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Abstract— Estimation of force output generated by human
muscle is an essential routine of clinical rehabilitation assess-
ment, and could provide considerable insight into rehabilitation,
motor control and robotics. Indirect methods for the estimation
of force output could be helpful when a bulky and expensive
dynamometer is not on hand. Electromyography has been used
in previous studies to quantify it in the literature. However, the
force output is a summation of the motor unit action potentials,
and thus the contributions and performances of superficial and
deep-lying muscles could hardly be separated from each other.
In this preliminary study, we applied ultrasonography (US) to
explore the feasibility of estimating triceps surae force output
during isometric plantar flexion with spatial resolution from
superficial to deeper muscles. The local deformations of US
images are extracted to represent the morphological changes
during force generation. It was found US could be utilized
to decently (coefficient of determination at 0.875 + 0.051 and
normalized root mean square error 0.160 + 0.035) estimate the
force output and the measured force by a dynamometer.

I. INTRODUCTION

Quantitative assessment of muscle force output is an es-
sential component of many clinical neurological or physical
exams, and could provide considerable insight into rehabili-
tation, motor control and robotics. However, due to testing of
intact human muscle requires that muscle output be measured
external to the body, to measured forces produced by muscles
during various activities directly is currently infeasible. In
general, dynamometers have been widely used to measure
muscle forces at different joint angles, and it provide accurate
readings of muscle force. But as it is bulky, expensive
and inconvenient, researches have been exploring indirect
approaches for the assessment of muscle forces, such as
mathematical model [1], surface Electromyography (sSEMG)
[2], intramuscular Electromyography [3] , mechanomyogra-
phy (MMG) [4], combination of SEMG and MMG [5] and
1D axial-transmission ultrasonic method [6].

However, a fundamental limitation of sSEMG can preclude
an accurate assessment of muscle force. An EMG signal is
a summation of the motor unit action potentials, occurring
within the detection area of the electrode. The contribution

* Corresponding author: Y. Zhou.

1 J. Liis with the Department of Electronic Engineering, the Chinese Uni-
versity of Hong Kong, Hong Kong. charliejizhou@gmail.com

2 Y. Zhou is with the School of Medicine, Shenzhen Key Labora-
tory of Biomedical Engineering, Shenzhen University, Shenzhen, China.
y.zhou.cnlieee.org

3 Y.-P Zheng is with the Interdisciplinary Division of Biomedi-
cal Engineering, the Hong Kong Polytechnic University, Hong Kong.
ypzheng@ieee.org

978-1-4244-7929-0/14/$26.00 ©2014 IEEE

of the muscle or muscle group cannot be separated out.
In other words, there are confusing forces generated by
synergistic muscle. In addition, although there have been
several studies indeed shown that EMG-based estimation
of muscle force can be improved by using multiple bipolar
electrodes pairs and with a grid of densely spaced monopolar
electrodes [2], this approach could not readily look insight
into the activations of deep-lying muscles, such as the
vastus intermedius (VI) of the quadriceps muscles (QM) and
the soleus (SOL) of the triceps surae (TS). Moreover, it
seems infeasible to provide any information about muscle
morphology or mechanical aspects.

Ultrasonography, as a non-invasive technique to visualise
structures inside the human body, has been widely used in the
field of measuring morphology changes of skeletal muscles
in both static and dynamic conditions [7]. Different muscle
morphological parameters, including muscle thickness [8],
[9], pennation angle or fiber orientation [10], [11], fiber
length [12], fascicle curvature [13] and cross sectional area
[14], have been successfully extracted from ultrasound image
sequences to provide valid and automatic methods of char-
acterizing activities of various muscles. Recently, Chen et
al. [14] investigated the relationship between force level and
muscle morphological change (thickness, cross-sectional area
and pennation angle) using a combination of SEMG, MMG
and ultrasound signals from the rectus femoris muscle. They
found that the ultrasound-force relationship was more direct
than the MMG/sEMG-force. This motivated us to determine
whether the regional deformation could be used to assess
muscle force level.

The deformation on the tissue activity may be proven
to be a valuable tool to reach a more multifaceted and
comprehensive insight into muscle function both in studies
using healthy subjects as well as in clinical settings [15].
Magnusson et al. [16] developed an automated method of
tracking tendinous tissue length changes based on the optical
flow algorithm. Li et al. [17] developed a framework for the
estimation and visualization of longitudinal muscle motion.

Accordingly, an ultrasound approach based on the regional
deformation was proposed to assess muscle force level
through quantitative ultrasound. The isometric condition was
chosen because it is the most common test, as it is the
simplest to and reproduce and, because the test conditions
is well defined. Potential variations pattern in timing were
sought for between the medial gastrocnemius (MG) and
SOL.
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Fig. 1. Experimental setup for collecting the torque/force and ultrasound
images during plantar flexion.

II. MATERIALS AND METHODS

A. Subjects and Experimental Protocol

Eight healthy male subjects (mean + SD, age=33.4 + 5.2
years; body weight=63.8 + 10.3 kg; height=1.65 4+ 0.07 m)
volunteered to participate in this study. No participant had
a history of neuromuscular disorders, and all participants
were aware of experimental purposes and procedures. Human
subject ethical approval was obtained from the relevant
committee in the Hong Kong Polytechnic University, Hung
Hom, Hong Kong, and an informed consent was obtained
from the subject prior to the experiment.

The testing position of the subject was in accordance
with the User’s Guide of a Norm dynamometer (Hu-
mac/Norm Testing and Rehabilitation System, Computer
Sports Medicine, Inc.), as shown in Fig. 1. Each subject was
required to put forth his maximal effort of isometric plantar
flexion for a period of 3 seconds with verbal encouragement
provided. The maximal voluntary contraction (MVC) was
defined as the highest value of torque recorded during the
entire isometric contraction. Each test was repeated three
times with a rest of 5 min between two adjacent trials. Before
the actual test, subjects practiced producing a contraction
for several times. The MVC torque was then calculated
by averaging the two recorded highest torque values from
the two tests. The subject was instructed to generate a
torque waveform in rough sinusoid shape, up to 90% of
his MVC, using ankle plantar flexion movements in prone
position. During each contraction, a template and the real-
time torque values were shown on a computer screen, as
the feedback provided to subjects. The torque was measured
by the aforementioned dynamometer and the reason for
choosing 90% MVC as the highest value was to avoid
muscle fatigue. It should be noted that in such a setup, force
output can be achieved from the torque and after normalized
into percentages, they exhibits same waveform. The data
acquisition procedure was same with our prior work, please
see details in [9]. A total of 8 (subjects) x 200 (frames)x
3 (trials) ultrasound images with 324 x 383 pixels were
acquired and all the images were cropped to keep the image
content only.

B. Ultrasound Approach

Visual inspection of the ultrasound image sequences over
time while performing isometric plantar flexion reveals that
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Fig. 2. Scheme of the proposed approach and temporal activation analysis
of MG and SOL. (a) A schematic outline of the proposed approach for
the force assessment, based on optical flow calculation. (b) Schematic
representation of the analysis process for temporal activation of MG and
SOL.

the image deformations are highly localized according to
anatomy and the joint force level. For instance, when the
force increases to reach its MVC and begins to decrease,
the moving directions of muscle tissues begin to change
to opposite. The local deformation is therefore extracted to
present the joint force over time. The calculation process was
described below and illustrated in Fig.2 (a).

In this study, a promising optical flow method, named
primal-dual algorithm, is implemented to extract the de-
formation [17], which represents spatio-temporal changes
of gray value in the z (from proximal to distal) and y
(from superficial to deep) directions, respectively, from ultra-
sound image sequences during muscle contraction. To further
improve the accuracy of the calculation, a coarse-to-fine
strategy that builds image pyramids by repeated blurring and
downsampling is presented [18]. Optical flow is first com-
puted on the top level (fewest pixels), and then upsampled
to initialize the estimation at the next level. Computation at
the higher levels in the pyramid involves far fewer unknowns
and so is far faster [19].

The estimated force was then approached by averaging
regional deformation frame-by-frame in x direction and
being normalized over time. Selection of x direction is
due to the deformation in y direction extracted from our
experiment data is mostly trival. In this study, we also applied
a descriptor as the temproally-differentiated force changes,
as shown in Fig.2 (a).

C. Temporal Activation Analysis

The muscle boundaries of the MG and SOL were manu-
ally segmented by defining a piecewise linear boundary in
all corresponding ultrasound frames using Imagel] software
(ImageJ, National Institutes of Health, USA), as shown in
Fig. 2 (b). The approximate regions are outlined as the
average manually-measured regions by two investigators.
This manual measurement was repeated three times by each
investigator.

The force profile of MG (MGF) was defined as the
averaged regional deformation in the area of MG, and the
force profile of SOL (SOLF) was defined as the averaged

5833



10 T . — . 100 . . . . r
- m Measured Force Measured Force
‘0 ' 'l - Estimated Force 80} ==-Estimated Force g
i
i | H i 4
60f i E 60 A i b
i /v [ Ay
o0 A N 14T TP WL Y SRYOR NN P i a4
i panvisnMar A LA AW P Ayl
2 :ﬁ’:‘ B YR Wi BT R T
il . . . . . . 0 . . M . Y
0 | 2 3 4 5 6 7 3 0 1 2 3 4 5 6 7
T T T T T T T T T T T T
Measured Force i Measured Force
80 === Estimated Force B 801 'n= === Estimated Force B
] s
60 e 60 i i E
] THA
40 ) N 'I,'“A)“ i o T Ay ol aoF s A M \"‘V_‘:‘"‘\""’“’,‘ o .,",\'rt N W T :\,J"l.' ﬁ,',’ "ll'"‘”q;,\; VN | PR
I~ L3 -~ », - - Y cl v el ~ v
AN LN SR A P SN el ARt AR vy A - Yid W
20k ! me 1 n ] of WY W 4
| ji
i 1 1 1 1 1 1 1 L L L L L L L
| 2 3 n 3 3 7 0 | 2 3 4 B 3 7 8
1 T T T T T T T T T T T
Measured Force Measured Force
80F === Estimated Force -1 80 === Estimated Force
A ¥ i
L \ i L A i
’ i b ; * i il N sl
R AVNAR M4 4 AT RN W PYEAT LA Ayt
40F 1 LR PUtTES N E 40| J Y YL A K el (5|
] f "‘"V\l ‘q" / i '\'v i AN Ak “l"iv"\' i '\/\'\""P‘ N 'w‘"ll" IM'” Y- ‘MAN v "‘,i‘ "“'5"
i W an i1 ' WA b Y LA 10T f Vi % v’
208 iy LT ..'..-'N r\,n‘,',. ¥ A TRt 201 W Y i
~y! L]
H 1 . h . . . . L 1 L 1 1 L L
0 1 2 3 4 s 6 7 s 1 2 3 4 s 3 7
T T T T T T T T T T
Measured Force Measured Force k
80} —=-Estimated Force gof- - Estimated Force ,",l. 4
@ ﬁ.'\r’\ | it i
1 I
60 60 YL TR VPV F
’l‘\‘ 'vvl‘l\\ - v "\"\\/"._\ M ,.-"I N Visva
~ bl i B
L ===« 401 Ry NN Vo i
40 Wi '|’~'Af ‘.."H\' \"."-'"‘ ""I‘|'|’ L \""vl :V v
i 20k H ' i u R
of W ' W
V ¥
1 1 1 1 1 ] 1 L
1 ) 1 + 5 3 L 0 | 2 3 4 s 6 7 8

Fig. 3.

The results of differentiated force in all subjects. The dashed black line represents the estimated force, while the solid gray line represents the

measured force, both temporally-differentiated, while referred to as estimated and measured force respectively.

regional deformation in the area of SOL. Their differences
at the corresponding time were treated as their different
contribution to the whole force production. One presentative
result is shown in Fig. 2 (b). Positive value represented the
contribution of MG was higher and vice versa.

ITI. RESULTS
A. Accuracy of force estimation

The differentiated force results for all subjects were shown
in Fig.3. Overall, there was no significant difference between
the Measured Force (MF) and the Estimated Force (EF),
though small oscillations of the EF could be seen.

The coefficient of determination (R?) and the normalized
root mean square error (NRMSE) were calculated between
the EF and MF to evaluate goodness of fit and the error of
estimation. The R? was defined as follows:

RZ—1 SN (Feri— Fur)?
Yoici(Furi — Fyr)?

and NRMSE was defined as:
\/vazl(FEF,i*FMF,i)Z
N

NRMSE = 2)

maX(FMF) - min(FMF)

where N, F'gr and F);r indicated the total number of data
points, the EF and MF, respectively. F;r indicated the mean
of the MF.

Tab.1 summarised the performance of the estimated force
and the differentiated force for all subjects. It could been seen
that the R2s for the estimated force were higher than 0.819,
and the NRMSEs for the estimated force were less than
0.192. The R2s for differentiated force in all eight subjects
were higher than 0.873, and the NRMSEs are less than 0.152.
Overall, the R?s and NRMSEs for estimated force were
(mean £ SD) 0.875 4 0.051 and 0.160 =+ 0.035, respectively.
The R?s and NRMSE:s for differentiated force were 0.917 £
0.028 and 0.131 + 0.022, respectively. Student’s t-test yields

p < 0.01 in all cases.

TABLE I
SUMMARY OF THE PERFORMANCE OF THE ESTIMATED FORCE AND THE DIFFERENTIATED FORCE FOR
ALL SUBJECTS.

Estimated force Differentiated force

Subject I NRMSE Iz NRMSE
T 0853 £ 0024 0153 £0035 0873 £0012 0.152 * 0.006
2 087140107 0.172+0063 0909 + 0.071 0.129 + 0.032
3 0914 +0038 0130 +0027 0934+ 0009 0.150 + 0.019
4 0912+£0038 0148+ 0025 0950 + 0.027 0.103 £ 0.027
5 0833+£0036 0171 +0023 0899 + 0.024 0.126 + 0.024
6  0895+0023 017240011 0909 + 0.039 0.120 + 0.019
7 0899 +0011 0.144+0036 0922 + 0022 0.124 + 0.028
8 081940132 019240062 0943 + 0016 0.146 + 0.023

Mean  0.875 + 0.051 0.160 + 0.035 0917 + 0.028 0.131 + 0.022

Fig.4 (a) depicted boxplots of the R? during ascending
ramp and descending ramp, for all eight subjects in three
trials. Mean R? between the MF and EF was 0.903 4 0.068
(range: 0.661-0.991) for the ascending ramp and 0.860 +
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Fig. 4. (a) Comparison of R? in ascending ramp and descending ramp.
(b) The relationship between averaged MGF and SOLF vs. %MVC. The
ascending ramp and descending ramp are indicated with grey horizontal
bars.

0.062 (range: 0.712-0.975) for the descending ramp. Fig.4
(b) depicted the relationship between the MGF and SOLF
with respect to specifical MVC (10% vs. 30% vs. 45% vs.
60% vs. 75% vs. 90%). There was a difference in MGF and
SOLF in the ascending and descending ramps. MGF was
higher than SOLF in the ascending ramp ( 0.069 + 0.038),
and less than SOLF in the descending ramp ( 0.033 + 0.035).

IV. DISCUSSION & CONCLUSION

In this study we have explored the ultrasound approach
based on local deformation for the muscle force estimation.
This preliminary study completed an decent estimation of tri-
ceps surae force during isometric plantar flexion. The present
data revealed that there was linear relationship between the
actual force production and the averaged regional deforma-
tion computed using US images. Therefore, the proposed
force estimation procedures can be a promising tool to access
to the activation pattern of deep-lying muscles non-invasively
and individually. Further experiments should be done on a
larger number of subjects to further evaluate and improve
the proposed procedures.
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