrial fibrillation
Smoking history
History of heart failure
Diagnosis
AMI
UAP
EAP
Type of revascularization, n (%)
PCI
Off-pump CABG
On-pump CABG
Acuity, n (%)
Emergency CABG
Non-emergency CABG
Emergency PCI
Non-emergency PCI

61.5 =10.0
1684 [164.0-171.0]
71.3 [63.9-76.9]
254 £33
12 [8-17]

69 (77)
41 (46)
79 (88)
4 (4)
68 (76)
13 (14)

50 (56)
14 (16)
26 (29)

57 (63)
11 (12)
22 (24)

33
30 (33)
55 (61)

2 (2)

Intraoperative and postoperative variables in CABG

Operation time, min
Bleeding, mL
Cardiopulmonary bypass time, min
Mechanical ventilation time, min
Length of ICU stay, day
Medication, n (%)
B-blockers
ACE-I or ARB
Diuretics
B-blockers, mg/day
Echocardiographical measurements
LVEF, %
E/e'
Blood examination
Blood Hb concentration, g/dL
Serum creatinine, mg/dL
eGFR, mL/min/1.73m’
GNRI, points
Body composition
ASM, kg

Cardiopulmonary exercise testing
Peak VO?, mL/min/kg
AT, mL/min/kg
Peak RER

336.4 =657
333.0 [295.0-371.0]
115.0 [0-153.0]
2875.0 [1475.0-5539.0]
4.0 [3.0-6.0]

83 (92)
62 (69)
8 (9)

5 [25-5.0]

518 £95
10.1 [82-125]

12.8 [11.3-14.2]
0.92 [0.79-1.06]
66.2 17.1
938 78

29.2 [26.2-32.2]
8.07 =0.92
5.68 =0.88

155+4.0
104 +23
1.15 [1.13-1.17]

Values are presented as means (standard deviations), medians [interquartile ranges], or
n (%). AMI, acute myocardial infarction; ACE-], angiotensin-converting enzyme inhibitor;
ASM, appendicular skeletal muscle; ARB, angiotensin II receptor blocker; AT, anaerobic
threshold; CABG, coronary artery bypass graft; €', mitral annular early diastolic velocity;
E, mitral early diastolic inflow velocity; EAP, effort angina pectoris; eGFR, estimated
glomerular filtration rate; GNRI, geriatric nutritional risk index; HR, heart rate; Hb,
hemoglobin; ICU, intensive care unit; LVEF, left ventricular ejection fraction; PCI,
percutaneous coronary intervention; PhA, phase angle; RER, respiratory exchange ratio;
SMI, skeletal muscle mass index; UAP, unstable angina pectoris; VO,, oxygen uptake.

multicollinearity'”. The results of the multivariate
analysis showed that PhA was an independent
related factor of peak VO, (b: 0.335, 95% CI:
0.037-0.633, P-value: 0.028) and AT (b: 0.336,
95% CI: 0.007-0.664, P-value: 0.046).

Association of PhA with peak VO, and AT by
type of revascularization and acuity

Figure 3 shows the correlation of PhA with
peak VO, and AT by type of revascularization
and acuity. When analyzed by type of
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Phase angle(” )

Figure 2 Distribution of phase angle in the study population.

Table 2. Multiple linear regression model with peak VO, and AT as dependent variables

Dependent variables Independent variables B b 95%CI (lower, upper) P-value  VIF
PhA, ° 1505  0.335 (0.037, 0.633) 0.028 2.792

Age, years -0.100 -0.255 (-0.196, -0.003) 0.042 1.903

SMI, kg/m?* -0.750 -0.177 5—0.395, 0.041% 0.110 1.490

. GNRI, points -0.040 -0.078 -0.346, 0.190 0.563 2.261

Peak VO, (mL/min/kg) gy, 4 fy concentration, g/dl. 0403 0,182 (-0.111, 0474) 0221 2698
LVEF, % 0059  0.144 (-0.041, 0.328) 0.125 1.073

B-blockers, mg/day -0.177 -0.139 (-0.324, 0.046) 0.140 1.079

CABG 1196  0.148 (-0.129, 0.425) 0.291 2417

PhA, ° 0876 0336 (0.007, 0.664) 0.046 2792

Age, years -0.020 -0.087 (-0.359, 0.184) 0.523 1.904

SMI, kg/m?* -0.642 -0.260 (-0.500, -0.020) 0.034 1.491

AT (mL/min/ke) GNRI, points -0.006 -0.019 (-0.315, 0.276) 0.898 2.261
g Blood Hb concentration, g/dL 0238 0185 (-0.139, 0.508) 0.259 2.698

LVEF, % 0027 0113 (-0.090, 0.317) 0272 1.073

B-blockers, mg/day -0.052 -0.107 (-0.311, 0.098) 0.302 1.079

CABG 0269  0.057 (-0.248, 0.363) 0.710 2417

b, standardized partial regression coefficient; B, partial regression coefficient; CI, confidence interval; VIF,
multicollinearity diagnosis; AT, anaerobic threshold; CABG, coronary artery bypass graft; GNRI, geriatric nutritional risk
index; Hb, hemoglobin; LVEF, left ventricular ejection fraction; PhA, phase angle; SMI, skeletal muscle mass index; VO,

oxygen uptake.

revascularization, a significant positive
correlation was found between PhA and peak
VO, in patients treated with PCI (P=0.007,
r=0.356) and those with CABG (P=0.006,
r=0.471) (Figure 3a). A significant positive
correlation was also found between PhA and AT
in patients treated with CABG (P=0.040,
r=0.359), but the correlation was not observed in
patients treated with PCI (P=0.145, r=0.196)
(Figure 3b). When analyzed by acuity, a
significant positive correlation was found

between PhA and peak VO, in patients who had
undergone emergency revascularization
(P<0.001, r=0.446) and those who had
undergone non-emergency revascularization
(P=0.010, r=0.447) (Figure 3c). A significant
positive correlation was also found between PhA
and AT in patients who had undergone
emergency revascularization (P=0.019, r=0.306),
but the correlation was not observed in those who
had undergone non-emergency revascularization
(P=0.069, r=0.325) (Figure 3d).
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Figure 3 Correlative relationship of PhA with peak VO, and AT by type of revascularization and acuity

Simple linear regression is shown as dashed line in CABG and continuous line in PCI. (Figure 3a
and 3b). Simple linear regression is shown as dashed line in non-emergency revascularization and
continuous line in emergency revascularization. (Figure 3¢ and 3d).

AT, anaerobic threshold; CABG, coronary artery bypass graft; PCI, percutaneous coronary
intervention; PhA, phase angle; VO,, oxygen uptake.

Discussion

To our best knowledge, this study is the first
to show that PhA is an independent related
factor of peak VO, and AT in male patients with
CAD. The results of this study suggest that
improving the quality of skeletal muscle as
indicated by PhA contributes to improvement in
exercise tolerance in patients with CAD.
Therefore, PhA is a useful index for developing
appropriate exercise prescriptions aimed at
improving exercise tolerance and determining
the efficacy of exercise therapy.

The results of multivariate analysis showed

that PhA was independently related to peak VO,
and AT, even after adjusting for known
covariates. PhA reflects infiltration of fat into the
skeletal muscle®”, and infiltration of fat into
muscle tissue reduces perfused oxygen supply”.
Thus, PhA is associated with muscle output per
unit mass of skeletal muscle?”, which is an index
of skeletal muscle quality. Moreover, PhA reflects
both the quality and quantity of skeletal muscle?,
making it a potentially more comprehensive
indicator of muscle function compared to the
more limited SM1.

Interestingly, the correlation between PhA and

AT wvaries based on the type of revascularization
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and its acuity. Compared to PCI, CABG tends to
cause skeletal muscle disorders owing to
increased catabolism resulting from surgical
invasion® and delayed ambulation®” and leads to a
higher degree of deterioration in cardiopulmonary
function because of surgical invasion®. In contrast,
PCI is generally characterized by milder skeletal
muscle dysfunction and improved cardiorespiratory
function than CABG due to allowing for earlier
ambulation and releases myocardial ischemia. In
addition, patients can be treated in a more stable
state with non-emergency revascularization than
with emergency revascularization, often resulting
in a more stable postoperative state”. Therefore,
the influence of PhA on AT might have been
relatively strong in patients who had undergone
CABG or emergency revascularization, in whom
decreased muscle function cannot be
compensated for by cardiopulmonary function. In
contrast, PhA was positively correlated to peak
VO, regardless of the type of revascularization or
acuity. In this study, the reason for all CPET
discontinuations was a lower limb fatigue, and the
patients had achieved R >1.10 at the end of CPET.
Therefore, the present study could determine the
overall sub-maximum value of cardiopulmonary
and muscular function with sufficient exercise
load, and we observed a significant positive
correlation between peak VO, and PhA.

Our findings suggest the usefulness of PhA as
an index for determining the efficacy of exercise
therapy. PhA responds to exercise intervention
and discontinuation more quickly than does
skeletal muscle mass®”. Thus, PhA, which can
repeatedly determine the efficacy of exercise
therapy over a short period of time, may serve
as a useful objective index of exercise tolerance
and skeletal muscle quality. Furthermore, our
findings may contribute to selection of effective
exercise programs for patients with CAD. In this
study, PhA was found to have a significant
positive correlation with peak VO,, regardless of
the type of revascularization or acuity, but its

significant relationship with AT was not
observed in patients who had undergone PCI or
non-emergency revascularization. Therefore,
depending on the patient's characteristics, an
exercise program aimed at improving skeletal
muscle mass and/or cardiorespiratory function
may contribute more to improving exercise
tolerance than an exercise program aimed at
improving muscle quality.

This study has three limitations. First, as this
was a cross-sectional study, the causal
relationship between improvements in skeletal
muscle quality and improvements in peak VO,
and AT was unclear. However, our findings
indicating a certain association between skeletal
muscle quality and exercise tolerance are
important as they may contribute to the
development of exercise therapy programs for
patients with CAD. Second, as female individuals
were excluded from the analysis, caution should
be taken when interpreting the generalizability
of the findings. Previous studies have shown that
female individuals have lower skeletal muscle
mass”, pulmonary function”’, and PhA*, which
are determining factors of exercise tolerance,
than male individuals. Therefore, studies related
to exercise tolerance should ideally be analyzed
separately for males and females, but this study
had very few female participants; therefore,
females were excluded. Third, it was unclear to
what extent PhA reflected the quality of skeletal
muscle in patients with CAD. Previous studies
have shown that PhA was associated with
skeletal muscle density, as assessed by computed
tomographysl), and skeletal muscle echo-intensity,
as measured by ultrasound®”. Thus, to widely
apply our findings, further assessments and
examinations through histological analyses are
needed.

Conclusion

PhA, an index of skeletal muscle quality, was



Association between Phase Angle, Peak VO, and AT 9

found to be independently associated with peak
VO, and AT in male patients with CAD. Our
findings may contribute to the development of
appropriate exercise prescriptions aimed at
improving exercise tolerance and indices for
determining the efficacy of exercise therapy.
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