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Abstract

Ultrasound is a potential method for assessing muscle size of the extremity and trunk. In a large muscle, however, a single
image from portable ultrasound measures only muscle thickness (MT), not anatomical muscle cross-sectional area (CSA)
or muscle volume (MV). Thus, it is important to know whether MT is related to anatomical CSA and MV in an individual
muscle of the extremity and trunk. In this review, we summarize previously published articles in the lower extremity
demonstrating the relationships between ultrasound MT and muscle CSA or MV as measured by magnetic resonance
imaging and computed tomography scans. The relationship between MT and isometric and isokinetic joint performance
is also reviewed. A linear relationship is observed between MT and muscle CSA or MV in the quadriceps, adductor, tibialis
anterior, and triceps surae muscles. Intrarater correlation coefficients range from 0.90 to 0.99, except for one study. It
would appear that anterior upper-thigh MT, mid-thigh MT and posterior thigh MT are the best predictors for evaluating
adductor, quadriceps, and hamstrings muscle size, respectively. Despite a limited number of studies, anterior as well as
posterior lower leg MT appear to reflect muscle CSA and MV of the lower leg muscles. Based on previous studies,
ultrasound measured anterior thigh MT may be a valuable predictor of knee extension strength. Nevertheless, more
studies are needed to clarify the relationship between lower extremity function and MT.
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assessment and field survey. Approximately a half-century
ago, Tkai and Fukunaga' measured muscle CSA of the limb
muscle using a special designed ultrasound apparatus.
Without a small muscle, however, a single image from a
portable ultrasound only measures muscle thickness (MT)
(Figure 1), but not muscle CSA and MV. Since muscle CSA
and MV are valuable to know, it would be important to
examine if MT was related to these variables in the extrem-
ity and trunk muscles. Additionally, another interesting
point is whether a functional relationship is observed with
MT in single and multiple joint muscles of the extremity and
trunk. We recently reported the morphological and func-
tional relationships with ultrasound measured MT of the
upper extremity and trunk.' Thus, the purpose of this

Introduction

Anatomical muscle cross-sectional area (CSA), which is
measured in a plane axial to the longitudinal axis of the
muscle, and muscle volume (MV) are important physio-
logical variables for evaluating functional capacity of the
muscle' and the effectiveness of various physical training
programs.*” Although muscle force is linearly associated
with physiological muscle CSA (i.e. represents the maximal
number of acto-myosin cross-bridges), MV as well as ana-
tomical muscle CSA is a valuable predictor of muscular
strength and power output."®*’ A good evaluation of
muscle CSA and MV can be obtained by using magnetic
resonance imaging (MRI) to measure multiple cross sections

of individual muscles of the extremity and trunk. However,
MRI is not a widely used technique due to the costs asso-
ciated with this measurement. Considering clinical and field
testing, a sufficiently accurate and widely used method for
muscle size assessment is needed.

Ultrasound is a non-invasive, quick, low cost, and safe
imaging technique that can be easily applied in clinical
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brief review was threefold. First, we discuss the validity
and reliability of MT measurements in the thigh and
lower leg muscles. Second, we summarize the previously
published articles in the lower extremity demonstrating
the relationships between ultrasound measured MT and
muscle CSA or MV measured using MRI and computed
tomography (CT) scans. Lastly, the relationships between
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Figure 1
MT: muscle thickness

MT and isometric and isokinetic joint performances are
summarized.

In this review, the terms thigh and lower leg were used.
The term “lower leg” refers to the section of the lower
extremity extending from the knee to the ankle, while the
term “thigh” refers to the section between the pelvis and the
knee.

Literature search and inclusion criteria

The process of literature search and inclusion criteria was
the same as described in the previous study.' Briefly, a
typical online search using CINAHL, MEDLINE,
SPORTDiscuss, and Web of Science was performed with
the following keywords and phrases to obtain relevant art-
icles: “ultrasound muscle thickness” AND “lower extrem-
ity” OR “thigh” OR “leg” AND/OR “muscle CSA” OR
“muscle volume” AND/OR “strength” OR “function”.
References from pertinent articles and the name of the
authors cited were cross-referenced to locate any further
relevant articles not found with the initial search. To be
included, a study needed to meet the following criteria:
(a) Main outcome measure: the study needed to measure

Morphological and functional relationships with muscle thickness

Posterior thigh

TON-24FD, 9

Typical ultrasound image showing the transverse scans of the anterior thigh (left) and the posterior thigh (right) at 50% of thigh length.

muscle thickness of the lower body muscles using a B-mode
ultrasound; (b) Secondary outcome measures: the study
needed to investigate muscle CSA and/or MV measured
by MRI or CT scan, isometric and/or isokinetic muscular
strength and/or physical functions; (c) Reliability data: the
study needed to report a single intrarater and/or interrater
reliability value in the lower extremity muscles but not a
range of those values; (d) Language: the search was limited
to original research that was written in English.
Furthermore, we discuss the validity of ultrasound meas-
urements, including the articles that were not collected by
means of the aforesaid online search procedures.

Validity and reliability of MT measurements

Adequate validity and reliability is necessary if ultrasound
measurements are to be used as measures of muscle size.
Fukunaga et al."' investigated the validity of ultrasound
measurements at the thigh, upper arm, and abdomen
using a human cadaver. They reported that the difference
between ultrasound and manual measured values was 0.03
(SD 0.02) cm for anterior thigh, 0.05 (SD 0.09) cm for pos-
terior thigh, and 0.04 (SD 0.06) cm for posterior lower leg.
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Table 1 Intrarater and interrater reliability of ultrasound muscle thickness measurements at each measured site

Reliability & Precision

Measured site Number of subjects  Posture and state of MT testing  Device ICC  95%CI SEM Reference
Intrarater reliability
Anterior thigh N=10 Standing Resting Aloka 097 - - Miyatani et al. 2004
VL N=21 Sitting Resting GE 0.96 0.90-98 - Raj et al. 20124
Anterior thigh N=18 Standing Resting Nanshan 0.89 0.79-94 - Thoirs & English 2009
Supine Resting 090 0.80-95 -
Posterior thigh N=18 Standing Resting 0.70 0.49-84 -
Prone Resting 0.71  0.79-84 -
Anterior thigh N=42 Supine Resting NR 098 - - Tillquist et al. 2014'®
Anterior thigh N=15 Standing Resting Aloka 098 - 0.07 Abe et al. 20147
Posterior thigh 095 - 0.10
Posterior lowerleg  YM=15 Prone Resting GE 098 - - Weiss & Clark 19858
Posterior lowerleg YW =15 Prone Resting 099 - -
Posterior lowerleg N=10 Standing Resting Aloka 096 - - Miyatani et al. 2004
Anterior lower leg N=18 Standing Resting Nanshan 0.83 0.69-.91 - Thoirs & English 2009'®
Supine Resting 0.88 0.77-94 -
Posterior lowerleg N=18 Standing Resting 0.83 0.69-91 -
Prone Resting 0.34 0.07-64 -
MG YC=21 Prone Resting Phillips 0.94 0.86-98 - Legerlotz et al. 2010"°
Chison 0.98 0.94-99 -
MG N=21 Prone Resting GE 0.97 0.92-99 - Raj et al. 20124
TA N=10 Supine Resting GE 0.90 - - Crofts et al. 2014%°
Interrater reliability
Anterior thigh N=78 Supine Resting NR 095 - - Tillquist et al. 2014'®
MG N=15 Prone Resting GE 0.82 - 0.1 Konig et al. 20142

YM, young men; YW, young women; YC, young children; VL, vastus lateralis; MG, gastrocnemius medialis; TA, tibialis anterior
ICC, intra- or inter-class correlation coefficient; Cl, confidence interval; SEM, standard error of measurement; NR, not reported

Kawakami et al.'* also reported that ultrasound measure-
ments differed from manual measurements by ~0.1cm for
MT. Thus, precision and linearity of image reconstruction
have been confirmed.

Intrarater and interrater reliabilities in the lower extrem-
ity muscles are presented in Table 1. Reported estimates of
reliability were good to high.'>~*" With the exception of a
study reported by Thoirs and Englsh,' the reported intrara-
ter correlation coefficients (ICC) among studies ranged
between 0.90 and 0.99. Thoirs and Englsh' reported that
high test-retest reliability was indicated in the lower
extremity when subjects were measured in a standing pos-
ition (ICC, 0.70-0.89; 95% confidence interval (CI), 0.79-0.94
for anterior thigh and 0.49-0.84 for posterior thigh, respect-
ively). However, the lowest ICC and 95% CI values (0.34
and 0.07-0.64, respectively) were observed at the posterior
lower leg when subjects are measured in a lying position. In
that study, the authors noted that the rater found it difficult
to visualize the image obtained from the posterior thigh.
Compared to other sites, the difficult visualization may be
associated with the geometry of the femur, and this may
produce larger measurement errors compared to other
sites. In addition, alteration in muscle tone between differ-
ent body positions (standing vs. lying) among individuals
may also influence the low reliability in the posterior thigh.

Recently, Abe et al.'7?? reported ICC, standard error of

measurement (SEM), and minimum difference from 15
middle-aged subjects. Whereas ICC is a relative measure
of reliability, the SEM is a measure of absolute reliability.
Absolute reliability concerns the consistency of scores of
individuals, whereas relative reliability concerns the con-
sistency of the position or rank of individuals in the
group relative to others.”® The authors indicated that ICC
and SEM were 0.98 and 0.07 cm for anterior thigh and 0.95
and 0.10 cm for posterior thigh (Table 1).

Two studies'®*' reported interrater reliability in the
lower extremity muscles and the values demonstrated
high reliability (ICC, 0.82 and 0.95). Furthermore, a
study’® investigated inter-machine reliability of different
ultrasound machines and found that inter-machine reliabil-
ity was considered excellent. All ICC estimates of intrarater
and interrater reliability for the repeated measurements
were greater than 0.82, except a study which had pointed
out difficult visualization of the posterior thigh.'

Association between MT and muscle
CSA or MV

Anatomically, the transverse plane of the anterior thigh (i.e.
quadriceps) muscle appears as a semicircle centered at the
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Table 2 Correlations between anterior thigh muscle thickness and quadriceps muscle cross-sectional area (CSA) or quadriceps and adductor muscle
volume (MV) measured using magnetic resonance imaging (MRI) and computed tomography (CT)

Reference Number of Subject age Reference Posture of
Reference Year variable subjects range method MT testing Regressions r
Koskelo 1991 MT N=16 3-19 yrs CT Supine 0.98
et al.%° (10 boys & 6 girls)
Sipila 1993 CSA W=234 66-85 yrs CT Supine 0.76
et al.?
Abe 1997 CSA M =52 NR MRI Standing Quadriceps CSA (cm?) =25.2 x 0.91
etal®® aMT50 — 60.7
aMT50, anterior thigh muscle
thickness at 50% of thigh
length (cm)
Miyatani 2002 MV M =46 20-70 yrs MRI Standing Quadriceps MV 0.91
et al.?® (em®) =311.7 x aMT50
+53.3 x LL — 2058
Miyatani 2004 MV M=27 23-40 yrs MRI Standing Quadriceps MV 0.87
etal.’® (cm®) =322.9 x aMT50 +
116.4 x LL — 4661
aMT50, anterior thigh muscle
thickness at 50% of thigh
length (cm); LL, thigh length
(cm)
Ogawa 2012 MV N=20 28+6 yrs MRI Standing Adductor MV (cm®) =5.51 x 0.95
et al.?’ (10M & 10W) aMT30 x LL —434.9

aMT30, anterior thigh muscle
thickness at 30% of thigh
length (cm); LL, thigh
length (cm)

M, men; W, women; NR, not reported; MT, muscle thickness.

femur (Figure 1). The equation to calculate the area of a
semicircle is T x ° x 0.5, so it may be that MT? is useful
for predicting muscle CSA. Similarly, a combination of
MT? with limb length may be useful for estimating MV.
Correlations between ultrasound-measured MT and the
corresponding portion of muscle CSA or MV are presented
in Table 2 (anterior thigh MT) and Table 3 (anterior and
posterior lower leg MT)."***** The linear relationship
between MT and muscle CSA or MV has been observed in
the quadriceps,le"z‘l'26 adductor,”’ hamstring,31 tibialis
anterior,”® and triceps surae'>? muscles. For example,
Abe et al® reported a strong correlation (r=0.91,
p <0.001, n=52) between ultrasound measured anterior
mid-thigh MT and the quadriceps muscle CSA measured
by MRI in men. Interestingly, Ogawa et al.*” reported that
MT in the upper portion of anterior thigh reflects adductor
muscle CSA (r=0.922, p<0.001) and MV (r=0.841,
p <0.001) in young adults (10 men and 10 women). They
also reported that when combined with thigh length, anter-
ior upper thigh MT (at 30% of thigh length) became a better
predictor for adductor MV (r=0.949, p <0.001). Recently,
we investigated the relationship between posterior thigh
MT and MRI-measured hamstring muscle CSA and MV in
women.?" A strong correlation was observed between pos-
terior mid-thigh MT and hamstring muscle CSA at 50% of
thigh length (r=0.848, p=0.002, n=10). When using a
combination of MT and thigh length (MT x TL) as an inde-
pendent variable for predicting MYV, the correlation

coefficient between hamstring MV and posterior mid-
thigh MT x TL (r=0.873, p=0.001) was higher than the
posterior MT alone (r=0.732, p=0.016). Whereas the
muscle belly of the hamstring is located in the middle to
lower portion of the posterior thigh, the muscle belly of the
quadriceps muscle is observed in the anterior middle por-
tion of the thigh. The adductor longus and brevis are
located in the anterior medial compartment of the thigh,
while the adductor magnus is located in the posterior
medial compartment, and the peak anatomical muscle
CSA of these adductors is observed in the upper portion
of the thigh. Based on these anatomical considerations, the
ultrasound MT from the anterior upper thigh (30% of thigh
length) MT and anterior mid-thigh MT would be the best
predictor for evaluating adductor and quadriceps muscle
size, respectively. Likewise, hamstring muscle size may also
be predicted using posterior thigh MT measured by
ultrasound.

For the lower leg muscles, Martinson and Stokes?®
reported a strong correlation between ultrasound-
measured anterior lower leg MT squared (MT?) and tibialis
anterior muscle CSA (r=0.90, p <0.01, n=17). Miyatani
et al.”® also found a high correlation between anterior
lower leg MT and ankle plantar flexors MV (r=0.806,
p<0.05, n=14). When combined with lower leg length
(LL), the correlation coefficient between ankle plantar flex-
ors MV and anterior lower leg MT x LL (r=0.910) was
higher than the anterior lower leg MT alone. Although
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Table 3 Correlations between anterior and posterior lower leg muscle thickness and tibialis anterior muscle cross-sectional area (CSA) or calf muscle
volume (MV) measured using magnetic resonance imaging (MRI) and ultrasonography (US)

Number
of subjects

Reference
variable

Subject

Reference Year age range

Posture of
MT testing

Reference

method Regressions r

Martinson 1991 CSA
and Stokes?®

W=17 18-35 yrs

Miyatani et al.”®> 2004 MV 23-40 yrs

Bandholm 2007 MV CA=11 NR

et al.?®

us Supine Tibialis anterior 0.90
CSA (cm?)=1.96
x aMT?+0.96

aMT, anterior lower leg

muscle thickness

MRI Standing Ankle plantar flexors 0.91
MV (cm® =218.1 x pMT
+30.7 x LL—1730.4

PMT, posterior lower leg muscle
thickness at 30% of lower
leg length (cm); LL, lower
leg length (cm)

Gastrocnemius 0.70
MV (cm®) =85.3 x gMT
+5.0 x LL—104.9

Soleus MV (cm®) =73.6 x sSMT 0.81
+10.6 x LL — 284.4

gMT, mean of the medial
and lateral gastrocnemius

Dissection Prone

muscle thickness (centimeter);
LL, lower leg length(cm);

sMT, soleus muscle
thickness (cm)

M, men; W, women; CA, human cadavers; NR, not reported; MT, muscle thickness.

there are a limited number of studies, anterior as well as
posterior lower leg MT may reflect muscle CSA and MV of
the lower leg muscles.

Aside from whole MT of the anterior and posterior
aspects of the thigh or lower leg, an isolated MT such as
vastus lateralis (VL), gastrocnemius medialis (MG), and
soleus (SOL) muscles can also be determined using an ultra-
sound. To the best of our knowledge, there are no published
studies in vivo concerning the relationship between ultra-
sound-measured isolated MT and MRI- or CT-measured
muscle CSA and MV. However, a dissection s’cudy29
reported that gastrocnemius MV (r=0.70, p=0.016) as
well as soleus MV (r=0.81, p=0.003) was correlated with
a combination of those isolated MT and lower leg length
(Table 3).

Association between MT and muscle function

It is well known that anatomical muscle CSA and MV are
valuable predictors of muscular strength and power
output.l’g’9 As described above, ultrasound-measured MT
is closely related to anatomical muscle CSA and MV. Thus,
there is expected to be a good relationship between MT and
muscular function. Correlations between anterior thigh MT
and knee extension strength are presented in Table 4. There
are moderate to high correlation coefficients (ranged
between 0.41 and 0.70) between anterior mid-thigh MT
and isometric knee extension strength in young and older
adults.>*” For example, Watanabe et al® investigated the
interrelationship between anterior thigh MT, echo intensity,

and maximum isometric knee extension torque in older
men (1 =184, 65-91 years). They found that thigh MT was
positively correlated to knee extension strength (r=0.411,
p <0.01), while echo intensity was negatively correlated to
the strength (r=—0.333, p <0.01). Freilich et al.** measured
anterior mid-thigh MT using an ultrasound in 58 men
and 82 women aged 18-50 years. The authors reported a
significant positive correlation between MT and isometric
knee extension strength in men (r=0.55, p <0.001) and
women (r=0.56, p<0.001). Furthermore, Abe et al.>’
recently examined the relationships between anterior and
posterior thigh MT and isometric knee extension and flex-
ion strength in older men (1 =33) and found that there was
a relatively strong correlation between anterior thigh
MT and knee extension strength (r=0.703, p <0.001).
Compared to those ultrasound studies, Maughan et al.®
investigated the association between MRI-measured quad-
riceps muscle CSA and knee extension strength in young
men (n=25) and women (n=25). They found that there
was moderate correlation between quadriceps CSA and
knee extension strength in men (r=0.59, p <0.01) and
women (r=0.51, p<0.01). Overend et al.*® observed a
strong correlation between computer tomography (CT)-
measured quadriceps muscle CSA and knee extension
strength in young men (r=0.829, p <0.001, n=13), but
the correlation was slightly lower in older men (r=0.667,
p=0.025, n=12). Similarly, Akima et al.* also reported a
strong correlation coefficient between MRI-measured
quadriceps CSA and knee extension strength in men
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Table 4 Correlations between anterior thigh muscle thickness and knee extension strength in children and adults

Number of Subject Type of Mode of Posture of
Reference Year subjects age range  exercise contraction MT testing Tested muscle r
Freilich et al.®? 1995 M =258 18-50 yrs Knee extension Isometric Seated upright  Quadriceps 0.55
W =280 0.56
Moreau et al.3 2010 N=12 7-20 yrs Knee extension Isometric Supine Rectus femoris 0.77
(10 girls & 2 boys) Vastus lateralis 0.88
Cadore et al.®* 2012 M=31 65+5yrs  Knee extension  Isometric Supine Quadriceps 0.43
Vastus intermedius ~ 0.42
Vastus medialis 0.42
Isokinetic Quadriceps 0.63
Vastus intermedius ~ 0.53
Vastus medialis 0.55
Fukumoto et al.®® 2012 W=92 51-87 yrs Knee extension  Isometric Supine Quadriceps 0.47
Watanabe et al.®*®* 2013 M=184 65-91 yrs Knee extension  Isometric Standing Quadriceps 0.41
Strasser et al.*° 2013 YP=26 18-35 yrs Knee extension Isometric Supine Rectus femoris 0.88
Intermedius 0.92
Vastus lateralis 0.84
Vastus medialis 0.92
OP =26 60-80 yrs Rectus femoris 0.83
Intermedius 0.82
Vastus lateralis 0.76
Vastus medialis 0.88
Abe et al.®>’ 2014 M=33 52-82 yrs Knee extension  Isometric Standing Quadriceps 0.70
M, men; W, women; YP, young patients; OP, old patients; MT, muscle thickness.
Table 5 Correlations between lower leg muscle thickness and ankle joint strength or gait performance
Number of Subject Type of Mode of Posture of
Reference Year subjects age range exercise contraction MT testing Tested muscle r
Moreau et al.> 2010 CP=20 8-20 yrs Ankle dorsiflexion Isometric Sitting Tibialis anterior 0.57
(10M & 10W) Walking Fast 0.67

M, men; W, women; CP, cerebral palsy; MT, muscle thickness.

(r=0.827, p <0.001, n=90), but not in women (r=0.657,
p <0.001, n=79). Based on previous studies, therefore, the
results suggest that ultrasound-measured anterior thigh
MT is a variable predictor for evaluating maximum knee
extension strength, which is similar to results of MRI/CT
measured muscle CSA.

Three recent studies measured isolated MT of the
quadriceps such as rectus femoris MT, vastus lateralis MT,
vastus medialis MT, and vastus intermedius MT. For
instance, Strasser et al.*” reported a strong correlation coef-
ficient between isolated MT of the quadriceps and isometric
knee extension strength in both young (r=0.838-0.92,
p <0.001, n=26) and old (r=0.756-0.875, p < 0.001, n =26)
patients. On the other hand, Cadore et al.** reported a mod-
erate correlation coefficient between isolated quadriceps
MT and knee extension strength in older men (r=0.42,
p <0.05, n=31). The results suggest that the correlation
coefficients between isolated quadriceps MT and knee
extension strength are almost identical to the results of

33,34,40

anterior thigh MT (i.e. quadriceps MT) and MRI/CT mea-
sured muscle CSA.

Whereas MT is a single dimensional variable, ultrasound
can also measure multidimensional variables such as
muscle CSA and MV. Barber et al.*" investigated the validity
and reliability of in vivo MV of the medial gastrocnemius
using a freehand three-dimensional (3D) ultrasound. They
reported that the freehand 3D ultrasound overestimated
MV by approximately 5mL (mean difference, 2.1 +4.0%)
at an ankle angle of dorsiflexion and underestimated MV
by approximately 2mL (mean difference, 0.4 +3.9%) at an
ankle angle of planterflexion compared to MRI-measured
MV. The ICC for repeated 3D measures of MV was 0.99 in
the three ankle positions. Over the last decade, however, a
limited number of studies*'** have evaluated MV in the
limb using the 3D ultrasound technique, which may be
due to it being a cumbersome procedure.

To our astonishment, there are a few studies that have
been completed regarding the functional relationships with
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ultrasound measured MT in the lower extremity (Table 5),
except with anterior thigh MT (Table 4). If MT measured by
ultrasound is closely associated with muscle CSA and MV
of each muscle, measured MT should be related to muscular
function. However, the muscle belly of each muscle is
located in a different anatomical position among individ-
uals. It is clear that future studies are required to investigate
these findings further.

Conclusion

Anterior upper-thigh MT and anterior mid-thigh MT,
respectively, would be the best predictor for evaluating
adductor and quadriceps muscle CSA or MV, while poster-
ior thigh MT may be a predictor for evaluating hamstring
muscle size. Similar results are observed in the lower leg in
that anterior as well as posterior lower leg MT may reflect
muscle CSA and MV of the lower leg muscles, although
there are a limited number of studies. Anterior thigh MT
is a variable predictor for evaluating knee joint strength.
Unfortunately, few studies exist regarding the functional
relationships with ultrasound MT in the lower extremity,
except in anterior thigh MT. Future studies are needed to
clarify these findings further.
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