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The purposes of this study were to determine if (a) the
log-transformed model can be applied to dynamic exercise
and (b) the slope and y-intercept terms can provide addi-
tional information above and beyond the polynomial
regression analyses. Eleven physically active individuals
performed incremental cycle ergometry on a single occa-
sion. Electromyographic electrodes were placed on the
three superficial quadriceps muscles to record muscle acti-
vation during the exercise test. The patterns of responses
for electromyographic amplitude vs power output were
analyzed with polynomial and log-transformed regression
models. The results of the polynomial regression for the

composite data indicated that the best-fit model for the
vastus lateralis muscle was linear (R2 = 0.648, P < 0.0001),
whereas the best-fit model for the rectus femoris
(R2 = 0.346, P = 0.013) and vastus medialis (R2 = 0.764,
P = 0.020) muscles was quadratic. One-way repeated mea-
sures analyses indicated no significant differences
(P > 0.05) across the three superficial quadriceps muscles
for the slope and y-intercept terms. These findings
suggest that the log-transformed model may be a more
versatile statistical approach to examining neuromuscular
responses during dynamic exercise.

Surface electromyography (EMG) is a non-invasive
method of examining neuromuscular response during
various perturbations such as isometric (Beck et al.,
2004a), isokinetic (Beck et al., 2004b, 2006), and
dynamic muscle (Malek et al., 2009a) actions with small
(Beck et al., 2004a, 2004b) and large (Malek et al.,
2006a) muscle groups. The amplitude of the surface
EMG signal reflects muscle activation (both motor unit
recruitment and firing rate), while the frequency content
is determined by the average muscle fiber action poten-
tial conduction velocity and shape of the waveform
(Basmajian & De Luca, 1985). Indeed, the information
provided by the EMG signal has been used to determine
the efficacy of rehabilitative training regimens for
various populations (Ehrenborg & Archenholtz, 2010;
Mazzoleni et al., 2011; Sacco et al., 2012).

Studies have used regression analyzes to describe the
relationship between the EMG signal and work for
dynamic exercise such as cycle ergometry (Malek et al.,
2009b). For example, Shinohara et al. (1997) used linear
regression to determine the relationship between EMG
amplitude and power output. An advantage of linear
regression is that comparison of slopes can be made
across subjects or muscle groups.Adisadvantage of linear
regression, however, may be that it does not provide the

best description between the EMG signals vs power
output relationship. Polynomial regression is an exten-
sion of linear regression by which the slope term is raised
to the nth order (Schmidt et al., 2013). Two common
polynomial regression functions used in describing the
EMG vs work relationship are the quadratic and cubic
models (Travis et al., 2011). Malek et al. (2006a) used
polynomial regression analyses to determine if linear
regression was the best-fit model for the patterns of
responses for the EMG signal vs power output. The
investigators (Malek et al., 2006a) reported that the pat-
terns of responses for EMG amplitude vs power output
were best-fit with a linear regression model for 54% of the
subjects, whereas the quadratic regression model best-fit
the data for the remaining subjects. Similarly, Zuniga
et al. (2009) have reported that the patterns of responses
for EMG amplitude vs power output were best-fit with a
linear model for 70% of their subjects, whereas the qua-
dratic model best-fit the data for the remaining subjects.
These results suggest a lack of consistency in describing
the patterns of responses for EMG amplitude vs power
output when using polynomial regression. Furthermore, a
potential limitation of the polynomial regression is that
the investigator cannot compare the slopes of the regres-
sion line between subjects, gender, and/or muscle groups
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which may provide additional information related to
motor control during incremental exercise.

Recently, Herda et al. (2009) proposed a natural log-
transformed model for examining the torque-related
patterns of responses for mechanomyographic (MMG)
amplitude. Thus, instead of examining the MMG ampli-
tude vs torque relationship, the investigators examined
the natural log of this relationship using the following
equation:

Y aX b=

where a is the “gain factor,” because it scales the rela-
tionship along the y-axis and b described the non-
linearity of the relationship as well as the rate of change
in the variables (Herda et al., 2009). Therefore, if b < 1
the relationship has plateaued, whereas if b = 1 the rela-
tionship is linear (Herda et al., 2009). In addition, for
values in which b > 1 the relationship is described as
accelerating upward (Herda et al., 2009). The investiga-
tors found that this mathematical model had higher reli-
ability and provided information that could be easily
interpreted physiologically (Herda et al., 2009). Taken
together, the log-transformed model may provide an
alternative statistical model to the polynomial regression
for examining motor unit activation strategies.

No studies to date, however, have compared and con-
trasted the log-transformed model with the polynomial
regression model for incremental cycle ergometry. There-
fore, the purposes of this study were to determine if (a) the
log-transformed model can be applied to dynamic exercise
and (b) the a and b terms can provide additional information
above and beyond the polynomial regression analyses.

Materials and methods
Experimental design and procedures

Each subject visited the laboratory for a single occasion and had
EMG electrodes placed on the superficial quadriceps muscles on
the exercised leg. Thereafter, each subject performed an incremen-
tal cycle ergometry to voluntary exhaustion.

Subjects

Eleven college aged (mean ± SEM, 19.3 ± 0.5 years) men (n = 6)
and women (n = 5) who maintained a habitual aerobic training
regimen were recruited from the university campus student popu-
lation. All subjects signed an informed consent form and com-
pleted a pre-screening health history questionnaire. All procedures
were approved by the University Institutional Review Board.

Incremental cycle ergometry

Each subject performed an incremental test to voluntary exhaus-
tion on a calibrated Monark electronically braked cycle ergometer
(829E, Country Technology, Inc., Gays Mills, Wisconsin, USA) at
a pedal cadence of 70 rev/min. The subjects were also fitted with
a Polar Heart Watch system (Polar Electro Inc., Lake Success,
New York, USA) to monitor heart rate throughout the test. After
a period of stabilization at rest in which the pre-exercise heart rate
was stable during a 3–4-min period, the subjects began pedaling at

50 W for 2 min for the warm-up phase. The power output was then
increased by 25 W every minute throughout the test. The durations
for the exercise tests were between 8 min and 15 min (Buchfuhrer
et al., 1983). Rating of perceived exertion (RPE) scale (0–10) with
standard instructions was recorded for every workload. Consistent
with our previous work, termination of the exercise test was deter-
mined if the subject met at least two of the following three criteria:
(a) 90% of age-predicted heart rate (220-age), (b) RPE of 8 or
higher, and (c) inability to maintain the pedal cadence of 70
rev/min despite strong verbal encouragement (Malek et al., 2009a,
2010; Malek & Coburn, 2011).

EMG measurements

Three separate bipolar (20 mm center-to-center) surface electrode
(EL500-6, BIOPAC Systems, Inc., Santa Barbara, California, USA)
arrangements were positioned over the longitudinal axes of the
vastus lateralis (VL), rectus femoris (RF), and vastus medialis (VM)
muscles. The electrodes for the VL were placed over the lateral
portion of the muscle at approximately the two-thirds from the head
of the greater trochanter and the lateral condyle of the femur (Malek
et al., 2006a; Travis et al., 2011). For the RF, the electrodes were
placed at 50% the distance between the inguinal crease and the
superior border of the patella (Travis et al., 2011). The electrode
placement for the VM was 20% of the distance between the medial
gap of the knee joint and the anterior superior iliac spine of the pelvis
(Zipp, 1982; Travis et al., 2011). The reference electrodes were
placed on the iliac crest. The shaved skin at each electrode site was
carefully abraded and cleaned with alcohol, and interelectrode
impedance was kept below 2000 ohms. The EMG signal from each
electrode placement site was amplified (gain: ×1000) using differen-
tial amplifiers (EMG 100B, BIOPAC Systems, Inc.).

Signal processing

The raw EMG signals were digitized at 1000 Hz and stored in a
personal computer (Dell Inspiron E1705, Dell Inc., Round Rock,
Texas, USA) for subsequent analysis. All signal processing was
performed using custom programs written with LabVIEW pro-
gramming software (version 7.1, National Instruments, Austin,
Texas, USA). The EMG signals were bandpass filtered (fourth-
order Butterworth) at 10–500 Hz. The amplitude (microvolts root
mean square, μVrms) value for each stage was calculated for each
subject based on the average of the last three completed bursts.
The EMG mean power frequency domain was not analyzed as
studies have shown that there are no consistent patterns of
responses during incremental continuous exercise (Malek et al.,
2006a, b; Travis et al., 2011).

Statistical analyses

For each subject, power output and EMG amplitude were normal-
ized as a percentage of the maximum value (%max) which typi-
cally occurs toward the termination of the exercise. Polynomial
regression analyses were used to determine the patterns of
responses for the absolute and normalized (%max) EMG ampli-
tude vs normalized power output among the three superficial quad-
riceps muscles consistent with our previous work (Malek et al.,
2009a; Travis et al., 2011). This approach was used for the com-
posite data as well as on a subject-to-subject basis as initially
recommended by Malek et al. (2006a, b). The data were also
analyzed using the log-transformed model recommended by
Herda et al. (2009). Briefly, the regression model was transformed
to a natural log as represented by the equation (Fig. 1):

ln ln lnY b X a[ ] = [ ]( ) + [ ] (1)
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where ln[Y ] is the natural log of the EMG amplitude values, ln[X ]
is the natural log of the power output, b is the slope term, and ln[a]
is the natural log of the y-intercept (Herda et al., 2009). In addi-
tion, using an antilogarithm function, eqn. 1 is converted to:

Y aX b= (2)

where the exponent Y is equal to the predicted EMG amplitude, X
is the power output, b is the slope of the log-transformed equation
(Herda et al., 2009) (Fig. 1). Therefore, using eqn. 2 values such as
the coefficient of determination (R2), slopes, and y-intercepts were
calculated on a subject-by-subject basis.

Separate one-way repeated measures analyses of variance were
conducted to determine mean differences between the dependent
variables across muscle groups. Statistical significance was set at
P < 0.05, and the data were analyzed using the Statistical Package
for the Social Sciences software (v. 19.0, IBM SPSS, Armonk,
New York, USA).

Results
Incremental test

The results of the incremental test are shown in Table 1.
In all cases, subjects were unable to maintain the 70
rev/min and indicated an RPE rating of greater than 8.

Polynomial regression analyses

The results of the polynomial regression for the compos-
ite data for the absolute EMG amplitude indicated that
the best-fit model for the VL muscle was linear
(R2 = 0.648, P < 0.0001), whereas the best-fit model for
the RF (R2 = 0.346, P = 0.013) and VM (R2 = 0.764,
P = 0.020) muscles was quadratic. When the data were
analyzed on a subject-by-subject basis, the results indi-
cated that for the majority of participants the best-fit
polynomial regression models were either quadratic or
cubic across the three superficial quadriceps muscles

Table 1. Outcome parameters from the incremental cycle ergometry test
(mean ± SEM)

Parameters Men Women

Weight (kg) 73.6 ± 3.1 62.0 ± 1.8
Maximal power output (W) 321 ± 22 245 ± 9
Rating of perceived exertion (0–10) 9.5 ± 0.2 9.8 ± 0.2
Heart rate (% of predicted HRmax) 91 ± 1 94 ± 1
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Fig. 1. An example (subject 2, vastus medialis muscle) of the electromyographic (EMG) amplitude (y-axis) vs power output (x-axis)
relationship. Panel (a) is the original relationship which was best fit with the linear model. Panel (b) is the log-transformed graph of
the relationship. Panel (c) is the original relationship fitted with the exponential equation (Y = aXb), where a = antilog of the y-intercept
and b = the slope.
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(Table 3). A similar result was found for the normalized
EMG amplitude vs power output.

Log-transformed analyses

As shown in Table 3, for each subject the log-
transformed model was used to analyze the patterns of
responses and determine the a and b terms for each
muscle. The coefficient of determination (R2) ranged
from 0.788 to 0.994 across the three muscles (Table 3)
which was slightly lower than the values derived from the
polynomial regression (range 0.943 to 0.995; Table 2).
Because the log-transformed model is a method of nor-
malizing the data, this may result in a decreased R2 (Sokal
& Rohlf, 2012). The one-way repeated measures analysis
of variance for the a term indicated a significant
Mauchly’s Test of Sphericity (P < 0.01) and therefore,
the Greenhouse-Geisser correction [F(1.04,8.35) =
3.48; P = 0.10] revealed no significant mean differences
between muscles. For the b term, there was a significant
Mauchly’s Test of Sphericity (P = 0.026) and therefore,
the Greenhouse-Geisser correction [F(1.21,9.71) = 4.44;
P = 0.06] revealed no significant mean differences
between muscles.

Discussion

The principal finding of the current investigation was
that the log-transformed model originally proposed by
Herda et al. (2009) provided additional information
regarding the patterns of responses for EMG amplitude
vs power output during cycle ergometry above and
beyond that provided from polynomial regression. For
example, for non-linear models (quadratic and cubic), it
is difficult to statistically compare the y-intercept (a
term) and slope (b term) across the three muscles par-
ticularly when the patterns of responses differ between
subjects. Thus, by using the log-transformed function,
we were able to estimate the a and b terms for each
subject for each muscle. As a result, we were able to

statistically compare these two terms across the three
superficial quadriceps femoris muscles. Therefore, the
log-transformed model provides a level of versatility
above and beyond polynomial regression.

Studies examining the patterns of responses between
the EMG amplitude vs power output typically use poly-
nomial regression to describe the relationship (Malek
et al., 2006a, b, 2009b; Travis et al., 2011; Zuniga &
Malek, 2013). There are, however, a number of limita-
tions with this approach which may limit interpretation
of motor control strategies during incremental exercise.
First, it has been shown that the best-fit line from
a polynomial regression may be different between par-
ticipants and across muscles (Malek et al., 2006a, b,
2009a; Travis et al., 2011; Zuniga & Malek, 2013). That
is, for some participants the best-fit line may be with the
linear model, whereas for others it would be the qua-
dratic model. Furthermore, it has been shown that the
result of the polynomial regression for the composite
data is not representative of the subject-by-subject
result (Malek et al., 2006a, b, 2009b; Travis et al.,
2011; Zuniga & Malek, 2013). Second, it is difficult to
compare slopes for the patterns of responses which are
best-fit with a non-linear model (i.e., quadratic or cubic).
Taken together, while the polynomial regression analysis
describes the patterns of responses for EMG amplitude
vs power output it is limited as to the amount of infor-
mation it provides regarding motor control strategies.
Therefore, the log-transformed model proposed by
Herda et al. (2009) may overcome the limitations of the
polynomial regression approach.

b term (slope)

The slope of a regression line indicates how much of a
change in Y is expected for every one-unit increase in X (Zar,
1999). In the log-transformed model, the slope provides
information regarding the linearity of the relationship
between the dependent and independent variables which
may be more applicable when analyzing physiological

Table 2. Results of the polynomial regression for each muscle on a subject-by-subject basis electromyographic amplitude (polynomial regression)

Subject Vastus lateralis Rectus femoris Vastus medialis

Absolute (μVrms) R 2 Absolute (μVrms) R 2 Absolute (μVrms) R 2

1 C 0.989 C 0.992 C 0.988
2 L 0.985 L 0.992 L 0.988
3 Q 0.983 Q 0.952 Q 0.985
4 Q 0.944 Q 0.968 Q 0.949
5 C 0.997 * * C 0.994
6 C 0.971 C 0.989 C 0.991
7 L 0.990 * * C 0.995
8 C 0.989 C 0.972 C 0.989
9 Q 0.989 Q 0.980 Q 0.991

10 C 0.990 Q 0.943 Q 0.974
11 C 0.989 C 0.981 C 0.986

* indicates that the noise was too high in the signal for analyses.
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outcomes (Seber & Wild, 1989; Sokal & Rohlf, 2012).
Therefore, it has been suggested that when the b coefficient
is equal to 1 (or 1 is within the 95% confidence interval) the
rate of change in Y equals the rate of change in X (Herda
et al., 2009). Alternatively, if the b coefficient is not equal 1
(or 1 is not within the 95% confidence interval) the relation-
ship is non-linear (Herda et al., 2009). Consequently, a b
term with a value less than 1 would be interpreted as
a relationship that decreases, whereas a b term with a value
greater than 1 would be interpreted as a relationship that
increases (Herda et al., 2009).

In the current study, we used the log-transformed
approach to examine the b term for the EMG amplitude
vs power output relationship. We found that for non-
linear relationships the b term was greater than 1. For
example, the patterns of responses for subjects #1 and #4
across the three superficial muscles were best-fit with a
cubic or quadratic model (Table 2) which corresponded
to a b term ranging between 1.02 and 1.59 (Table 3). For
subject #9, however, the polynomial regression revealed
that the best-fit line for all three muscles was quadratic,
but the b term for the VL and VM muscles were 0.78 and
0.81, respectively. It should be noted that the 95% con-
fidence interval for both of these muscles were slightly
greater than 1 (1.01 and 1.03). Furthermore, we found
that for subject #7 the b term was less than 1 and the 95%
confidence interval did not include 1. Therefore, in the
present study the results of the log-transformed model
were 90% consistent with the polynomial regression.
Furthermore, we were able to statistically compare the b
terms for all three muscles and found no significant
mean differences.

a term (y-intercept)

In the linear model (y = bx + a), the value of a indicates
where the regression line crosses the y-axis (Zar, 1999).
For relationships that can be best-fit with a linear model,
it is possible to statistically compare the y-intercept in

cases where the slopes of the regression line are similar
to each other (i.e., parallel lines) (Zar, 1999). In the
context of examining the relationship between EMG
amplitude vs power output, it is rare to have two lines
with non-significant slopes and not always the case in
which the best-fit model is linear. Furthermore, it is
common when using linear regression to have a negative
y-intercept which may be difficult to interpret from
a physiological perspective (Herda et al., 2009). There-
fore, alternative statistical approaches are needed.

In the log-transformed model, the antilog of the a term
in the equationY = aXb has been suggested to indicate the
“gain factor” which represents either an upward or down-
ward shift in the EMG amplitude vs power output expo-
nential relationship (Herda et al., 2009). Furthermore, the
a term is always a positive number thus making the
interpretation easier. Herda et al. (2009) suggested that
the a term may be used to identify the influence of various
factors such as muscle temperature or skinfold thickness
on the neuromuscular response during various perturba-
tions. In the current study, we were able to compare the
a term estimated from the log-transform model for each
subject and each muscle (Table 3). The results indicated
that there were no mean differences between the three
superficial quadriceps femoris muscles. To our knowl-
edge, this is the first time in which comparisons between
the y-intercept across muscles were conducted indepen-
dent of the results from the polynomial regression.

Potential considerations for the log-transformed model

Herda et al. have used the b and a terms to examine the
EMG-force relationship under various perturbations
such as the effects of electrode distance from the inner-
vation zone (Herda et al., 2013) and differentiating
between individuals categorized on the percentage
of their voluntary activation (Herda et al., 2011). For
example, Herda et al. (2013) used an eight-channel
linear electrode array on the VL muscle and reported that

Table 3. Results of the log-transformed for electromyographic amplitude for each muscle for each subject electromyographic amplitude (log-transformed)

Subject Vastus lateralis Rectus femoris Vastus medialis

R2 a b (95% confidence
interval)

R2 a b (95% confidence
interval)

R2 a b (95% confidence
interval)

1 0.937 0.301 1.31 (0.97–1.65) 0.802 0.030 1.59 (0.79–2.37) 0.961 0.745 1.11 (0.88–1.33)
2 0.956 1.290 0.97 (0.76–1.17) 0.994 0.660 0.96 (0.89–1.03) 0.992 0.984 1.00 (0.91–1.09)
3 0.957 0.701 1.08 (0.89–1.27) 0.878 0.024 1.61 (1.12–2.10) 0.954 0.780 1.05 (0.86–1.23)
4 0.905 0.811 1.10 (0.78–1.42) 0.878 0.109 1.29 (0.86–1.72) 0.976 1.092 1.02 (0.88–1.17)
5 0.981 0.966 1.06 (0.96–1.16) * * * 0.975 0.825 1.07 (0.95–1.19)
6 0.887 0.036 1.44 (1.02–1.85) 0.966 0.865 1.19 (1.01–1.37) 0.975 0.639 1.18 (1.03–1.34)
7 0.989 2.718 0.80 (0.72–0.87) * * * 0.947 0.919 1.02 (0.81–1.24)
8 0.952 0.767 1.01 (0.86–1.16) 0.879 0.455 1.02 (0.77–1.27) 0.958 0.774 1.04 (0.90–1.18)
9 0.906 4.711 0.78 (0.56–1.01) 0.788 0.085 1.41 (0.76–2.06) 0.915 3.857 0.81 (0.59–1.03)

10 0.983 0.968 1.07 (0.97–1.17) 0.847 0.346 0.98 (0.68–1.27) 0.985 0.966 1.06 (0.96–1.15)
11 0.956 0.598 1.09 (0.95–1.23) 0.929 0.076 1.32 (1.10–1.53) 0.967 0.575 1.07 (0.95–1.19)

* indicates that the noise was too high in the signal for analyses.
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the b values closer to the innervation zone were higher
than those distal to the innervation zone. For the a term,
however, the investigators found no significant differ-
ences between the eight channels. In another study,
the same investigators (Herda et al., 2011) reported dif-
ferences in peak-to-peak M-wave values between the
medial gastrocnemius and soleus muscles. The investi-
gators reported that the larger a term observed for the
medial gastrocnemius muscle compared with the soleus
muscle indicates that the EMG amplitude was higher
across the force spectrum (Herda et al., 2011). The
authors concluded that the a term may be influenced by
the anatomical location of the two muscles because the
soleus muscle is deep to the medial gastrocnemius
muscle (Herda et al., 2011). It should be noted, however,
that the above studies did not examine the utility of the
log-transformed model during continuous muscle action
such as cycle ergometry. Therefore, future studies using
the log-transformed approach to examine the EMG-
force relationship for dynamic exercise are needed to
determine (a) the intersession reliability of this model,
(b) whether endurance and/or strength training preferen-
tially influences the a and/or b terms, and (c) the effects
of detraining.

In summary, the findings of the current investigation
demonstrated that the log-transform model was appli-

cable to examining the relationship between EMG ampli-
tude vs power output for incremental cycle ergometry for
all three superficial quadriceps muscles. In addition, we
were able to estimate a slope (b) and y-intercept (a) term
for each subject and corresponding muscles.

Perspectives

Examining the EMG amplitude patterns of responses vs
power output has typically used polynomial regression to
examine this relationship. This approach, however, is
limited because comparisons between regression coeffi-
cients are difficult to perform. Herda et al. (2009) recently
proposed a log-transformed statistical approach. This
mathematical model provides a slope and y-intercept term
for each subject’s EMG amplitude vs power output rela-
tionship. As a result, statistical comparisons between
muscles for each term can be performed. Future studies
are needed, however, to determine if various interventions
such as endurance training and/or nutritional supplemen-
tation can alter the slope and y-intercept terms after
treatment.

Key words: Exercise physiology, cycle ergometry, mus-
cular fatigue, quadriceps muscles.
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