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Abstract

Aim: Ultrasound shear wave elastography (SWE) is a novel non-invasive method to detect exercise-induced peripheral
muscle perfusion deficits in patients with chronic heart failure or clogged, incompressible arteries. We present the
scientific background of muscle SWE and focus on its application for patients with chronic congestive heart failure
with and without peripheral arterial disease. Methods and Results: This easy-to-perform, standardized technique of
ultrasound uses maximal active muscle flexion or extension (M. flexor carpi, M.soleus) as an established surrogate
parameter for exercise capacity of the extremities. SWE allows quantification of exercise related muscle function
during different stages of chronic heart failure with a robust cuff value of 70 kpa. In this article, we discuss methods
and pitfalls of peripheral muscle SWE in comparison with healthy subjects by reviewing of current literature.
Conclusion: This novel ultrasound method helps to monitor improvements of muscular exercise capacity in heart
failure patients during medical therapy and physical rehabilitation. Shear wave elastography may particularly be
helpful in assessing therapeutic success when other diagnostic tools of muscular perfusion measurements such as
magnetic resonance imaging (MRI) are cumbersome to perform.
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Introduction

Shear wave elastography (SWE) is a novel ultrasound meth-
od, gaining popularity in the diagnosis of musculoskeletal disor-
ders and lesions in parenchymal organs. Shear wave elastogra-
phy applies high frequency shear waves, which propagate with
a certain velocity depending on the tissue density [1,2]. In this
way, the tissue's elasticity presented by the shear modulus could
be defined as the product of shear wave velocity and tissue den-
sity [3,1]. Images are visualised as a region of interest (ROI)
within the examined system and superimposed on a B-Mode ul-
trasound image. A color-coded scale depicts the changes in the
elasticity level.

A transition from blue to red indicates an increase in the shear
modulus or shear wave velocity, depending on the ultrasound
machine [4,3]. Shear modulus is measured in kilopascal (kPa)
and shear velocity in meters per second (m/s) [5,3]. The size and
depth of the region of interest could be adjusted individually.
Figure 1 demonstrates a SWE-image of the gastrocnemius mus-
cle at rest with a color-coded scale (Figurel).

Shear wave elastography (SWE) found a major field of ap-
plication in the evaluation of liver stiffness in chronic liver dis-
ease as well as focal liver lesions [6]. In their prospective study,
Ferraioli et al. compared the diagnostic potential of point shear
wave elastography (PSWE) and transient elastography (TE) in
the assessment of liver fibrosis. They found a significant correla-
tion between PSWE-measurements and the fibrosis stage in 102
patients with chronic hepatitis. Furthermore, healthy patients
presented a median PSWE-value of 3,53 kPa compared to 5,34
kPa in the early fibrosis stages [7]. Moreover, shear wave elas-
tography demonstrated very high diagnostic accuracy in patients
with advanced fibrosis und cirrhosis [8].

Another field of interest in the use of shear wave elastography
is the differentiation of malignant and benign breast lesions. In
their prospective study of 119 women with a single breast mass
Hari et al. obtained elasticity values for 57 benign and 62 malig-
nant lesions. Benign breast masses were characterised by low-
er elasticity values with a mean of 47.9 kPa +44 compared to
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163kPa +51.6 in the malignant group. Moreover, the authors de-
scribe a significant relationship between the visual colour mea-
surement and the obtained elasticity value. In their results, they
suggest a cut-off of 102 kPa in the quantitative discrimination
of malignant and benign lesions. Chronic inflammation might
present a diagnostic challenge since it can be depicted as both
soft and stiff lesions [9]. In another original publication with a
similar patient population Olgun et al. obtained stiffness values
for malignant masses with different histological grades of ma-
lignancy. Low-grade or in situ tumours presented a mean elas-
ticity of 64,3kPa as opposed to grade 2-3 lesions with a mean of
162,5kPa [10].

Recently there has been growing interest in the potential of
shear wave elastography for the evaluation of diffuse thyroid
disease. Patients with Hashimoto's thyroiditis or Grave's discase

Figure 1. Shear wave elastography of the gastrocnemius muscle
(Original Image)

The region of interest is positioned in the middle of the coloured
square. The color-coded scale on the left side measures the shear

modulus in a range from OkPa to 300kPa.

present significantly higher measurements of shear wave velocity
compared to healthy subjects. However, a differentiation between
both diseases solely based on the elasticity properties might be
challenging since both groups are characterised by a certain de-
gree of fibrosis and inflammation [7,11].

In the last few years shear wave elastography has established its
role in the diagnosis of musculoskeletal disorders and the quan-
titative evaluation of muscle function. In a prospective study of
twenty-four patients with inflammatory myopathy (dermatomy-
ositis and polymyositis) Botar-Jid et al. performed elastographic
examinations of superior, inferior and medium muscle groups
in the upper and lower extremities. Sonoelastography proves to
be a useful diagnostic tool to detect dynamic changes in muscle
structure and to quantify these alterations by measuring muscle
stiffness. Furthermore, decreased muscular elasticity might be ex-
plained by the presence of fibrosis and atrophic changes similar to
other organ systems [12].

Shear wave elastography provides quantitative information
about muscle force as described in the original study of Leong
et.al., where they examined the upper trapezius muscle at rest
and during abduction at 30 degrees and acquired the shear
elastic modulus for both states. An average elastic modulus of
17.1kPA+5,8 was measured during rest, whereas the elasticity in-

creased up to 26,6kPA +12,3 during an active muscle contraction
[13]. In another experimental design the shear elastic modulus
was compared to the electromyographic activity of the biceps
brachii muscle. A significant correlation between these variables
was detected corroborating the fact that muscle tension during a
contraction is related to its elastic modulus [14].

The elastic properties of the lower muscle groups were exam-
ined in the study of Dubois et al, which included ten healthy par-
ticipants without underlaying musculoskeletal disorders or trau-
mas. The team performed measures at rest and during passive
stretching of eleven muscles responsible for the knee joint's ac-
tivity and plantar flexion. Resting muscles of the lower extremity
presented coherent elasticity measures with a range from 3,9 to
6,6 kPa, depending on location and muscle size. However, the
shear modulus was significantly higher during passive stretching
for all muscles except for the soleus muscle. This observation
might be explained through the limited role of the soleus muscle
in the knee joint motion [15].

Several original publications have evaluated the diagnostic
reproducibility of shear wave elastography. The study of Leong
demonstrated an intraclass correlation coefficient (ICC) of 0,78
at rest and 0,83 at a 30-degree obduction for the inter-operator
variability of the upper trapezius muscles. ICCs between investi-
gators range from 0,87 to 0,91 for the gastrocnemius and vastus
medialis muscles at rest and during stretch [15]. In our original
publication we provide similar results for the lateral gastroc-
nemius muscle from both sides [4]. Furthermore, certain tech-
nical aspects regarding the muscle structure should be consid-
ered in order to ensure the diagnostic repeatability. Shear wave
elastography examinations should be performed with minimal
transducer's pressure to ensure reliable elasticity measures [16].
The transducer should be held in a longitudinal direction along
the muscle fibres to provide consistent shear modulus values
[17,18]. Methodological studies of the lower limb muscles have
demonstrated that ROI's size and the examined muscle's side
do not have any influence of the elasticity. Furthermore, it has
been proposed that each muscle group presents an unique elastic
modulus [19].

Technical Methods

Muscle contraction (exercise) demands increased blood per-
fusion in comparison to a resting state of the muscle. Central
mechanisms such as an increased cardiac output and venous re-
turn as well as local interactions in the vascular resistance in ac-
tivated muscles play an essential role in the regulation of periph-
eral muscle perfusion [20,21]. Delp and Laughlin postulate that
resting skeletal muscles present low blood flow levels compared
to other muscle groups due to a relatively high resistance of the
local blood vessels combined with an increased sympathetic ac-
tivity [22-25].

The vasomotor tone of humans allows a quick and sensitive
correction in the capillary perfusion depending on the muscle
activity and metabolic demands [22].

We previously showed in a clinical pilot study that ultrasound
SWE reliably measures an impaired muscle stiffness during
exercise as surrogate parameter of perfusion deficits in chron-
ic heart failure patients. However, only exercise but not resting
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muscle stiffness values are of use. Control patients and heart
failure patients presented similar resting results with a median
SWE of 13.1 kPa for the controls and t12.5kPa for the heart fail-
ure group [4]. Thus, we conclude that SWE might only provide
reliable information about a limited muscle perfusion during a
maximal muscle effort.

In physiological terms muscle perfusion is directly dependant
on the exercise activity [20,21]. A central mechanism is an in-
creased cardiac output during exercise combined with a higher
venous return to the heart. The later one is generated through
muscle contractions known as the muscle pump, which com-
press venous segments and thus direct the blood flow towards
the heart [22].

By referring to this mechanism, we proposed that chronic
heart failure (CHF) patients presenting with an impaired periph-
eral exercises capacity can be diagnosed by their performance
during a stretching exercise as surrogate parameter of muscle
contraction [4]. Thus, we designed our study by excluding local
muscle damage, muscle reactions such as metabolically induced
vasodilatation and inflow obstructions such as arterial or venous
stenosis in this assessment of muscle perfusion by SWE during
muscle contraction [22].

In our original publication we presented healthy participants
and heart failure patients, performing controlled muscle exercis-
es, defined by an active maximal foot dorsal extension in a prone
position or maximal flexion of underarm muscles via a handgrip
manoeuvre. Dorsal foot stretch was performed via an active pull
movement towards the frontal leg side for two minutes at max-
imum active force [4]. By these means, we observed sufficient
tension in the lateral gastrocnemius muscle during ultrasound
imaging. We identified a region of interest (ROI) within the
gastrocnemius muscle during stretch, depicting the contraction
level with shear wave elastography. Figure 2 shows the periph-
eral muscle of a healthy participant without any other morbidity
during active muscle stretch. Figure 3 depicts an ultrasound ex-
amination of a heart failure patient without any other co-morbid-
ity performing the same exercise. (Figure 2 and 3) Patients with
peripheral arterial disease as a confounder were excluded from
the study cohort.

Figure 2. SWE during active stretch of the gastrocnemius muscle in
a healthy participant

The control group participant demonstrates an elasticity of 113.2 kPa
during exercise. The region of interest is positioned within the co-
loured square. The color-coded scale on the left side measures the
shear modulus in a range from OkPa to 300kPa.

Figure 3. SWE during active stretch of the gastrocnemius muscle

in a heart failure patient (Original Image)

This heart failure patient presents an elasticity of 54.7 kPa during ex-
ercise. The region of interest is positioned within the coloured square.
The color-coded scale on the left side measures the shear modulus in
a range from OkPa to 300kPa.

Seventeen control patients presented a median shear modulus
of 86.3 kPa compared to 59.6 kPa in the chronic heart failure
group of our study [4]. The stretch exercise activated sufficiently
the gastrocnemius muscle and increased blood perfusion in the
corresponding muscle. The reduced muscle stiffness visualized
by SWE in CHF patients correlated with diminished muscle
contractility, caused by impaired local blood circulation. Other
studies as the original publication of Shaap et al. propose that
an increased level of inflammatory markers such as C-reactive
protein or Interleukin-6 might lead to a decreased muscle mass
in thigh regions of heart failure patients [26].

Last but not least, the foot dorsal extension generates a suffi-
cient contraction in the gastrocnemius muscle and is easily per-
formed by different patient groups despite the manifestation of
the heart disease [4].

Results and Discussion

We recruited and examined twenty-eight heart failure patients
in different stages of their heart failure disease. All heart failure
patients exhibited significantly lower gastrocnemius elasticity
than healthy participants. Using a receiver operator analysis
curve (ROC-curve) we calculated a possible cut-off value of
81.1kPa for the gastrocnemius muscle during extension as a dis-
tinction between healthy persons and heart disease patients. This
cut-off value was associated with a 89% sensitivity and 71%
specificity [4].

Furthermore, we correlated muscle strength level with the
manifestation of heart disease by dividing heart failure patients
in three subgroups: NYHA-Class, NT-proBNP blood levels
and left ventricle ejection fraction (LVEF). Six patients in the
HFmrEF — subgroup (Heart Failure with mid-range Ejection
Fraction) with a left ventricle ejection fraction (LVEF) of 40-
49% performed with a median of 53 kPa followed by 61kPa
in the HFrEF (Heart Failure with reduced Ejection Fraction)
group with a LVEF lower than 40% [4,27]. Results changed in
comparison with healthy participants with a p-value of 0.01 for
HFrmrEF and p-value lower 0.001 for HFrEF (Figure 4).

Furthermore, heart failure patients were separated in two
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Figure 4. Boxplots-Diagram “Muscle elasticity of the gastrocnemius
muscle during exercise in healthy participants and patients with re-
duced left ventricle ejection fraction* ( Original image)

Heart failure patients exhibit significantly lower kPa-results of the
lower limb muscles in both HFmrEF und HFrEF groups.

groups according to their proBNP blood level: 125-1000ng/ml
and higher than 1000ng/ml. In the first group they presented a
median elasticity value of 67kPa followed by 57kPa for the sec-
ond subgroup. In both groups muscle elasticity was markedly
reduced compared to healthy participants [4].

Heart failure patients with a slightly limited physical activ-
ity defined by NYHA-Class I and II performed with a median
kPa-value of 64kPa during stretch. Patients with a severe clinical
manifestation of their heart disease (NYHA Class III) demon-
strated a median elasticity value of 50kPa [4,28]. Both elastic-
ity measures were significantly reduced in comparison control
group participants.

Last but not least, we observed a significant correlation be-
tween gastrocnemius muscle elasticity during contraction and
heart failure characteristics such as NYHA-Class, LVEF and
proBNP blood levels in a simple regression model. In anoth-
er regression analysis, shear wave modulus at stretch proved
to be predictive for an underlying heart failure disease with an
Odds-Ratio of 0.859 (p< 0.05) [4].

Conclusion

Shear wave elastography is a novel ultrasound method, which
has gained popularity in the examination of muscle tissue's char-
acteristics in the last few years. Our original study of 2018 pre-
sented the potential of shear wave elastography in diagnosing
and even quantifying muscle weakness in chronic heart failure
patients. A future study plans to evaluate the potential use of
SWE in detecting muscle malperfusion and possible ischemia
in intensive care patients with extracorporeal life support. Pe-
ripheral ischemia presents one of the most common complica-
tions in patients with venous-arterial extracorporeal membrane
oxygenation (VA-ECMO) with incidence rates from 10% up
to 70% [29-31]. We hypothesize that patients with VA-ECMO
suffer from different forms of limb ischemia despite antegrade
perfusion at the cannulation side. By performing passive stretch-
ing of the gastrocnemius muscle we could use shear wave elas-

tography in detecting differences in muscle elasticity as potential
signs for malperfusion and peripheral ischemia. In peripheral
arterial disecase (PAD) with heavily calcified blocked arteries
incompressible with blood pressure cuffs, ankle-brachial (ABI)
indexes cannot be assessed and thus the diagnosis of PAD cannot
accurately confirmed. In this clinical situation, which frequent-
ly occurs in diabetics or patients with nephritic calcinosis, ABI
and other non-invasive tools for diagnosis of PAD are unreliable.
Muscle SWE might help to establish the diagnosis of PAD by
demonstrating altered peripheral muscle perfusion in combina-
tion with a standard color-coded imaging of reduced blood flow
velocity. Clinical studies for the diagnostic value of shear wave
elastography in PAD patients are planned.

Future Perspectives

Clinical studies in patients with peripheral arterial disease
(PAD) or other means of in arterial inflow obstructions of pe-
ripheral muscles using the described SWE technique are under-
way. It is yet unclear to what extent stable PAD contributes to a
reduced peripheral muscle perfusion, especially in chronic heart
failure patients.
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