
Evaluation of Local Skeletal Muscle
Blood Flow in Manipulative Therapy by
Diffuse Correlation Spectroscopy
Yasuhiro Matsuda1,2, Mikie Nakabayashi1,3, Tatsuya Suzuki 1, Sinan Zhang1,4,
Masashi Ichinose5 and Yumie Ono4*

1Electrical Engineering Program, Graduate School of Science and Technology, Meiji University, Kawasaki, Japan, 2Faculty of
Medical Science, Nippon Sport Science University, Yokohama, Japan, 3Japan Society for the Promotion of Science (JSPS),
Tokyo, Japan, 4Department of Electronics and Bioinformatics, School of Science and Technology, Meiji University, Kawasaki,
Japan, 5Human Integrative Physiology Laboratory, School of Business Administration, Meiji University, Tokyo, Japan

Manipulative therapy (MT) is applied to motor organs through a therapist’s hands.
Although MT has been utilized in various medical treatments based on its potential role
for increasing the blood flow to the local muscle, a quantitative validation of local muscle
blood flow in MT remains challenging due to the lack of appropriate bedside evaluation
techniques. Therefore, we investigated changes in the local blood flow to the muscle
undergoing MT by employing diffuse correlation spectroscopy, a portable and emerging
optical measurement technology that non-invasively measures blood flow in deep tissues.
This study investigated the changes in blood flow, heart rate, blood pressure, and
autonomic nervous activity in the trapezius muscle through MT application in 30
volunteers without neck and shoulder injury. Five minutes of MT significantly increased
the median local blood flow relative to that of the pre-MT period (p < 0.05). The post-MT
local blood flow increase was significantly higher in the MT condition than in the control
condition, where participants remained still without receiving MT for the same time (p <
0.05). However, MT did not affect the heart rate, blood pressure, or cardiac autonomic
nervous activity. The post-MT increase in muscle blood flow was significantly higher in the
participants with muscle stiffness in the neck and shoulder regions than in those without
(p < 0.05). These results suggest that MT could increase the local blood flow to the target
skeletal muscle, with minimal effects on systemic circulatory function.

Keywords: diffuse correlation spectroscopy, heart rate variability, manipulative therapy, muscle blood flow, muscle
stiffness, vascular conductance

INTRODUCTION

Manipulative therapy (MT) is a traditional procedure applied to the musculoskeletal system as part
of a medical treatment, sports conditioning, and health promotion. MT techniques include kneading,
rubbing, tapping, and pushing performed by a practitioner’s hands (Goats, 1994; Çetkin et al., 2019).
The demand for MT has rapidly increased during the coronavirus disease 2019 pandemic, due to the
excessive tension, pain, and discomfort of the skeletal muscles from the excessive use of computers
and hand-held devices (Ishikawa et al., 2017; Kramer and Kramer, 2020; Lin et al., 2020).

Although MT has been recognized as a non-invasive and cost-effective treatment for relieving
muscle tension and pain (Driessen et al., 2012; Domingo et al., 2017), clinical evidence supporting
MT remains scarce compared to other alternative medical procedures (Tiidus, 1997). Furthermore,
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findings on the presence or absence of anMT-induced increase in
local blood flow, which is one of the primary effects expected
from MT, are inconsistent.

The lack of accurate and practical bedside techniques to
quantify deep-tissue blood flow could explain this
inconsistency. Several techniques, such as the thermodilution
method (Reuter et al., 2010), Xenon clearance method (Thomas
et al., 1979), and positron emission tomography (Grafton et al.,
1992) have been utilized to quantitatively measure tissue blood
flow. However, these invasive and semi-invasive techniques are
inappropriate for investigating the therapeutic effect of MT,
which mainly targets patients and/or elderly individuals with
physical decline. Perfusion MRI techniques, which offer
minimally or non-invasive measures of blood flow in the
skeletal muscle (Wigmore et al., 2004; Englund and Langham,
2020), are also unsuitable for monitoring the therapeutic effect of
MT, as it requires physical manipulation. The ultrasound
Doppler method is another non-invasive technique for
measuring tissue blood flow (Saltin et al., 1998; Kitano et al.,
2005; Ichinose et al., 2021). However, changes in tissue
microcirculation from locally applied MT might not be
captured with the ultrasound Doppler method, which detects
the total blood flow of the conduit vessels connected to the whole
limb. Although extensively employed to investigate the effect of
MT, none of these methods could identify MT-related increases
in blood flow (Tiidus and Shoemaker, 1995; Shoemaker et al.,
1997; Hinds et al., 2004). Interestingly, there are reports of locally
increased blood flow, which could explain the elevated cutaneous
and/or intramuscular temperature at the site of MT application
(Drust et al., 2003; Sefton et al., 2010; Portillo-Soto et al., 2014;
Monteiro Rodrigues et al., 2020).

A novel optical approach of diffuse correlation spectroscopy
(DCS) was used to overcome these methodological limitations.
DCS provides information on the microvascular blood flow
through changes in the statistical properties of the reflected
intensity of near-infrared light caused by the movement of red
blood cells in the tissue (Yu et al., 2005; Durduran et al., 2010).
Studies have validated the significant correlation between DCS
and other established techniques, such as arterial spin-labeled
perfusion MRI (Yu et al., 2007; Carp et al., 2010) and fluorescent
microsphere techniques (Zhou et al., 2009) in the detected blood
flow indices. Previous studies combining DCS measurements of
different inter-probe distances and skin perfusion measurements
under various physiological maneuvers have confirmed the
capability of DCS to capture blood flow changes in the skin
and muscle tissues (Nakabayashi and Ono, 2017; Ichinose et al.,
2018; Bartlett et al., 2021). The portable and relatively low-cost
experimental setup could also benefit the future clinical
application of DCS for bedside blood flowmonitoring (Yu, 2012).

This study investigated the effect of MT on the local and
systemic circulatory responses in participants with and without
muscle stiffness. In addition to the local blood flow measured by
DCS, the heart rate (HR), cardiac autonomic nervous tone, and
arterial blood pressure were simultaneously monitored as indices
of systemic circulatory response (Diego et al., 2004; Kaye et al.,
2008; Diego and Field, 2009). Our hypotheses were twofold: First,
MT could increase local blood flow in the targeted muscle

compared to the same time of rest. Second, muscle stiffness
may be caused by insufficient blood supply, and could thus
benefit from the therapeutic effects of MT.

MATERIALS AND METHODS

Participants
A total of 30 healthy volunteers (13 men and 17 women;
19–55 years; mean age, 29.5 ± 10.4 years) without neck and
shoulder injury participated in the study. All participants
received sufficient explanations of the experimental procedures
and provided written informed consent. The study was
performed according to the Declaration of Helsinki and was
approved by the Ethical Review Committee of the School of
Science and Technology, Meiji University (approval number:
19-538).

Muscle Blood Flow, Systemic Blood
Pressure, and HR Recordings
Room temperature was maintained at ∼26°C throughout the
experiment. Simultaneous measurement of muscle blood flow,
systemic blood pressure, and electrocardiogram (ECG) was
performed when participants were in a prone position. Optical
probes of the DCS system developed in-house (Nakabayashi and
Ono, 2017; Ichinose et al., 2018; Nakabayashi et al., 2018; Ono
et al., 2018, Ichinose et al., 2019, 2021) were attached to the skin
surface just above the superior fibers of the right trapezius muscle
at the center of the line, connecting the spinous process of the
seventh cervical vertebra and the acromion of the right scapula to
monitor the local blood flow (Figure 1). The optical probes were
secured on the skin surface with a medical adhesive tape (see
Supplementary Video S1 for a more detailed fixation procedure
of the optical probes). The DCS system has been thoroughly
described in previous studies (Boas et al., 1995; Durduran et al.,
2010; Nakabayashi and Ono, 2017; Ono et al., 2018). The system
consisted of a long coherent, continuous near-infrared light
source (DL785-100-SO, Crysta Laser, NV, United States) and
a single photon-counting device (COUNT-T-100FC, LASER
COMPONENTS, Germany). The emitted light was guided to
the skin surface using a multi-mode optical probe (FT400EMT,
Thorlabs Japan Inc., Japan), and the scattered light was guided to
the photon-counting device through a single-mode optical probe
(S630-HP, Thorlabs Japan Inc., Japan) (Figures 1B,C). The
approximate depth of the DCS measurement below the skin
surface is considered one-third to one-half of the distance
between the emitter and detector optical probes (Patterson
et al., 1995; Yu et al., 2005), which was 3 cm in this study
(Figure 1). Since the distance from the skin surface to the
trapezius muscle layer in adults is reported to be 4.9–6.5 mm
(Flodgren et al., 2006; Sandberg et al., 2007), the blood flow
information could reliably reflect blood flow changes in the
trapezius muscle. The blood flow index (BFI), a relative value
equivalent to the mean blood flow within a tissue volume through
which the light diffuses, was calculated at a sampling rate of 1 Hz
throughout the experiment using an in-house developed software
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correlator (Dong et al., 2012) implemented in LabVIEW and
MATLAB. Experiments were performed in a dark room to
prevent extraneous light from contaminating the DCS signal
to the detector probe.

The pneumatic cuff of a sphygmomanometer (Tango M2
Stress Test Monitor, Sun Tech Medical Inc., NC,
United States) was wrapped around the left upper arm to
measure the systemic blood pressure every 1 min. Electrodes
were attached to the right wrist and the left ankle to measure
ECG in the lead II configuration at a sampling rate of 1,200 Hz
using a bio-amplifier (g.USBamp, g.tec medical engineering
GmbH, Austria).

Experimental Procedures
A licensed therapist with >20 years of clinical experience [Y. M.;
Japanese national qualification of Judo therapy (World Health
Organization, 2001; Nishikitani et al., 2008)] evaluated the
participants’ stiffness of the trapezius muscle on arrival to the
laboratory. The reliability of the palpation by a trained therapist
for localizing the regions of muscle stiffness was previously
confirmed (Sciotti et al., 2001; Barbero et al., 2012).
Participants were diagnosed with muscle stiffness if they
complained of painful and stiff muscles in the neck and
shoulders on the experimental day, and if the therapist found
recognizable muscle stiffness at the measurement site by
palpation. Even when the participant complained of pain or
stiffness in the muscles other than the measurement site, they
were classified as muscle stiffness negative group if the therapist
did not recognize muscle stiffness at the measurement site where
MT was applied. Twelve participants (12 women; 20–55 years;
mean age, 32.6 ± 12.1 years) met these criteria and were classified
into the muscle stiffness positive group [ST (+)]. The other 18
participants (13 men and 5 women; 19–47 years; mean age, 27.4 ±
8.5 years) were included in the muscle stiffness negative group
[ST (−)].

All participants underwent two sessions of blood flow
measurements in a fixed order of control (CT) followed by
MT. The order of conditions was not randomized to prevent

the aftereffect of MT on the local blood flow and other
physiological measures. Each session consisted of 120 s of pre-
intervention rest (pre), followed by 300 s of intervention and
another 300 s of post-intervention rest (post) (Figure 2). In the
CT condition, participants remained on the measurement table
throughout the intervention without any treatment. Conversely,
in the MT condition, the therapist applied MT to the
measurement site on the right trapezius muscle using the
kneading method, wherein physical stimulation could be
applied to the target muscle without contacting the therapist’s
hand with the optical probes and the probe holder. In the
kneading method, the therapist lightly squeezes the muscles by
grasping the muscle between the pads of the thumb and four
fingers from the lateral side at ∼2 s per cycle (see Supplementary
Video S2 for a demonstration of the kneading method used in
this study). Conforming to the traditional style of Judo therapy,
the therapist applied MT through a towel placed over the
shoulder. The placement of the towel also helped minimize
thermal stimulation from the therapist’s hand which may
affect the local blood flow. The frequency of manipulation was
∼25–30 times/min regardless of the presence or absence of muscle
stiffness. MT strength was adjusted to avoid exceeding the
individual pain threshold. After the experiment, the probe
position was confirmed to be maintained in the original
position for each participant (see Supplementary Video S3 for
the stability of probe positions after 300 s of kneading).

Data Analysis
The mean BFI values, systolic arterial pressure, mean arterial
pressure (MAP), diastolic arterial pressure, HR, and vascular
conductance index (VCI: BFI/MAP) during the pre-and post-
periods were determined in each participant and subjected to
statistical comparisons between conditions. We excluded data
during the intervention period from the analysis due to the
presence of significant motion artifacts during MT. The first
60 s of the post-period were also excluded from the analysis, as
the BFI showed transient changes during that time (Figure 3).
The time course of BFI values was further normalized by the

FIGURE 1 | DCS system configuration for blood flow measurement in the muscle. The DCS system consisted of a 785-nm near-infrared light source and a single
photon counter (A). Source and detector optical fibers are housed in a rubber holder (B) and attached to the skin surface using medical adhesive tapes above the right
trapezius muscle (C). These optical fibers deliver near-infrared light to the skin surface (source probe) and detect the light scattered through the tissue (detector probe).
The therapist applied manipulative therapy on the towel placed over the shoulder during the experiment, but the towel was removed in the photograph to indicate
the arrangement of the hand and the probes during the intervention.
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mean BFI values during the pre-period to determine the relative
increase in blood flow after each condition.

In addition, we evaluated the autonomic nervous activity using
HR variability (HRV), resulting from the analysis of ECG data.
The beat-to-beat RR interval data were detected and resampled at
60 Hz, and a time-frequency analysis was performed usingMorlet
wavelets. We determined the integrated spectral power of the
high-frequency (HF, 0.15–0.4 Hz) and low-frequency (LF,
0.04–0.15 Hz) components. HF and LF/HF were used as
indices of parasympathetic and sympathetic activity,
respectively (Aluwi et al., 2016; Laborde et al., 2017; Task
Force of the European Society of Cardiology, and the North
American Society of Pacing and Electrophysiology, 1996). The
data of one participant from the ST (−) group contained a large
amount of noise in the ECG, and thus were excluded from the
HRV analysis.

To further investigate the physiological characteristics of
muscle stiffness and the effect of MT on ameliorating such,
the BFI, MAP, and VCI in the MT condition were compared
between the ST (+) and ST (−) groups. We further calculated
changes in the BFI after the MT intervention [ΔBFI: (mean BFI in
the post period)—(mean BFI in the pre period)] from the BFI data
acquired in the MT condition. The mean BFI in the pre-period

(baseline BFI) and ΔBFI values were compared between the ST
(+) and ST (−) groups, and the correlation between these two
indices was investigated. If the baseline BFI of the trapezius
muscle was smaller in ST (+) participants than in ST (−)
participants, decreased blood flow to the target muscle could
be identified as the potential phenotype of muscle stiffness. If the
ΔBFI is larger in ST (+) participants than in ST (−) participants,
increased blood flow could be considered a therapeutic effect of
MT which facilitates local circulation.

The changes in BFI between the pre-and post-MT
periods, baseline BFI, and ΔBFI values were additionally
compared between the subgroups of female participants
from the two groups [n � 12 and 5 in groups ST (+) and
ST (−), respectively] to investigate the effect of MT when
controlling for sex differences in the participants from the
original groups. We also tested the correlation between
baseline BFI and ΔBFI values within each group only for
female participants.

We applied the non-parametric Wilcoxon signed-rank test to
compare the values between the pre- and post-periods in the same
condition and between conditions in the corresponding periods.
The Mann-Whitney U test was used to compare the values
between the ST (+) and ST (−) groups. A Bonferroni

FIGURE 2 |Measurement protocol. Participants received manipulative therapy (MT) for 300 s (intervention period) in the MT condition, whereas they remained still
on the measurement table during the control condition (CT). Pre-and post-rest periods were identical between conditions. Local blood flow of the trapezius muscle,
systemic blood pressure, and electrocardiogram were continuously measured throughout the experiment.

FIGURE 3 | Time-course changes of mean normalized BFI in CT and MT conditions. The therapist performed MT for 120–420 s in the MT condition. BFI values
were normalized based on the mean value during the pre-period. Relative increases in the local blood flow were compared between conditions by superimposing the
normalized BFI time-courses. Solid lines show mean values, and shaded areas show standard errors. BFI: blood flow index, Red line: MT condition, Blue line: CT
condition, AU: arbitrary units.
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correction for multiple comparisons was applied when necessary,
and Spearman’s rank correlation was calculated to test the
relationship between the baseline BFI and ΔBFI in each group.
Statistical significance was set at p < 0.05.

RESULTS

The changes in the BFI, normalized BFI, blood pressure, HR,
cardiac autonomic indices, and VCI values before and after the
CT and MT interventions are summarized in Table 1. The BFI
and normalized BFI were significantly increased in the post-
compared to the pre-period in both MT and CT conditions. In
addition, the post-intervention values in the MT condition were
significantly larger than those in the CT condition. There were no
significant differences in blood pressure, HR, and cardiac
autonomic indices between the pre-and post-periods in the
same conditions and between the corresponding periods of the
two conditions (CT and MT). Accordingly, the VCI was
significantly increased in the post-compared to that in the pre-
period for the MT and CT conditions. In addition, the post-
intervention VCI in the MT condition was also significantly
larger than that in the CT condition.

The median BFI values showed a gradual increase along with
the measurement order (CT pre < CT post ≈MT pre <MT post),
suggesting the possibility that the post-intervention BFI increase

found in both conditions might originate from the elapsed time
while lying on the measurement table irrespective of intervention
type. Therefore, we further investigated the relative increase in
BFI from baseline in both conditions (Figure 3). The waveform
during the intervention in the MT condition was excluded due to
motion artifacts. The mean normalized BFI values of the post-
period in the MT condition increased by ∼40% compared to the
pre-period. However, the increase in BFI in the post-period
remained at ∼9% compared to the pre-period in the CT
condition. These results also confirmed that MT significantly
increased the blood flow in the target muscle.

The MT-related changes in BFI, normalized BFI, MAP, and
VCI in the subgroups with or without muscle stiffness in the
measurement site are shown in Table 2. The post-MT BFI and
normalized BFI were significantly larger in the ST (+) group than
in the ST (−) group. Comparing only the female participants
between the two groups, the presence and absence of a post-MT
increase in BFI in the ST (+) and ST (−) groups were also
confirmed (p � 0.003 and 0.563 with Bonferroni correction,
respectively). MAP was not significantly different within and
between groups. The VCI of the ST (+) group increased
significantly after MT.

Since these results demonstrated varied microcirculatory
responses to MT depending on the individual status of muscle
stiffness, the relationship between the baseline BFI and the
increase in BFI after MT was further investigated (Figure 4).

TABLE 1 | Changes in blood flow, blood pressure, heart rate, cardiac autonomic indices, and vascular conductance index before and after manipulative therapy.

MT CT

Pre Post Pre Post

BFI [× 10−9 cm2/s] 4.8 (4.2, 5.7) 5.8 (5.1, 7.8)*,† 4.4 (3.5, 5.2) 4.8 (3.9, 5.6)*
Normalized BFI 1 1.2 (1.0, 1.6)*,† 1 1.1 (1.0, 1.1)*
SAP [mmHg] 111 (104, 122) 111 (104, 120) 114 (105, 122) 115 (104, 121)
MAP [mmHg] 80 (77, 89) 80 (76, 87) 83 (77, 91) 82 (77, 88)
DAP [mmHg] 67 (62, 74) 65 (60, 72) 68 (64, 75) 66 (62, 73)
HR [bpm] 67 (59, 71) 65 (60, 74) 65 (59, 73) 65 (58, 74)
HF [10−3 ms2] 3.9 (1.8, 8.5) 3.7 (2.0, 10.9) 2.8 (1.7, 8.6) 3.7 (1.7, 8.7)
LF/HF 0.3 (0.2, 0.8) 0.4 (0.2, 0.7) 0.3 (0.2, 0.6) 0.3 (0.2, 0.7)
VCI [× 10−11 cm2/(s mmHg)] 6.3 (5.5, 7.3) 6.9 (6.1, 11.6)*,† 5.4 (4.3, 6.8) 6.0 (4.9, 6.8)*

Data are presented as the median (first quartile, third quartile). Asterisks (*) indicate significant increases (p < 0.05) at the post-period relative to the pre-period. A dagger (†) indicates a
significant increase (p < 0.05) relative to the CT condition in the post period. MT: manipulative therapy condition; CT: resting condition; BFI: blood flow index; normalized BFI: normalized
blood flow index; SAP: systolic arterial pressure; MAP: mean arterial pressure; DAP: diastolic arterial pressure; HR: heart rate; HF: high-frequency component of heart rate variability; LF/
HF: ratio of low to high-frequency components of heart rate variability; VCI: vascular conductance index.

TABLE 2 | Changes in the blood flow, mean arterial pressure, and vascular conductance index before and after MT in the subgroups with or without muscle stiffness in the
neck and shoulder region.

Muscle stiffness positive Muscle stiffness negative

Pre Post Pre Post

BFI [× 10−9 cm2/s] 4.7 (3.8, 5.6) 7.7 (5.9, 9.9)*,† 4.8 (4.3, 6.0) 5.2 (4.8, 6.4)
Normalized BFI 1 1.7 (1.4, 2.1)*,† 1 1.1 (1.0, 1.2)
MAP [mmHg] 78 (75, 94) 77 (73, 95) 87 (80, 90) 83 (78, 88)
VCI [× 10−11 cm2/(s mmHg)] 6.2 (4.0, 7.2) 9.9 (7.2, 12.8)* 6.3 (5.5, 7.1) 6.5 (5.8, 7.1)

Data are presented as themedian (first quartile, third quartile). Asterisks (*) indicate significant increases (p < 0.05) at post-relative to pre-period. A dagger (†) indicates a significant increase
(p < 0.05) relative to the muscle stiffness negative group in the post-period. Muscle stiffness positive: ST (+) group; muscle stiffness negative: ST (−) group; BFI: blood flow index;
normalized BFI: normalized blood flow index; MAP: mean arterial pressure; VCI: vascular conductance index.
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The distribution of the baseline BFI was comparable between
participants with and without muscle stiffness (Figures 4A,B),
whereas the post-MT increase in BFI was significantly larger in
participants with muscle stiffness (Figures 4A,C), indicating that
MT had a greater impact on the increase in local muscle blood
flow in muscles with stiffness relative to those without. The
relative median increase in post-MT BFI was 64 and 7% in
the ST (+) and ST (−) groups, respectively. The comparable
baseline BFI between groups and the significant increase in the
post-MT BFI with ST (+) over ST (−) group were also confirmed
when only female participants were analyzed. There was no
significant relationship between the baseline BFI and post-MT
increase in BFI in any of the groups tested.

DISCUSSION

This study utilized DCS, a novel blood flow measurement
technique, to quantitatively evaluate the effect of MT on local
blood flow. By adopting a diffuse optical technique with sufficient
sensitivity for blood flow measurement in deep tissues (Shang
et al., 2013; Yu et al., 2007), we confirmed the effect of MT in
increasing the local muscular blood flow. The ∼40% increase in
post-MT blood flow replicated the earlier single-case DCS study
of massage therapy applied to the lower leg (Munk et al., 2012),
confirming the effectiveness of manually applied physical therapy
in facilitating muscular microcirculation. The simultaneous
measurement of ECG and blood pressure further confirmed
that MT could increase the blood flow to the targeted muscle
while minimally affecting the systemic circulatory function.
These results support the benefit of MT in patients who
require increased muscle blood flow but are restricted from or
unable to perform physical exercise due to their chronic disease
states and/or frailty.

A recent study by Monteiro Rodrigues et al. (2020) reported a
distinct temporal pattern of MT-related cutaneous blood flow
measured using Laser Doppler flowmetry (LDF) and reflection

photoplethysmography (PPG), which increased during therapy
but returned to baseline immediately after cessation. The absence
and presence of the post-MT increase in blood flow in the LDF/
PPG and DCS, respectively, suggest the potential role of MT in
selectively facilitating the circulatory activity of the targeted
muscle. Although its detailed physiological mechanism is
beyond the scope of this observational study, the selective
increase in blood flow to the target muscle under a stable
central arterial blood pressure could be explained by neuronal
and metabolic regulation of peripheral microcirculation. The
passive movement of skeletal muscles suppresses the muscle
sympathetic nervous activity as much as active exercise
(Doherty et al., 2018), which may promote local blood flow to
the intervention site and the consequent decrease in other
locations. However, this type of blood flow redistribution may
be minor according to a previous study investigating the effect of
dry needling stimulation on the blood flow changes at various
regions of the trapezius muscle (Cagnie et al., 2012). Mechanical
stimulation increased the blood flow at the target region in the
trapezius muscle, but the blood flow at the neighboring and
contralateral regions of the same muscle showed no significant
changes. Rather, the mechanical stimulation could have induced
shear stress-mediated vasodilation at the target tissue, thus
decreasing microvascular resistance and improving the blood
flow (Gregory and Mars, 2005; Nelson, 2015; Kruse et al., 2016).
This hypothesis is partially supported by a recent near-infrared
spectroscopy study by Soares et al. (2020), which demonstrated
that a rolling massage improved the vasodilation response in the
skeletal muscle without changing the endothelial function of the
upstream conduit artery.

Furthermore, the trapezius muscle is a plate-like muscle that
receives nourishment from multiple arteries in the trunk. In
addition, its muscle fibers and veins cross diagonally, and the
veins do not have valves (Nakamura et al., 2006). This unique
anatomical feature of the trapezius muscle may interfere with the
muscle pumping action necessary to facilitate venous return in
the limbs and may cause venous blood retention. The repetitive

FIGURE 4 |Relationships between baseline BFI andMT-related BFI increase (ΔBFI) in participants with and without muscle stiffness. (A) Scatter plot of baseline BFI
and ΔBFI for all participants. Each circle and square represent a female or male participant, respectively. Participants with muscle stiffness are shown by filled circles [ST
(+): female]. Participants without muscle stiffness are depicted by open circles [ST (−): female] or open squares [ST (−): male]. (B) Box plot of the baseline (pre) BFI in the
ST (+) and ST (−) groups. (C) Box plot of ΔBFI in the ST (+) and ST (−) groups.
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mechanical pressure applied during MT could promote the
muscle blood flow via passive muscle pumping and/or the
corresponding vasodilation due to shear stress (Gregory and
Mars, 2005; Nelson, 2015; Kruse et al., 2016).

The increase in post-CT blood flow in the trapezius muscle
could be derived from the decrease in sympathetic activity
innervating the skeletal muscle microvasculature due to
prolonged resting in the prone position. Another cause may
be the continuous exposure to near-infrared light used in DCS
measurement (Ferraresi et al., 2012; Cheng et al., 2020). However,
this contribution would be minor compared to that from MT.

Another important finding of this study is that the effect ofMT
on promoting local muscle blood flow is enhanced in muscles
with stiffness. Since an increase in blood flow is positively
associated with reduced muscle stiffness (Hotta et al., 2018;
Caliskan et al., 2019), we first hypothesized that participants
with muscle stiffness would show decreased baseline blood flow,
as reported in patients with trapezius myalgia (Larsson et al.,
1999) and greater recovery of blood flow after MT. However, the
participants showed comparable baseline blood flow regardless of
muscle stiffness, and a difference between groups was only found
in post-MT muscle circulatory functions. MT significantly
improved the blood flow and increased the vascular
conductance selectively in participants with muscle stiffness.
The local blood flow after 5 min of MT was significantly
greater in participants with muscle stiffness than in those
without. The lack of differences in baseline circulatory
functions may be due to individual differences in the
anatomical structure and/or moderate symptoms of muscle
stiffness in participants who were not under clinical treatment.
The higher demand for blood flow due to overstraining of the
trapezius muscle in participants with muscle stiffness could be
another possibility. Nevertheless, DCS could successfully capture
the effect of MT on the local circulatory function in these
participants, confirming its potential applicability to evaluate
microcirculation in clinical settings and in sports conditioning
(Shang et al., 2017). In future investigations, more objective
scientific methods, such as the stiffness test or pain threshold
scale, could be used to measure the improvement of shoulder
stiffness symptoms in combination with the evaluation of muscle
blood flow.

Local 5-min MT had little effect on systemic circulatory
functions, such as blood pressure, HR, and cardiac autonomic
activity. However, the effect of MT on systemic circulatory
function may vary depending on the clinical status of the
patient (Nelson, 2015), the form of therapy (Cambron et al.,
2006; Diego and Field, 2009), and MT duration (Kaye et al.,
2008). Further research on the combined systemic and local
circulatory responses is required, especially regarding the
clinical application of MT.

There are limitations in the interpretation of the results of this
study. The participants in the group with trapezius muscle
stiffness were all women. Further investigation is needed in
male participants with muscle stiffness to generalize the effect
of MT on increasing the blood flow of the stiff muscle. Second, the
relevance of the post-MT blood flow recovery on the reduction of
muscle stiffness was not evaluated since palpation and participant

interviews are subjective, and a placebo effect could not be avoided.
In addition, the required duration of MT for sufficient blood flow
recovery could vary depending on the severity of the muscle
stiffness. To avoid these potential confounding factors, we
focused on the quantitative measures of muscle blood flow and
systemic circulatory functions derived from a fixed MT duration.
Further investigations employing emerging technologies such as
ultrasound elastography (Kuo et al., 2013; Brandenburg et al., 2014;
Taljanovic et al., 2017) are required to objectively evaluate the
clinical effect of MT. Third, although we applied the kneading
method to avoid direct mechanical stress to the skin surface of the
measurement site, the cutaneous blood flow could affect the
measured BFI value due to the intrinsic nature of DCS, which
attaches optical probes to the skin surface (Didier et al., 2020;
Bartlett et al., 2021). However, the difference in the temporal
pattern of current BFI and cutaneous blood flow responses
reported by Monteiro Rodrigues et al. (2020) suggests a major
contribution of muscular blood flow to BFI responses. The selective
increase in post-MT blood flow found in the participants with
muscle stiffness also suggests that the increased BFI mainly
originates from the recovered blood flow on the muscle target
of the MT. The selective effect on muscles with potentially
insufficient blood flow confirmed the validity of MT, which has
been traditionally developed and selected by the Japanese
community to ameliorate skeletal muscle strain and/or pain
(Shibata et al., 2019).

In summary, our results demonstrated the usefulness of the
emerging DCS technology for non-invasive and direct
observation of an MT-induced blood flow increase in the
local muscle. The portability of DCS enables bedside
monitoring of blood flow recovery in participants with
muscle stiffness, which could be further utilized in patient-
oriented manual treatment and for therapists’ training. Future
studies should investigate the relationship between the
improvement of local muscle blood flow and physical status
in patients receiving MT treatments.
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