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Featured Application: This study demonstrated that muscle strain rate derived from ultrafast
ultrasound imaging decreases as resistance intensity increases. Additionally, carotid artery stiff-
ness measured by ultrafast local pulse wave velocity correlates with widely used carotid function
measures and associates with the increased central pulse pressure following acute resistance ex-
ercise in the young resistance-trained population. All of this indicates the clinical implication
of ultrafast ultrasound imaging in monitoring exercise training. Moreover, habitual resistance-
trained individuals with higher upper-arm muscle stiffness tend to have higher carotid stiffness,
suggesting the potential link between muscular and vascular remodeling along with regular re-
sistance training.

Abstract: Purpose: this study investigated the effects of the intensity of machine-based bicep curl
resistance exercise on ultrafast ultrasound-derived muscle strain rate and carotid ultrafast pulse wave
velocity (uf PWV), and examined the association between muscle strain rate, uf PWV, and established
carotid function measures in habitual resistance-trained individuals. Methods: twenty-three young
habitual resistance-trained males (age: 24 ± 1 year, body mass index = 24 ± 1 kg/m2) were recruited
to participate in two bouts of acute bicep curl exercise. After one-repetition maximum determination
(1RM), the participants were randomly assigned to engage in bicep curls at 40 or 80%1RM intensity
(10 reps × five sets) by a crossover study design. The muscle strain rate of bicep muscle, carotid
uf PWV during systole(uf PWV-sys), and diastole (uf PWV-dia) were obtained pre- and post-exercise.
In addition, carotid function measures were calculated by obtained carotid diameter and central blood
pressure changes. Results: compared with pre-exercise, the reduction in post-exercise muscle strain
rate and its area under the curve of 80%1RM was greater than those of 40%1RM. Both uf PWV-sys
and uf PWV-dia increased regardless of exercise intensity. Baseline bicep muscle strain rate correlated
not only with uf PWV-sys (r = −0.71, p = 0.001), uf PWV-dia (r = −0.74, p = 0.001), but also carotid
compliance (r = 0.49, p = 0.02), distensibility (r = 0.54, p = 0.01) and ß stiffness (r= −0.84, p < 0.0001).
The uf PWVs also correlated with ß stiffness (r = 0.64–0.76, p = 0.01). Conclusion: muscle stiffness
measured by ultrafast ultrasound elastography increases positively with resistance exercise intensity,
and it appears to correlate with carotid uf PWV and established carotid function measures in habitual
resistance-trained individuals.

Keywords: muscle elastography; arterial stiffness; vascular function

1. Introduction

Habitual resistance exercise has been shown to improve muscular fitness and health
benefits through physiological adaptations such as muscle hypertrophy and enhanced mus-

Appl. Sci. 2021, 11, 8783. https://doi.org/10.3390/app11188783 https://www.mdpi.com/journal/applsci

https://www.mdpi.com/journal/applsci
https://www.mdpi.com
https://orcid.org/0000-0003-1958-6112
https://orcid.org/0000-0001-7603-7852
https://doi.org/10.3390/app11188783
https://doi.org/10.3390/app11188783
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://doi.org/10.3390/app11188783
https://www.mdpi.com/journal/applsci
https://www.mdpi.com/article/10.3390/app11188783?type=check_update&version=2


Appl. Sci. 2021, 11, 8783 2 of 14

cle strength after training [1]; however, high-intensity resistance exercise has been shown
to acutely [2] and chronically [3] result in impaired central arterial function in young adults.
Greater sympathetic and fluctuation of arterial pressure resulting from intensive training
are potential underlying mechanisms that affect central arterial stiffness [4]. Moreover,
contraction-induced muscle damage occurring during intensive resistance exercise has
also been reported to contribute to transient arterial stiffening due to exercise-induced
inflammatory responses [5,6], as well as increased muscle stiffness [7,8]. However, the
association between exercise-induced muscle stiffness and arterial stiffening in response to
high-intensity resistance remains elucidated.

Ultrasound strain elastography is one of the methods in quantitating muscular stiff-
ness based on the principle of tissue deformation in response to the amount of applied
stress; softer tissue experiences larger strain than stiffer tissue [9]. Strain elastography uses
the ultrasonic particle property of moving in a consistent pattern to calculate deformation
through tracking ultrasonic particles. Chino et al. (2012) found that the elastic moduli
obtained from ultrasound elastography were highly correlated with the mechanical dis-
placement load compression method (r = 0.996) [10]. Gao et al. (2016) also demonstrated
that stiffness could be measured when applying an external force on muscle tissue by quan-
titating the changed length from the original muscle length. This method can effectively
present the anatomical properties of the muscles [11]. Measuring muscular stiffness using
ultrasound strain elastography is a noninvasive analytical tool characterizing lower exper-
imenters’ operational errors and participants’ subjective feedback to provide a practical
and objective understanding of muscular properties [10]. With the growing accessibility
of ultrasound imaging, it is imperative to investigate its application in different clinical
settings. For example, Dankel and Razzano [12] summarized that acute but not regular
resistance exercise increases muscle stiffness monitored by using ultrasound imaging;
however, the extent to which how resistance exercise variables (i.e., intensity, duration,
volume) would affect muscle stiffness is less characterized due to limited research evidence
in this research topic.

Carotid–femoral pulse wave velocity (cfPWV) has been taken as a gold standard
to measure central arterial stiffness; however, cfPWV as a research method has several
limitations. First, the flow direction of blood pumped from the heart toward the carotid
artery is opposite to the direction of blood flowing from the heart toward the femoral
artery; blood flow travel may differ for each blood vessel segment [13]. In addition, blood
vessel length differs from person to person [14], and the linear distance measured between
two points does not represent the actual blood vessel length [15]. Therefore, accurate
arterial stiffness cannot be calculated using cfPWV because this analysis method fails to
consider individual blood vessel differences and blood flow speed [16]. In addition, this
method assumes the whole vascular system to possess homogeneous and uniform physical
properties, yet blood vessel diameter properties are not uniform. More importantly, the
maximum deformation occurs during the systole when the arterial walls buffer against
blood pumped from the heart; the velocity of pulse wave conduction during the systole can
better reflect changes in the aortic structure [17]. Such limitations may introduce measured
error when performing cfPWV in a clinical setting, even though this methodology is widely
accepted. Therefore, characterizing local arterial stiffness might offer a potential alternative
for clinical uses.

Ultrafast ultrasound imaging analysis is a recently developed technology known as
plane wave imaging (24). Its main characteristic is that it uses unfocused transmission
during the sampling process to reduce unnecessary focusing time and increase the frame
rate as thousands of images per second [18]. As a result, ultrafast ultrasound imaging can
detect the arterial pulse wave in an extremely short waveform time delay in cardiovascular
imaging applications. Furthermore, combined with the phase-tracking method, the varia-
tion of the artery diameter can be calculated to measure the local artery pulse wave velocity
(PWV), which can be used as an index for local arterial stiffness. For example, carotid
ultrafast local PWV (uf PWV) has been recently introduced and demonstrated positive
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correlation with increased blood pressure [19,20]. However, currently, its relationships with
established local carotid function measures (i.e., carotid compliance, distensibility, and ß
stiffness) remain unknown. From resistance exercise perspective, as exercise intensity plays
a critical role in determining the training effects and cardiovascular responses, whether
uf PWV changes in a dose-dependent manner in response to different exercise intensities,
also remains to be established first before its clinical use.

Taken together, we hypothesized that high-intensity resistance exercise produces
higher muscular and arterial stiffening responses than the lower intensity. Therefore, the
purpose of this study was to compare the acute effects of high-/low-intensity resistance
exercise on muscle strain rate and ufPWV responses in the habitual resistance-trained
population. In this study, we defined habitual resistance-trained as participants who have
engaged at least one year (>3 times per week) at moderate to high intensity (60–80% one-
repetition maximum) habitual whole-body resistance training to gain muscle mass and
power without regular endurance or stretching exercise training (<1 time per week) after
screening. Furthermore, we also examined the relationships among muscle strain rate,
uf PWV indices and established local carotid function measures in this population.

2. Materials and Methods
2.1. Participants

A total of 23 apparently healthy young habitual resistance-trained male adults
(24 ± 1 years, BMI = 24 ± 1 kg/m2) were recruited from the neighboring area. Exclu-
sions from the study participants were due to: (1) obesity (BMI > 30 kg/m2); (2) cigarette
smoking within past six months; (3) hypertension (high blood pressure > 140/90 mmHg);
(4) personal history of diabetes (fasting blood glucose > 126 mg/dL), hyperlipidemia, heart
disease or other cardiovascular problems; (5) orthopedic injury that may prevent him from
completing the exercise, or (6) the use of over-the-counter supplements or vitamins. All
participants gave their written informed consent, and all procedures were reviewed and
approved by the Institutional Review Board of National Taiwan University Hospital.

Based on the previous study [21], we estimated that an approximately 13% change
(exact value for the difference 0.43) would be sufficient for a significant effect. Therefore,
a total of 15 participants were needed for determining a statistical difference at α = 0.05
based on the formula: n = [2 × σ2 × (Zα+ Zβ)2]/∆2, where n is the estimated sample size,
Zα is the value for the two-tailed α, Zβ is the value for the one-tailed β, σ is the standard
deviation (S.D), and ∆ is the smallest difference to be considered statistically significant.
Therefore, the sample size of this study should be optimal.

2.2. Experimental Design

A crossover and counter-balanced experimental design was used in this study. Thus
all participants underwent both trials with different resistance exercise intensity (40 or
80%1RM). The preparation period took place one week before the experiment commenced.
The participants were invited to the laboratory to provide their demographic details and
body circumference to be measured in the morning following at least 6 h of overnight
fasting. After drawing blood for biochemical analysis, the participants’ height and weight
were measured on the scale (HBF-701, Omron, Osaka, Japan). The average of brachial
systolic blood pressure (SBP), brachial diastolic blood pressure (DBP) of both arms was
obtained by using an automated vascular testing device (VP-1000 plus, Omron Healthcare).
Waist and hip circumference data were acquired using a tape measure in duplicate on the
narrowest point of the waist and the width of the hip; the average was reported in this
study. The one-repetition maximum (1RM) of participants’ biceps brachii was also tested on
the same day. The temperature of the experimental environment was controlled to between
24 and 26 ◦C. After the baseline measurements, the participants were randomly assigned to
either 40 or 80%1RM exercise sessions according to their randomization crossover orders.
Each session was conducted at least one week apart to wash out the residual effects of
previous exercise.
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Moreover, all participants were instructed to avoid any forms of exercise for at least
24 h before the resistance exercise trial to eliminate possible confounding effects. In each
exercise session, all participants were required to fast and refrain from caffeine intake
8 h before the testing. They were instructed to rest quietly in the supine position at least
10 min before measurement, and post-exercise measurements were performed immediately
(within ~3 min) after the exercise. In the present study, all data were analyzed by another
independent researcher to avoid potential bias.

2.3. One-repetition Maximum Test

Before the experiment began, the participants were tested for 1RM of their biceps
brachii. The testing equipment used in the present study was a bicep curl machine (Cybex
International Inc., Medway, MA, USA). Before testing, the seat height was adjected ac-
cordingly so that the entire two arms of the participants were pressed against the inclined
plate to prevent the body from swinging during the exercise and avoid compensation
movements. The participants were required to operate the machine throughout the exercise
without purposely decelerating or accelerating during the eccentric and concentric phase
(1:1). The participants were instructed to perform full of range motion in each repetition
with verbal encouragement of the investigators to encourage and monitor the participants
reaching full range of motion during each repetition and to control the exercise stimulus.
For the first set, the participants were asked to warm up by doing ten repetitions with a
10 kg weight, and the participants proceeded into the experimental procedures. According
to participants’ exhaustion level, the weight increased gradually with 3 to 5 min of rest
intervals between trials. For example, if a participant performed more than five repetitions
with a certain weight, the weight increased gradually until the participant was nearly
exhausted by the fifth repetition. The 1RM of the bicep curls was estimated from 5RM
according to the American College of Sports Medicine (2018).

2.4. Acute Bicep Curl Exercise

The participants were randomly assigned to perform five sets of 10 repetitions on
the biceps curl machine used for the 1RM test (Cybex International Inc., Medway, MA,
USA) at 40 or 80%1RM of exercise intensity and were asked to exercise with a full range
of motion during each repetition. Rest interval was set at 2–3 min between sets, and each
exercise session was separated at least 24 h apart. In addition, the participants were asked
to maintain regular breathing to avoid Valsalva effects during exercise.

2.5. Muscle Stiffness

All participants were required to measure the muscle stiffness of both upper arms
before an exercise session. The measure of muscle stiffness was performed by following
the previous muscle elastography protocol [22]. Measurements started once the alignment
and position of the biceps brachii were confirmed using the B model of the ultrafast
ultrasonic machine (Prodigy, S-Sharp, Taiwan). During measurement, the participants
were instructed to relax, lie in the supine position, straighten their arms into a natural
and relaxed position close to the body, and supinate the forearms supported by a towel
pad. After ascertaining that the participants did not exert extra force, the independent
investigator tied a sandbag weighing 2 kg to the probe, placed it on the midpoint of the
biceps brachii perpendicularly to the skin surface (Figure 1A), and allowed the probe to
subside naturally from the gravitational force produced by the sandbag [11]. To assure the
consistent portion of biceps brachii was imaging, the probe location was marked along with
the circumference throughout the whole testing session. Except for the gravitational force
produced by the sandbag, the investigator needed to prevent other external forces from
affecting the extent to which the probe subsided throughout the measurement. Therefore,
the probe was retrieved when it subsided to the lowest point. Concurrently, the process
from the beginning of subsidization to the moment of springing back to the original position
was recorded in images. The whole testing was performed within 3–5 s each time. After
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the images of muscle deformation from both arms were acquired (Figure 1B), the muscle
strain rate was calculated by the Lagrangian method and reported on average through
pixel tracking using customized software (Figure 1C) (Muscle Tracer, S-Sharp, Taiwan).
In addition to the absolute change in strain rate (∆ strain rate), we also calculated the
difference of area under the strain rate curve (∆AUC) before and after exercise to indicate
continuous changes in muscle strain rate. The coefficient of variation for muscle strain
measures in our laboratory was 7%.

Figure 1. Muscle stiffness measurement. (A) The ultrasound probe was placed on the mid-point of
the biceps brachii of the upper arms; (B) the pixel tracking of two different lines (~1 cm apart) was
analyzed by the software (Muscle Tracer, S-Sharp Corp. Taiwan); (C) the average strain rate and area
under the curve (AUC) calculated from two lines throughout the protocol were analyzed.

2.6. Arterial Stiffness

The subjects were instructed to rest quietly in the supine position at least 10 min before
measurement. Brachial blood pressure, brachial–ankle pulse wave velocity (baPWV),
and carotid–femoral pulse wave velocity (cfPWV) were obtained using an automated
vascular testing device (VP-1000 plus, Omron Healthcare). All measurements were made
in duplicate, and average values were used for subsequent analyses.

The carotid uf PWV measurements were performed on the right carotid artery by
using a Prodigy ultrasound imaging system with a 6.4 MHz linear array probe (S-Sharp
Corporation, New Taipei City, Taiwan). The depth was fixed at 70 mm. Pulse repetition
frequency (PRF) was set at 1K Hz. The number of received beams was fixed at 128. After
confirming the location of the arterial wall (common carotid artery 1–2 cm proximal to the
right carotid bulb), 128 channels were used simultaneously to generate two cycles of plane
waves at a speed of 1540 m/s. Before the operation, we first used B mode to confirm if the
carotid arterial wall images were clear. Subsequently, the participants were requested to
hold their breath for 2 s during exhalation to acquire data for offline analysis as previously
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described [19,23]. We specifically instructed participants to avoid force exertion of the chest
wall while breath-holding to eliminate possible intrathoracic pressure elevation and arterial
pressure changes. The coefficient of variation for uf PWV measurement in our laboratory
was below 5%.

We measured the distance of the arterial wave by measuring the longitudinal velocity
of the vessel wall to calculate the arterial velocity. A similar methodology was reported in
the previous study [20]. Briefly, we used B-mode images for this measurement because the
vessel wall signal is stronger than the blood signal, and therefore a more significant reflected
signal can be seen on the ultrasound image (Figure 2A). In this study, the phase tracking
method was used to demodulate the RF signal of each channel (128 channels in total) in
the image after receiving delay and sum beamforming, and to obtain the complex signal
(I-Q signal) in the fundamental frequency, which can be used to estimate the longitudinal
velocity of the tube wall in the channel [24]. As shown in the left panel of Figure 2B, we
connected the foot positions as the black line from 128 channels, followed by a robust
bi-square linear regression analysis. The advantage of using a complex signal is that the
phase change can be easily calculated and estimated. The systolic foot was defined as time
points where the acceleration waveform reaches a maximum before and the systolic peak
of the waveform. Carotid ufPWV velocity at the end of diastole (ufPWV-dia) and systole
(ufPWV-sys) were calculated as the reciprocals of linear regression slope, respectively (right
panel of Figure 2B).

Figure 2. (A) B-mode images of common carotid artery obtained by the ultrafast ultrasound machine;
(B) the left panel illustrates artery diameter change obtained from each channel (filled circle = diastole;
triangle = systole). The right panel represents the linear regression after receiving signals from 128
channels. Red represents movements toward the probe. Blue represents movements away from the
probe. Color brightness represents speeds of movements, where the brightest red line indicates the
fastest pulse wave (systole). The reciprocals of symbol line slopes represent uf PWV-dia (filled circle)
and uf PWV-sys (triangle), respectively.



Appl. Sci. 2021, 11, 8783 7 of 14

2.7. Carotid Function and Waveform Analysis

Carotid pressure waveforms were measured noninvasively using a pulse wave tonome-
ter (SPT301, Millar, Houston, TX, USA) and calibrated by brachial blood pressure for
carotid systolic blood pressure (cSBP), diastolic (cDBP), and pulse pressure (cPP). Our pre-
vious work [6,25] has detailed that carotid compliance, ß stiffness, and distensibility were
measured noninvasively and determined by simultaneously combining carotid diameter
derived from ultrasound imaging and carotid blood pressure obtained by applanation
tonometry after subjects rested well in the supine position pre- and post-exercise. The
coefficients of variation for hemodynamic measures in our laboratory were all below 5%.

2.8. Statistical Analyses

Statistical analyses were performed using Graph Pad Prism 9.0 (La Jolla, CA, USA). All
data are reported as mean ± SEM. Two-way repeated-measures ANOVA with a Bonferroni
post hoc analysis was used to determine exercise intensity and time effects on measured
variables. Spearman’s correlation was used to determine the associations between mea-
sured variables. Simple linear regression was used to determine the associations between
hemodynamic changes in response to acute exercise challenges. Significance was set a
priori at p < 0.05.

3. Results
3.1. Characteristics of Participants

As shown in Table 1, recruited resistance-trained subjects had elevated blood pressure,
normal lipid profile, and fasting glucose.

Table 1. Selected subject characteristics.

N = 23

Age, years 24 ± 1
Height. cm 175 ± 2
Weight, kg 78 ± 3

Waist-hip ratio 0.81 ± 0.01
BMI, kg/m2 24 ± 1

1RM of bicep curl, kg 63 ± 3
HDL cholesterol, mg/dL 58 ± 3
LDL cholesterol, mg/dL 97 ± 4
Total cholesterol, mg/dL 171 ± 5
Fasting glucose, mg/dL 83 ± 2

Brachial SBP, mmHg 127 ± 5
Brachial DBP, mmHg 68 ± 3
Brachial MAP, mmHg 91 ± 4

uf PWV-sys, m/s 6.8 ± 0.3
uf PWV-dia, m/s 6.3 ± 0.3

Carotid compliance, mm2/mmHg × 10−2 0.14 ± 0.01
Carotid β-stiffness index, U 6.1 ± 0.5

Carotid distensibility, mm2/KPa 8.1 ± 0.7
Value = mean ± SEM; 1RM = 1 repetition maximum; SBP = systolic blood pressure; DBP = diastolic blood pressure;
MAP = mean arterial pressure; uf PWV = ultrafast pulse wave velocity.

3.2. Arterial Stiffness Measures and Muscle Strain Rate Changes before and after an Acute Bout
of Exercise

In 40%1RM exercise session, cSBP, cDBP, cPP, cfPWV, strain rate, and AUC did not
change, except that baPWV tended to increase after exercise (p = 0.07). In 80%1RM session,
cPP (p = 0.04), baPWV (p < 0.0001) were significantly elevated after exercise; strain rate and
AUC were also significantly reduced (p = 0.009, p < 0.0001). There were no changes to cSBP,
cDBP, and cfPWV (Table 2).
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Table 2. Central blood pressure, pulse wave velocity, and muscle strain changes pre- and post-
exercise.

40%1RM 80%1RM

Pre Post Pre Post

cSBP, mmHg 108 ± 5 111 ± 4
NS 109 ± 5 112 ± 4

NS

cDBP, mmHg 68 ± 2 67 ± 1
NS 68 ± 3 66 ± 2

NS

cPP, mmHg 41 ± 3 44 ± 3
NS 41 ± 2 46 ± 2 *

(p = 0.04)

cfPWV, cm/s 775 ± 23 809 ± 29
NS 762 ± 28 807 ± 24

NS

baPWV, cm/s 1195 ± 52 1247 ± 51
(p = 0.07) 1198 ± 58 1302 ± 72*

(p < 0.0001)

Muscle strain
rate, 1/s 0.128 ± 0.009 0.118 ± 0.010

NS 0.128 ± 0.006 0.102 ± 0.009 *
(p = 0.009)

Muscle strain
rate in AUC 327 ± 33 307 ± 25

NS 357 ± 23 239 ± 19 *
(p < 0.0001)

Value = mean ± SEM; 1RM= 1 repetition maximum; cSBP = carotid systolic blood pressure; cDBP = carotid diastolic
blood pressure; cPP = carotid pulse pressure; cfPWV = carotid–femoral pulse wave velocity; baPWV= brachial–
ankle pulse wave velocity. AUC = area under curve. * = vs. Pre. NS = no significance vs. Pre.

3.3. Changes in Muscle and Local Carotid Stiffness in Response to Different Exercise Intensity

The intensity at 80%1RM elicited a greater magnitude strain rate (p = 0.01, d = 0.61) and
AUC reductions (p < 0.001, d = 0.93) than those of 40%1RM, respectively (Figure 3). Both
uf PWV-sys (p = 0.01, d = 0.78) and uf PWV-dia (p = 0.02, d = 0.63) significantly increased
after an acute bout of exercise of intensity at 40 and 80% 1RM (Figure 4). There was no
interaction between time and exercise intensity.

Figure 3. The changes of strain rate (A) and AUC (B) after 40 and 80%1RM. * = vs. Pre.
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Figure 4. Pre- and post-exercise uf PWV-sys (A) and uf PWV-dia (B) in response to different exercise intensity. * = vs. Pre.

3.4. Associations of Muscle and Arterial Stiffness Measures

Spearman’s correlation analysis showed muscle strain rate significantly correlated
with carotid compliance (r = 0.49, p = 0.02), ß stiffness (−0.84, p = < 0.0001), and carotid
distensibility (r = 0.54, p = 0.01) (Table 3). The uf PWVs at systolic (r = 0.64) and disatolic
phase (r = 0.67) were also moderately correlated with carotid ß stiffness (p = 0.01). Muscle
strain rate and uf PWVs did not correlate with cfPWV and baPWV. As shown in Figure 5,
muscle strain rate negatively correlated with uf PWV-sys (r = −0.71, p = 0.001), uf PWV-dia
(r = −0.74, p = 0.001) respectively.

Table 3. Spearman’s correlation between muscle strain rate, carotid vascular function, and pulse
wave velocity measures.

Carotid
Compliance

Carotid
ß-Stiffness

Carotid
Distensibility cfPWV baPWV

Muscle strain rate 0.49 *
(p = 0.02)

0.84 *
(p < 0.0001)

0.54 *
(p = 0.01)

−0.10
NS

−0.02
NS

uf PWV-sys −0.26
NS

0.64 *
(p = 0.01)

−0.26
NS

0.11
NS

0.14
NS

uf PWV-dia −0.27
NS

0.67 *
(p = 0.01)

−0.30
NS

0.15
NS

0.09
NS

∆ uf PWV 0.24
NS

−0.26
NS

0.30
NS

−0.11
NS

−0.18
NS

* = significant, p < 0.05. NS = no significance.

Figure 5. Spearman’s correlation between muscle strain rate and uf PWV at systolic (A) and diastolic (B) phase.



Appl. Sci. 2021, 11, 8783 10 of 14

3.5. Contribution of ufPWV on the Increase in Central Pulse Pressure Following Exercise

After combing both exercise sessions, simple linear regression analysis showed that
the increase in ufPWV-sys was the only variable contributing significantly to the increased
cPP in response to resistance exercise (R2 = 0.30, p = 0.003) (Table 4).

Table 4. Simple linear regression analysis of increased cPP in response to bicep curl resistance exercise
(two exercise sessions combined).

∆ cPP

∆ muscle strain rate. 1/s R2 = 0.04
∆ uf PWV-sys, m/s R2 = 0.30 * (p = 0.003)
∆ uf PWV-dia, m/s R2 = 0.04

∆ baPWV, cm/s R2 = 0.09
* = significant, p < 0.05

4. Discussion

The main findings of the current study are as follows: (1) Bicep curl resistance exercise
at a higher intensity (80%1RM) contributes to a more significant reduction in muscle strain
rate (greater muscle stiffness) after exercise than that of lower intensity (40%1RM); (2) an
acute bout of arm resistance exercise increases the carotid uf PWV parameters regardless of
exercise intensity; (3) arm muscle stiffness was associated with ultrafast ultrasound-derived
carotid local pulse wave velocity, but not central and systemic arterial stiffness indices.

Our findings on muscle strain elastography changes after exercise are consistent with
the previous studies [26–29], showing that muscle stiffness increases after acute bouts of
resistance exercise. Our data further suggest that a greater resistance exercise intensity
results in lower mechanical deformation on muscle tissue. However, the average reduction
in strain rate (40 vs. 80% = −0.1 vs. −0.3 in 1/s) and AUC (40 vs. 80% = −20 vs. −118) from
our preliminary data did not clearly show a linear dose-response relationship between
exercise intensity and induced muscle stiffness. This finding agrees with the finding of the
previous in vivo study, demonstrating that the relationship between the applied strain to
the developed strain in soft tissue elasticity imaging is nonlinear [30].

The underlying mechanism by which muscle stiffness increases following exercise
could be primarily attributed to exercise-induced muscle alternations and their associated
connective tissues. Indeed, resting intracellular calcium level might still be high immedi-
ately after exercise. Furthermore, the cross-bridge interactions [31] and engorged muscle
bundles resulting from muscle recruitment and stretch reflex [32] are associated with aug-
mented muscle stiffness. Therefore, higher neural activation and consequent structural
alterations following higher exercise intensity might explain our finding on strain rate
difference between 40 and 80%1RM. Moreover, we cannot exclude the possibility that
muscle fiber swelling resulting from exercise also plays a role, although intramuscular
swelling is not closely linked with the initial increased muscle stiffness following eccentric
exercise [7,8]. We should be aware that the concentric exercise model was adopted in the
present study and the extent to which exercise-induced muscle damage and inflammation
are less pronounced than the eccentric. Interestingly, the nonlinear relationship between
applied and developed strain in soft tissue is also inflammation dependent [30]. In this
regard, the obtained muscle strain rate might also vary with exercise intensity and induced
inflammatory status nonlinearly when applying strain elastography in an exercise setting.
Future study needs to include more exercise intensities and different muscle contraction
models (i.e., concentric vs. eccentric) to elucidate such relationship.

In the present study, we chose to report strain rate changes as the passive muscle
stiffness, instead of strain ratio that takes subcutaneous tissue stiffness as the reference [22],
since our participants were all resistance-trained and some of them had a skinny subcu-
taneous fat layer, which makes it challenging to quantitate reference strain in this pop-
ulation. However, the results from our pilot work showed that data expressed as strain
and strain ratio were consistent in other participants of the same population. Furthermore,
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we quantitated muscle strain rate by using ultrafast imaging that allows us to measure
transient displacement changes with the time with higher sensitivity than conventional
techniques [18]; the identical external force (the probe tied with a sandbag) was carefully
applied and lifted during the experiment to minimize possible variations by the same
independent researcher (intraobserver coefficient of variation is about 7%). Therefore, the
muscle strain rate obtained in this study was still valid as the indicator for muscle stiffness
despite its strengths and limitations that have been addressed elsewhere [9].

To our knowledge, this is the first study characterizing uf PWV parameter changes
in resistance exercise. The use of pulse wave imaging in assessing local carotid arterial
stiffness has been studied in healthy and disease populations [19,20,24,33–35]. Although
we did not include a healthy sedentary control group in our study design, compared to
the previous study also using ultrafast ultrasound imaging [20], our average uf PWV-dia
(6.3 m/s) is higher than those reported in healthy age-matched counterparts (5.3 m/s).
Nevertheless, the changes of uf PWV during a cardiac cycle were relatively more minor
but within a reasonable range (0.5 vs. 0.8 m/s). Such discrepancy might be attributed
to exercise training and age. Indeed, habitual high-intensity resistance exercise training
has been demonstrated to reduce central arterial compliance [2,3,36] compared with the
sedentary control; the higher uf PWV-dia in the present study indicates greater diastolic
arterial stiffness in this population, which supports these previous findings. Moreover, age
is the powerful determinant of carotid local arterial stiffness [35], and the gapping between
systolic and diastolic uf PWV has also been reported to increase with aging [20]. Therefore,
it may not be surprising that the change of arterial stiffness over the cardiac cycle was small
since our participants were relatively young. Nevertheless, our results showed that our
measures on uf PWV were within the normal range.

To maximize the exercise-induced responses, we used a bicep curl exercise as the
exercise model in the present study since upper limb exercise training was demonstrated
to increase arterial stiffness compared with the lower limb [37,38]. Previous studies in-
dicate the induced arterial stiffening by resistance exercise is intensity dependent; acute
low-intensity resistance exercise favors arterial compliance [39], whereas high-intensity re-
sistance exercise increases arterial stiffness [4]. Our results indicate that upper arm exercise
may result in systemic arterial stiffening (increased baPWV) even at lower exercise intensity.
Similar stiffening effects were observed on the carotid artery as we found both uf PWV-sys
and uf PWV-dia increase regardless of intensity; the increase in stiffness during systolic
phase (uf PWV-sys), but not during the diastolic phase, contributed significantly (~30%) to
the increase in cPP following exercise, which was in line with the literature [17,35]. Our
findings further support the notion that upper limb-biased resistance exercise may not
favor vascular function.

Another novel finding of this study is that passive muscle stiffness correlates with
conventional local carotid function measures and uf PWV parameters in the habitual high-
intensity resistance-trained population. Moreover, passive muscle stiffness correlated with
carotid uf PWV, but not baPWV or cfPWV. Currently, the exact underlying mechanisms
remain to be determined, and it might be associated with greater chronic motor activa-
tion [40] that has been proposed as the result of high-intensity resistance exercise. From
a molecular perspective, accumulating evidence showed that the extracellular matrix is
vital in determining skeletal [41] and carotid stiffness [42]. Interestingly, recent human
studies have demonstrated that the matrix metalloproteinase, the degrader of extracel-
lular matrix, changes in response to acute [43–45] and short-term [46] resistance exercise
training, suggesting that vascular structural and muscle stiffness might share common
remodeling mechanisms. However, the association does not explain the causal effects, and
future longitudinal studies adopting both neural and biochemical approaches would shed
more insights.

Evaluation of mechanical properties of muscles is critical in clinical practice and the
investigations of muscular responses to acute exercise. Thus, ultrasound strain elastography
allows direct measurement of mechanical properties of muscle tissue. In addition, this study
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integrated ultrafast ultrasound strain elastography with uf PWV assessment, which can help
understand the associations between acute resistance exercise challenges on skeletal muscle
stiffness and vascular elasticity. We believe that linking these two techniques is essential for
more comprehensive applications in sports physical medicine and rehabilitation practice,
but the practical uses and limitations for appropriate subsequent clinical implementation
and application still warrant further research.

There are some limitations of this study. First, the participants of this study were a self-
selected group interested in improving their strength and muscular appearances through
regular resistance training, limiting the ability to generalize the findings to females or the
older population. In addition, participants who used to train with a bicep curl machine
could have an advantage over those used to train with free weight only on the measured
outcomes. However, to our understanding, the bicep curl machine was widely used among
our studied participants. Most of the time, everyone used this machine for bicep curl
exercises, which may not be the concern in our study. Second, we only reported strain
rate changes as the passive muscle stiffness in the present study due to the uniqueness
of participants. Third, we did not quantify the endurance and stretch component during
their regular training regime, although all participants were reported to mainly engage
in regular resistance training. Moreover, including an age-match control group and more
exercise intensities in our study design would clarify the relationship between habitual
exercise and acute local PWV, muscle stiffness response to exercise challenge.

5. Conclusions

In conclusion, acute bicep curl resistance exercise contributes to decreased biceps
brachii muscle strain rate (increased muscle stiffness) and increased uf PWV. Thus, the
use of ultrafast ultrasound-derived muscle strain rate can potentially help characterize or
monitor the mechanical loading of working muscles during exercise training. Moreover,
bicep muscle stiffness correlates with carotid vascular function measures, including uf PWV,
in the young male habitual resistance-trained population.
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