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Using ultrafast angio planewave ultrasensitive
and conventional doppler imaging techniques
to assess intramuscular blood perfusion

in older adults
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Abstract

Background Microvascular ultrasound imaging techniques such as Angio PLanewave UltraSensitive (Angio-PL.U.S.)
have been used to detect microvascular blood flow in various organs and tissues. However, the advantage of Angio-
PL.US. for assessing muscle microvascularity over other non-invasive imaging modalities has not been investigated.
This cross-sectional study compared ultrafast Angio-PL.U.S. and conventional color Doppler flow imaging (CDFI)
techniques for assessing intramuscular blood perfusion.

Methods Forty-five older adults participated (age=59.1+7.6). The vascularity index (VI) was used to quantify
intramuscular blood flow of the bilateral biceps brachii (BB) and medial gastrocnemius (MG). Intra-limb (difference in
VI between CDFI and Angio-PL.U.S. techniques) and inter-limb differences [percent side-to-side differences (%SSD) in
VI between dominant and non-dominant sides] were compared using Wilcoxon Signed Ranks and Mann-Whitney U
tests, respectively. Associations between techniques were assessed using Spearman’s rho (p).

Results No significant differences were observed between dominant and non-dominant BB (p>0.053) and MG
(p=0.756) for both CDFI-VI and Angio-PL.U.S.-VI. Only VI measures for the non-dominant BB demonstrated significant
intra-limb difference between techniques (p=0.002). A significant %SSD between techniques was observed for BB
(p=0.022) but not MG (p=0.225). Strong to very strong correlations were observed between CDFI-VI and Angio-
PLU.S.-VI across all muscles (p=0.616-0.814, p<0.001).

Conclusion Ultrafast Angio-PL.U.S. and conventional ultrasound imaging techniques were comparable when used
in conjunction with the VI for quantifying resting intramuscular blood flow. Angio-PL.U.S. appeared to be more
sensitive in detecting bilateral disparities in upper extremity muscles. However, further research is needed to validate
these findings and investigate the potential clinical utility of this technique for characterizing disease progression in
populations with global or unilateral musculoskeletal tissue alterations.
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Introduction

The use of Doppler ultrasound imaging for blood flow
quantification is integral to cardiovascular disease and
cancer assessment [1]. However, the performance of
conventional color Doppler is limited by sampling rate,
spatial region and resolution. In many contexts, micro-
vascular imaging using ultrafast Doppler techniques
can enhance assessment accuracy [2-10]. The parallel
processing approach of ultrafast Doppler is a relatively
recent innovation to address the inherent constrains
associated with trade-offs between flow imaging within a
large field of view and more detailed flow quantification
for a single location [8]. Ultrafast compound Doppler
imaging involves tilted planewave insonification and the
summation of backscattered signals to improve acquisi-
tion frame rates and increase sensitivity during high and
low velocity flow states over a large region of interest
(ROI) [11].

Current ultrafast Doppler imaging modalities such as
Angio PLanewave UltraSensitive (Angio-PL.U.S.) and
Superb Microvascular Imaging (SMI) have been used
as non-invasive alternatives to contrast-enhanced ultra-
sound for the assessment of microvascular blood flow in
breast lesions [2, 3], thyroid nodules [4, 5], carotid ath-
erosclerotic plaques [6, 7], renal cortices [8], and endole-
aks following endovascular aneurism repair [9, 10].
Compared to conventional color Doppler flow imaging
(CDFI), where blood flow velocity is mapped by super-
imposing a color-coded signal over grayscale ultrasound
[12], Angio-PL.U.S. employs three-dimensional (3D) wall
filtering with continuous ultrafast plane-wave sampling
to generate a detailed display of low velocity flow states
in small vessels [4]. Previous studies comparing SMI and
CDFI have demonstrated relatively greater sensitivity in
detecting malignant lesion blood flow within breast tissue
[2] and thyroid nodules [5] using SMI. Similarly, Angio-
PL.U.S. has also shown equivocal or greater sensitivity
in detecting microvascularity, blood vessel branching, or
slow flow states when compared to standard diagnostic
imaging modalities [e.g., contrast-enhanced ultrasound
(CEUS), computed tomography angiography] [10] and
image interpretation guidelines (e.g., Thyroid Imaging
Reporting And Data System) [4]. The spatio-temporal
resolution of the Angio-PL.U.S. imaging mode in particu-
lar is enhanced through the combination of continuous
3D wall filtering and ultrafast image acquisition to opti-
mize the detection of slow velocity flow while minimizing
tissue motion [11]. Although SMI has been used to evalu-
ate exercise-induced flow states in muscle [13], research
involving the use of Angio-PL.U.S. for similar applica-
tions is lacking. The use of the Angio-PL.U.S. imaging
technique in assessing muscle microvascular flow relative
to other non-invasive blood flow imaging modalities also
requires further study.
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The vascularity index (VI) is a parameter derived from
a Doppler ultrasound image post-processing technique
which provides a semi-quantitative estimation of tissue
blood perfusion. The VI has been used to estimate site-
specific intramuscular blood perfusion following exercise
interventions among healthy young adults [13] as well as
clinical populations with plantar fasciitis [14] and uni-
lateral limb impairment (i.e., hemiparesis) [15, 16]. The
measurement was initially developed by Newman et al.
(1997) as a means grading exercise-induced permutations
in muscle tissue blood flow qualitatively [17]. Ying et al.
(2009) subsequently adapted and refined this measure by
developing a semi-quantitative approach to estimate tis-
sue vascularity in the bilateral lobes of the thyroid gland
using high-sensitivity power Doppler [12]. In the adapted
method, VI within a given ROI is calculated as a ratio of
color to total pixels. This semi-quantitative method has
demonstrated a strong association with Newman’s quali-
tative grading scale approach when measuring the same
construct in patients with plantar fasciitis (r=0.70) [14].

In this study, we compared the use of CDFI and Angio-
PL.U.S. techniques in conjunction with a VI post-pro-
cessing technique for evaluating intramuscular blood
perfusion in the upper and lower extremities of older
adults. Inter-limb differences in VI between techniques
were also compared.

Methods

Participants

A total of 45 community-dwelling adults were recruited
through convenience sampling between January and
March of 2019. Informed consent was obtained on the
day of the initial functional assessment prior to data col-
lection. The study was approved by the Human Subjects
Ethics Sub-committee of the University on April 10, 2018
(HSEARS20171212003). All procedures were conducted
in accordance with the Helsinki Declaration for human
experiments and reported in accordance with Strength-
ening the Reporting of Observational Studies in Epidemi-
ology (STROBE) guidelines [18]. Inclusion criteria were
as follows: (1) adults with no significant musculoskeletal
impairment or pathology (e.g., muscular dystrophy), (2)
no other serious contraindications for study participa-
tion, and (3) able to provide informed consent and com-
ply with study procedures.

Procedures

Assessments were conducted in the university imaging
laboratory. Each assessment session was approximately
1-1.5 h in duration and performed within the same room
kept at an average temperature of 22 °C. Ultrasound
measures were performed by the same operator with 5
years of musculoskeletal and vascular imaging experi-
ence. Prior to the ultrasound assessment, demographic
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information and medical history were obtained. Cogni-
tion was assessed using the 10-item Abbreviated Mental
Test (AMT), with scores<6 indicating abnormal cogni-
tive function [19]. The AMT has been validated among
geriatric patients [19] and older adults in residential care
homes [20]. General physical activity level was assessed
using the Physical Activity Scale for the Elderly (PASE),
with higher scores indicative of higher activity level.
Scores were also interpreted according to tertile stratifi-
cations of general activity level described by Curcio et al.
(2019) (i.e., sedentary: PASE=0-40, light physical activ-
ity: PASE=41-90, moderate to intense physical activity:
PASE>90) [21]. The scale has been previously validated
using accelerometry [22], actigraph monitoring [23],
and has demonstrated fair to moderate association with
other clinically relevant measures of physical function in
the elderly [24]. Body mass indices (BMI) of 18.5-24.9,
25.0-29.9, and =30 were considered healthy, overweight,
or obese, respectively [25]. Upper and lower limb domi-
nance were determined according to preferential use dur-
ing daily activities (i.e., hand-writing, eating with cutlery)
and by a ball kicking task, respectively [26].

Following the PASE, AMT and limb dominance assess-
ments, participants rested on the examination table for
approximately 10 min prior to the ultrasound assessment.
The assessment sequence for each participant (i.e., domi-
nant or non-dominant side, upper or lower limb) was
randomized to minimize the order effect. Participants
were instructed to remain as relaxed as possible. Surface
electromyography was used to confirm passive muscle
status (Bagnoli EMG system, Delsys Inc, Natick, Massa-
chusetts, USA). An Aixplorer ultrasound unit (Aixplorer,
Supersonic Imagine, Aix en-Provence, France), coupled
with a linear array transducer (4—15 MHz, SuperLinear,
15—4, Vermon, France) was used to measure intramus-
cular blood flow of the bilateral biceps brachii (BB) and
medial gastrocnemius (MG). Super-compound and high
penetration modes were set at a medium frame rate to
optimize image resolution and visualization of anatomi-
cal boarders. To facilitate transmission and reduce probe
compression during measures, a 2 mm thick gel coupling
layer served as the interface between the skin and probe.
The ankle joint was maintained in a neutral plantar-dor-
siflexion (0°) fixed by an anchored device with restricted
eversion, inversion and rotation and the elbow joint was
maintained in 60° of flexion with the shoulder abducted
in 45° using a custom arm immobilization device. The
proximal one third (i.e., 33%) of the total tibia length
measured from the base of the distal Achilles tendon, at
the level of the inferior boarder of the lateral malleolus
up to the midline of the popliteal crease, served as the
measurement site for the MG [27]. The measurement site
for the BB muscle was the distal third (i.e., 66%) of the
total humeral length between the coracoid process of the
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scapula and the crease of cubital fossa on the radial side
[28]. The probe was placed on the BB or MG muscle in a
transverse orientation.

The method for determining VI was adapted from a
protocol described by Huang et al. (2020) [15]. Using the
CDFI mode to map Doppler signal strength from flow
movement, the ROI was placed within the borders of the
muscle fascia and standardized according to frame rate
(11 Hz), pulse repetition frequency (6 cm/s), greyscale
(50%), and color gain range (70-85%). To detect low
velocity flow states of small vessels within the ROI, the
color gain was increased to 85% and gradually reduced
until background color noise was suppressed or reached
the lower gain limit (70%) for each participant. Three
CDFI recordings, each approximately 5 s in duration,
were captured. Using the same ROI, probe location and
settings, three additional recordings were captured using
the Angio-PL.U.S. imaging mode. Using a pre-defined
system setting, the pulse repetition frequency scale was
reduced to 4 cm/s in Angio-PL.U.S. imaging mode in
order to optimize visualization of low velocity microvas-
cular blood flow. Color gain was then kept the same for
subsequent recordings performed on the opposing limb.
Custom scripts were used for all image and data pro-
cessing (Matlab software, version R2024a, Mathworks,
Natick, Massachusetts, USA). These procedures are
described in detail in previous studies [12, 16].

Sample size estimation

Sample size calculation was performed using G*Power
software (version 3.1, Heinrich Heine Universitat, Dus-
seldorf, Germany) [29]. A previous study by Yang et al.
(2019) comparing ultrafast Doppler (i.e., SMI) and con-
trast enhanced ultrasound techniques to assess neovas-
cularization of unstable carotid artery plaques in elderly
individuals demonstrated a strong, positive correlation
between SMI level and contrast enhancement intensity
(Spearman’s p=0.737, p=0.001) [6]. Assuming a more
conservative correlation of 0.5 (medium effect size),
a power of 0.90, and an alpha level of 0.05 (2-tailed), it
was estimated that a minimum of 34 participants was
required.

Statistical analysis

All statistical analyses were conducted using SPSS soft-
ware (version 29.0, SPSS Inc., Armonk, New York, USA)
at a significance level of p<0.05. Homogeneity of vari-
ance and normality were determined using Levene’s and
Shapiro-Wilks tests, respectively. Paired t-tests were
used to compare mean differences between dominant
and non-dominant limbs (i.e., inter-limb comparisons),
as well as between imaging techniques for the same
limb and the percent side-to-side difference (%SSD)
for upper and lower limb muscles (i.e., inter-technique
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comparisons). Pearson’s correlation coefficients were
used to assess the strength of the relationship between
imaging techniques. Correlation coefficients ranging
from 0.0 to 0.2, 0.2-0.4, 0.4-0.6, 0.6-0.8, and 0.8-1.0
indicated very weak, weak, moderate, strong and very
strong associations, respectively [30]. An equivalent non-
parametric test [i.e., Spearman’s rho (p), Wilcoxon Signed
Ranks] was used if homogeneity of variance and normal-
ity criteria were not met. To account for multiple com-
parisons and reduce the potential for Type I errors, the
alpha threshold was adjusted using Bonferroni correction
(i.e., p<0.05/5=0.01). The %SSD in VI for each imaging
technique and extremity (upper and lower) was calcu-
lated using the following formula:

mean VIof the non-dominant limb — mean VI of the dominant limb
mean VI of the non-dominant limb

x 100

Results

Participant characteristics

A summary of participant characteristics is provided in
Table 1. A total of 45 participants completed the study
(men=31, women=14, age=59.11+7.6). On average,

Table 1 Participant characteristics
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participants reported moderate to high levels of general
physical activity (PASE=154.5+83.3), had normal cogni-
tive function (AMT=9.9%20.4), and were considered to
have a healthy BMI (23.4+2.7).

Inter-limb comparisons

No significant differences were observed between domi-
nant and non-dominant muscles of the upper (p=0.053)
and lower extremities (p=>0.756) for both CDFI-VI and
Angio-PL.US.-VL. A comparative results summary is
provided in Table 2.

Inter-technique comparisons

Only VI measures for the non-dominant BB demon-
strated a significant intra-limb difference between imag-
ing techniques (p=0.002). For BB muscles, the %SSD in
Angio-PL.U.S.-VI was significantly greater than %SSD in
CDFI-VI (p=0.022). No significant %SSD was observed
between imaging techniques for MG muscles (p=0.225)
(Table 2). Visual comparisons of the VI for the BB and
MG muscles using each imaging technique are provided
in Figs. 1 and 2, respectively.

N=45 %
Demographics
Sex (men/women), n 31/14 68.9/31.1
Age (years) 501+76 -
Height (cm) 1663+86
Weight (kg) 646+104 -
Body mass index (kg/m?) 234427 -
Arm dominance (left/right/equivalent), n 2/43/0 44/956
Leg dominance (left/right/equivalent), n 2/43/0 44/956
Alcohol consumption, n 17 378
Drinks per day, n 0.1+0.2 -
Tobacco use, n 9 20.0
Packs per day, n 06+03
AMT 99+04
PASE 15454833 -
Comorbidity
Total number of comorbidities, n 05+09 -
Hypertension, n 13 289
Hyperlipidemia, n 5 11.1
Diabetes mellitus, n 4 89
Medication
Total number of medications, n 08+1.0 -
Antihypertensive agents, n 12 26.7
Hypolipidemic agents, n 5 111
Hypoglycemic agents, n 4 89
Anticoagulants, n 1 2.2
PPI/ gastric agent, n 2 44

Abbreviations: AMT=Abbreviated Mental Test, PASE=Physical Activity Scale for the Elderly, PPI=Proton Pump Inhibitor
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Table 2 Inter-limb and inter-technique vascularity index comparisons

CDFI Angio-PL.U.S. Comparisons

Mean+SD  %SSD Mean+SD  %SSD p? p° pS p¢
Biceps Brachii
Non-Dominant VI 0.55+0.31 -243£4381 046+0.36 -77.79+129.57 0.167 0.053 0.022" 0.002"
Dominant VI 051+£0.29 0.57+0.35 0.170
Medial Gastrocnemius
Non-Dominant VI 0.99+041 -12.11+£52.19 0.93+048 -27.17+80.09 0.950 0.756 0.225 0312
Dominant VI 1.02+046 0.97+0.58 0.147

" Statistically significant difference (p<0.05)

T Statistically significant difference after adjusting for multiple comparisons (p<0.01)

# Inter-limb comparisons for VI obtained using CDFI (Non-Dominant vs. Dominant) (Wilcoxon Signed Ranks)

® Inter-limb comparisons for VI obtained using Angio-PL.U.S. (Non-Dominant vs. Dominant) (Wilcoxon Signed Ranks)

¢ Percent side-to-side difference comparisons between imaging techniques (CDFI vs. Angio-PL.U.S.) (Wilcoxon Signed Ranks)

9 Intra-limb VI comparisons between imaging techniques (CDFI vs. Angio-PL.U.S.) (Wilcoxon Signed Ranks)

Abbreviations: %SSD = Percent Side-to-Side Difference, Angio-PL.U.S. = Angio PLanewave UltraSensitive Imaging, CDFI= Color Doppler Flow Imaging,

VI=Vascularity Index

Non-Dominant

Fig. 1 Comparing biceps brachii intramuscular blood perfusion between imaging techniques using the vascularity index

Intramuscular blood perfusion of the biceps brachii muscle was measured with color Doppler flow imaging (A, C) and Angio PLanewave UltraSensitive
Imaging (B, D). Isolated color pixels were used to calculate the vascularity index for dominant (A, B) and non-dominant (C, D) biceps brachii muscles. This
bilateral comparison of images obtained for a single participant indicate Angio PLanewave UltraSensitive Imaging was relatively more sensitive than color
Doppler flow imaging in detecting intramuscular blood flow of the biceps brachii muscle

Correlations

Correlations between the CDFI-VI and Angio-PL.U.S.-
VI were positive and ranged from strong to very strong
across all muscles (p=0.616—0.814, p<0.001). Scatter-
plots depicting limb-specific correlations between imag-
ing techniques are provided in Fig. 3.

Discussion

This study compared the use of Angio-PL.U.S. and CDFI
in conjunction with semi-quantitative estimates of mus-
cle tissue blood perfusion (i.e., VI) in the extremities of
older adults. Overall, our results suggest these imag-
ing techniques were comparable for quantifying resting
intramuscular blood flow in upper and lower extrem-
ity muscles. Compared to CDFI, the Angio-PL.U.S.

technique demonstrated relatively greater sensitivity for
detecting bilateral disparities in upper extremity intra-
muscular blood perfusion.

Inter-limb and inter-technique comparisons

For individual limbs, only the non-dominant arm showed
a significant difference in VI between techniques sug-
gesting that intramuscular blood flow was greater in
CDFI mode than Angio-PL.U.S at this site (p=0.002).
This finding is in contrast to evidence reported in previ-
ous studies comparing two similar ultrasound imaging
techniques (i.e., SMI and CDF]I) [2, 31]. Although the tis-
sues measured and ultrasound techniques differed from
those used in the current study, compared to the ultrafast
technique (i.e., SMI), conventional CDFI demonstrated
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Dominant Non-Dominant
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&
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Fig. 2 Comparing medial gastrocnemius intramuscular blood perfusion between imaging techniques using the vascularity index

Intramuscular blood perfusion of the medial gastrocnemius muscle was measured with color Doppler flow imaging (A, €) and Angio PLanewave Ultra-
Sensitive Imaging (B, D). Isolated color pixels were used to calculate the vascularity index for dominant (A, B) and non-dominant (C, D) medial gastroc-
nemius muscles. Color Doppler flow imaging and Angio PLanewave UltraSensitive Imaging demonstrated similar sensitivity in detecting intramuscular

blood flow of the medial gastrocnemius muscle

A
p=0.741, p<0.001

CFl-Non-Dominant BB

o 0 100 150 200

Angio-PL.U.S. - Non-Dominant BB

B

p=0.616, p<0.001

CFl-Dominant BB
°

Angio-PL.U.S. - Dominant BB

p=0.661, p<0.001
-

CFl - Non-Dominant MG

o 50 100 150 200 250

Angio-PL.U.S. - Non-Dominant MG

D

p=0.814, p<0.001
-

CFI - Dominant MG

Angio-PL.U.S. - Dominant MG

Fig. 3 Strength of association between imaging techniques

Strong positive correlations were observed between color Doppler flow imaging and Angio PLanewave UltraSensitive Imaging techniques for the non-
dominant (A) and dominant biceps brachii (B), and the non-dominant (C) and dominant medial gastrocnemius muscles (D) (p=0.616-0.814, p<0.001)

lower sensitivity for detecting microvascular blood
flow in breast lesions (RfSMI=0.58, CDFI=0.41, p=3.71,
p<0.001) [2] and thyroid nodules (p<0.012) [31]. On
the other hand, we found a significantly larger %SSD
in Angio-PL.US.-VI of the BB muscles in comparison

to CDFI-VI (p=0.022). Additionally, inter-limb com-
parisons between dominant and non-dominant BB
muscles for Angio-PL.US.-VI were also marginally
insignificant (p=0.053) compared to the inter-limb dif-
ference observed for CDFI-VI (p=0.756). This suggests
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that although our study may have been underpowered for
detecting differences in VI across all measurement sites,
the Angio-PL.U.S. technique appeared to demonstrate
relatively greater sensitivity in detecting bilateral dispari-
ties in upper extremity intramuscular blood perfusion.
Moreover, the lack of difference in intramuscular blood
flow between dominant and non-dominant MG muscles
may be reflective of preferential usage patterns, which are
likely to be more pronounced in upper extremity muscles
(i.e., habitual usage of the dominant side arm and hand)
compared to lower extremity muscles in healthy older
adults. Among individuals with chronic stroke, learned
disuse of the hemiparetic side may contribute substan-
tially to inter-limb disparities in intramuscular blood
perfusion assessed using conventional color Doppler for
both upper (z=-4.09, r=0.35) and lower extremity mus-
cles (z=-4.42, r=0.38) [16]. The potential trend observed
in the present study suggests that Angio-PL.U.S. may
demonstrate relatively greater sensitivity in detecting
unilateral differences in muscle blood flow following neu-
rological insult. Further research involving a larger and
more diverse participant sample is needed to validate the
current findings and investigate the potential application
of this technique in clinical contexts.

Additional factors may also influence bilateral limb
disparities in intramuscular blood perfusion. Previous
research has demonstrated relatively greater arterial
blood flow for dominant compared to non-dominant
lower limbs [32]. However, inter-limb differences in VI
for lower extremity muscles were less detectable at rest
in our study than the difference in intramuscular blood
flow response between limbs reported in previous studies
of the passive MG and rectus femoris muscles following
exercise [13, 15]. Intramuscular blood flow is also asso-
ciated with muscle function [15], which declines precipi-
tously with age [33]. Reductions in muscle blood flow due
to impaired nitric oxide production and microvascular
damage, though poorly studied, are considered predomi-
nant pathophysiologic mechanisms leading to age-related
sarcopenia [34, 35]. A study by Ditroilo et al. (2010)
showed greater functional asymmetry between domi-
nant and non-dominant muscles of the upper extrem-
ity compared to the lower extremity [36]. This suggests
age-related changes in upper extremity muscle function
may contribute to inter-limb differences in intramuscu-
lar blood perfusion. Moreover, most of our participants
were male (=31, 68.9%). This may be meaningful in the
context of our study population given that the onset and
rate of functional decline is relatively earlier and faster
for men (i.e., age 50-60) than women (i.e., age 60—65)
[36]. Sex-dependent changes in muscle function may also
affect limb-specific blood flow. A recent study by Tafunai
et al. (2021) showed significant differences in post-occlu-
sion femoral artery blood flow between the dominant and
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non-dominant legs of males (230+41 vs. 209+37 cm/s,
p=0.009) but not females [32]. Additional studies involv-
ing sex-balanced cohorts are needed to examine the
influence of these demographic factors (i.e., age, sex) on
microvascular blood flow in muscle tissue.

Correlation between techniques

To the knowledge of the authors, this is the first study
to evaluate site-specific associations between ultrafast
and conventional ultrasound blood flow imaging tech-
niques. The strong relationship we observed between
VI values obtained using CDFI and Angio-PL.U.S.
(p=0.616-0.814) suggest these techniques were largely
comparable in assessing intramuscular blood flow across
measurement sites. Chen et al. (2013) reported a similar
correlation magnitude between plantar fascia vascular-
ity assessed using VI and Newman’s qualitative grading
scale (r=0.70) [14]. Baseline VI was also correlated with
perceived pain intensity (r=0.36, p=0.02) prior to receiv-
ing extracorporeal shock wave therapy and explained
approximately 49% of plantar fascial pain reduction
reported after therapy [14]. Future studies are needed
to examine the association between musculoskeletal tis-
sue VI using microvascular ultrasound techniques and
clinically relevant patient-reported outcomes (e.g., pain,
fatigue).

Limitations

This study has several methodological limitations. As
stated previously, comparisons may have been under-
powered for detecting significant differences in intramus-
cular blood perfusion between imaging techniques across
measurement sites. Enrolled participants were not sex-
matched (i.e., men=31, women=14), and therefore not
optimally balanced for conducting additional subgroup
analyses. Future studies involving larger and more diverse
sample sizes are needed moving forward.

General cognitive function was assessed using a cur-
sory tool (i.e., AMT) due its brevity and clinical feasibil-
ity. As age-related changes in microvascular blood flow
have been shown to affect neuronal function and plastic-
ity [37, 38], cognition [39], and sympathetic skin response
[40], additional research involving a more comprehensive
battery of cognitive and sensorimotor assessments may
be useful in elucidating their association with alterations
in intramuscular blood flow.

Additionally, our participants had no history of mus-
culoskeletal disease or pathology, hence, the compara-
tive sensitivity of these ultrasound imaging techniques
in detecting bilateral limb differences in intramuscular
blood perfusion between more- and less-affected limbs
was not assessed. Studies comparing the use of ultra-
fast and conventional Doppler ultrasound imaging tech-
niques for evaluating microvascularity and slow flow
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states in clinical populations with global (e.g., Duchenne
muscular dystrophy) or unilateral (e.g., stroke) [41] mus-
culoskeletal tissue alterations are warranted. The scope
of the current study is also limited to the investigation of
blood flow in resting skeletal muscles of the upper and
lower extremities. Additional studies evaluating the use
of these techniques for characterizing blood flow changes
during dynamic scenarios (e.g., cardiac tissue Doppler
imaging for assessing myocardial mechanics and blood
flow) are also needed moving forward.

Finally, ground truth and depth dependent sensitiv-
ity of microvascular blood flow measures using ultrafast
and conventional Doppler techniques could not be deter-
mined due to resource limitations. We were also unable
to assess measurement reliability due to the limited
availability of the participants and personnel involved.
Although moderate [intraclass correlation coefficient
(ICC)=0.73 to 0.74, 95% confidence interval (CI)=0.31-
0.90)] to excellent reliability [ICC=0.928 to 0.932
(95%CI=0.887-0.960)] has been reported previously
for intramuscular blood perfusion measures using the
CDFI-VI technique [15, 16], the reliability of measures
using Angio-PL.U.S.-VI are unknown. Furthermore, the
acquisition procedures used are highly operator depen-
dent and the determination of the color scale range (i.e.
70-85%) in CDFI mode may introduce measurement bias.
Additionally, only images captured at the upper range
of the color flow spectrum were used to determine VI
[16]. Other clinically relevant metrics by which to com-
pare differences in blood flow direction, speed, and pat-
tern overtime, were not assessed. More methodologically
robust studies involving multiple operators, measure-
ment sessions and the use of flow phantoms to simulate
controlled microvascular blood flow patterns [42] are
needed to determine measurement reproducibility, valid-
ity and facilitate future comparisons with other imaging
modalities and metrics.

Conclusion

The results indicate that CDFI and Angio-PL.U.S. imag-
ing techniques were comparable when used in conjunc-
tion with the VI for quantifying resting intramuscular
blood flow in the upper and lower extremity muscles of
older adults. Angio-PL.U.S. appeared to demonstrate rel-
atively higher sensitivity in detecting bilateral differences,
particularly in the biceps brachii muscles, but further
investigation involving a larger cohort is required to con-
firm these results. The potential role of this ultrasound
imaging technique for quantifying intramuscular blood
perfusion in clinical populations with global or unilateral
musculoskeletal tissue alterations will also require fur-
ther study.
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