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Abstract: Background: Ultrasound elastography is an imaging technology which can objectively and non-invasively
assess tissue stiffness. It is emerging as a useful marker for disease diagnosis, progression and treatment efficacy.
Objective: To examine current, published research evaluating the use of ultrasound elastography for the measurement of cutaneous or subcutaneous stiffness and to determine the level of validity and reliability, recommended
methodologies and limitations. Methods: MEDLINE, Web of science and Scopus were systematically searched in
August 2016 to identify original articles evaluating the use of ultrasound elastography to assess cutaneous stiffness. Relevant studies were then quality evaluated using the Quality Assessment of Diagnostic Accuracy Studies v
2 (QUADAS-2) tool and the Quality Appraisal of Reliability Studies (QAREL). Results: From a total of 688 articles, 14
met the inclusion criteria for full review. Within the 14 studies, elastography was used to evaluate tumors, systemic
sclerosis, lymphedema, abscess, and post-radiation neck fibrosis. Only three robust studies demonstrated good
interrater reliability, whereas all validity studies had low sample sizes and demonstrated risks of bias. Conclusion:
Robust evidence supporting the use of ultrasound elastography as a diagnostic tool in cutaneous conditions is low,
however, initial indicators support further research to establish the utility of ultrasound elastography in dermatology.
Keywords: Elastography, sonoelastography, shear-wave, strain imaging, elasticity imaging techniques, objective
skin assessment, dermatology, cutaneous

Introduction
Numerous cutaneous conditions are associated with changes in tissue stiffness and fibrosis,
including scarring, scleroderma, eczema, psoriasis and skin cancers. These conditions are
typically assessed subjectively in clinical practice using both visual and palpation techniques
[1]. However, objective, non-invasive methods
to quantify the physiological changes in skin
are required to improve diagnostic accuracy, to

quantify disease severity and progression, and
to evaluate the efficacy of treatment.
Elastography is an emerging imaging technology that provides an objective method to map
the relative or absolute stiffness of soft tissue.
First introduced in 1991 [2], elastography has
been integrated into a number of imaging platforms including ultrasound, magnetic resonance imaging [3], optical coherence tomography [4-6], and atomic force microscopy [7].
Ultrasound elastography (UE) is showing the
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Figure 1. Example of an Elastogram: (A) A B-mode ultrasound image of a burn scar on the anterior thigh and (B) The
corresponding shear-wave elastogram overlaid on the B-mode image.

most promise clinically, as a relatively low cost,
portable option that is easy to operate, and provides real time images of soft tissue mechanical properties for rapid analysis [3]. UE was first
commercialized as an integrated system in
2003 [8], and is now available from all the
major ultrasound imaging system manufacturers. It uses non-ionizing radiation and is therefore safe for repeated clinical use [3]. The utility
is expanding with UE used to identify tissue
stiffness associated with disorders of the thyroid [9], pancreas [10], liver [11], breast [12,
13] and musculoskeletal function and dysfunction [14-16]. Recently, expansion of UE to cutaneous research has resulted in studies to identify skin tumors [17, 18], systemic sclerosis
[19], and abscess induration [20, 21].
To evaluate the potential application of UE in
the assessment of skin stiffness associated
with scarring, this systematic review examined
original research that investigated the diagnostic accuracy of UE to measure skin stiffness in
a variety of cutaneous diagnostic groups. The
aim was to determine the validity and reliability
of UE in dermatological conditions, to identify
appropriate methodology to minimize result
bias, and to identify any perceived limitations
of UE. In this review, we investigated the following hypothesis: Ultrasound elastography is a
valid and reliable tool for assessing cutaneous
stiffness. Based on this premise, we first overview the different types of UE and the methods
of data acquisition employed, we then describe
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the methods and results of the systematic
review, as well as the benefits, recommendations and limitations of the use of UE in cutaneous conditions.
Background
Ultrasound elastography (UE)
UE, sometimes referred to as sonoelastography, was developed to characterize the mechanical properties of biological tissues in vivo. As
per conventional brightness mode (B-mode)
ultrasound (US), acoustic signals are directed
into the tissue where they are reflected or back
scattered at tissue boundaries that exhibit distinct acoustic properties. This provides a grey
scale image of tissue structure. However, UE
also introduces a form of mechanical excitation
to deform the tissue. This tissue motion is captured by multiple B-mode images. A softer tissue undergoes more strain (regional change in
tissue thickness divided by initial thickness)
than a stiffer tissue, when subjected to the
same magnitude of force. Algorithms to estimate a mechanical parameter, such as strain
or elasticity are then employed to map the relative or absolute elasticity into an image, referred
to as an elastogram (Figure 1B). Each color
pixel in the elastogram is an estimation of the
mechanical property or parameter at that location. The elastogram is often visualized as an
overlay on the B-mode sonogram, allowing the
user to interpret both structural and mechani-
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grams differ according to the type of elastography system used.
Types of ultrasound elastography

Figure 2. Illustration Strain Imaging using compression: A vertical load is applied with the transducer
to induce tissue displacement which is captured
by multiple B-mode ultrasound images, providing a
qualitative assessment of relative tissue stiffness (Illustration courtesy of Siemens Heathineers).

Figure 3. Illustration of Shear Wave Elasticity Imaging: The acoustic push pulse (blue) generates shear
waves (green), which propagate through the tissues
at velocities which correlate to tissue stiffness, providing a quantitative measure of tissue stiffness (Illustration courtesy of Siemens Heathineers).

cal properties of the tissue simultaneously. The
color scale can vary, as no standard has been
universally employed by device manufacturers
[22]: in many instances, red represents stiffer
tissue and blue represents softer tissues as
shown in Figure 1. However, in other instances
the scale is reversed [23]. The methods used to
generate quantitative information from elasto-
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Measurement modalities currently used in UE
include both strain imaging (SI) or shear wave
elastography imaging (SWEI) [8]. They both use
various forms of mechanical stimulus to deform
soft tissues including compression, acoustic
radiation force (ARF), vibration [3, 24], or physiological movements. Both compression and
ARF techniques have been used in dermatology, whereas vibration is used mostly in liver
imaging [25], and physiological movements are
used in cardiovascular [8], gastrointestinal
[23], respiratory [8, 26] and musculoskeletal
imaging [27, 28].
Compression techniques employ a vertical
load, applied perpendicular to the skin, usually
by means of the ultrasound imaging transducer
(Figure 2). This can be achieved in one slow
compression (static or quasi static) or by multiple, rapid compressions or vibrations (dynamic)
depending on the implementation used in the
UE system [29]. Local strain is measured by calculating the degree of tissue deformation with
respect to depth, and consequently, it is not a
direct measurement of tissue stiffness. The
resulting elastogram is therefore qualitative,
and provides information regarding the relative
differences in strain between adjacent tissues
[3]. Compression techniques are highly dependent on both the magnitude and spatial distribution of the applied force, which requires
skilled operators to ensure a uniform contact
force is applied at an optimal magnitude. Too
little compression may not generate enough
contrast between the tissues and too much
compression can negate the relative differences, due to the nonlinear relationship between
stress and strain in soft tissues such as skin
[8]. However, a number of UE systems have
introduced indicators to signify when optimal
compression has been reached [23]. The
reporting of strain elastograms can consist of
either a subjective description of the color presentation in the elastogram [21], a semi-quantitative numerical scale developed to subjectively rate the heterogeneity and distribution of
colors in the elastogram [30-32], or a strain
ratio calculated between the area of interest
(ROI) and surrounding non-affected tissue within the same field of view [33, 34].
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In contrast to compression, ARF is an acoustic
force ‘push pulse’ (Figure 3) generated by the
UE system, providing a more controlled magnitude of force. The push pulse is focused at
a specific ROI in the tissue, to induce local tissue deformation on the order of micrometers
(1×10 -6 meters) [3]. ARF imaging (ARFI) provides
an analysis of tissue deformation in response
to ARF, however, like SI using compression,
ARFI is still a relative measure providing only
qualitative elastograms.
In addition to generating a highly focused point
of tissue displacement, ARF also generates
shear waves orthogonal to the incident sound
wave (Figure 3), which ripple through the tissues at velocities typically in the range of 1-10
meters per second. In SWEI, the velocity of the
shear waves propagating through the tissues is
tracked to provide a quantitative measure of
tissue stiffness [35]. An increasing shear wave
velocity correlates with increasing tissue stiffness [22]. Different shear wave velocities are
assigned different colors to create the elastogram, providing a 2D visual display of tissue
mechanical heterogeneity [36]. In addition to
producing an image, point shear wave velocity
measurements can be obtained for specific
ROIs on the elastogram, which can then be
used to estimate the Young’s modulus, providing a quantitative measurement of stiffness,
measured in kilopascals (kPa) [35, 37]. SWEI is
less dependent on the level of operator skill
[38], however the operator still needs to ensure
minimal pressure is applied to reduce interference of shear wave propagation [8].
Methodology
The methodology of this review was guided by
the Preferred Reporting Items for Systematic
Reviews and Meta-Analysis (PRISMA) statement [39, 40]. A systematic search of the literature was conducted independently by two
authors (H.D and S.A.) in August 2016 using the
electronic databases Medline, Web of Science,
and Scopus. The purpose of the search was to
identify original published research evaluating
the diagnostic accuracy of UE to measure the
stiffness of skin or subcutaneous adipose tissues. A preliminary search in the Cochrane
Library and the Centre for Reviews and
Dissemination did not identify any previous systematic reviews on this topic.
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Search parameters
The search was limited to peer reviewed papers
published in English after 2003, the year UE
was first commercialized [23]. Searches were
performed of titles, abstracts and keywords to
maximise article retrieval. The keywords for the
search included: ‘skin’, ‘derma*’, ‘dermis’,
‘cutaneous’, ‘cutis’, ‘subcutaneous’, ‘subcutis’,
‘fat’, ‘adipose’, ‘fascia’, ‘elastography’, sonoelastography, and the mesh term ‘elasticity
imaging techniques’. Various combinations of
the above terms were included in the searches
of the various data bases and refinement tools
were utilized within each database (Table 1).
The papers were manually screened based on
the title and abstract content, and excluded if it
obviously did not meet the inclusion criteria.
Full text reviews were performed to further
refine the results ensuring all included papers
met the criteria. Lastly the reference lists of all
papers included in the review were manually
searched to ensure all related publications
were included in this comprehensive review.
Inclusion and exclusion criteria
Published articles evaluating the use of UE
within human, cutaneous or subcutaneous-adipose tissues were included in the review, in
order to evaluate the potential application in
assessing burn scars. All study designs were
included to ensure all relevant evidence was
reviewed, and any novel findings often
described in case reports were not omitted.
Only studies that evaluated a commercially
available, fully integrated UE system capable of
measuring both skin and subcutaneous tissues
were included to allow for potential replication
of study designs. Therefore, papers using transient elastography, or elastography based on
other imaging techniques, such as optical
coherence tomography, computed tomography
or atomic force microscopy were excluded, as
were those that evaluated tissue elasticity by
manually combining ultrasound with another
objective measuring device (e.g. extensometer). Studies testing new (non-commercially
available) devices or purely evaluating the engineering, physics or mathematical modelling of
elastography were also excluded. Although
these studies provide evidence of equipment
validity, the scope of this project was to investigate the validity and reliability of the clinical
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Table 1. Search Strategy
Search Search words

#1
#2
#3
#4
#5
#6
#7

Articles retrieved
Web of
MEDLINE
Scopus
Science
skin or derma* or dermis or cutaneous or cutis
761772 641499 1272045
subcutaneous or subcutis or fat or adipose or fascia
362231 409907 670890
elastography or sonoelastography or ‘elasticity imaging techniques’
6611
9794
7800
#1 or #2
1089504 1026115 1880464
#3 AND #4
413
555
454
Following refinements or limitations*
234
262
192
After removing duplicates, screening of titles, abstracts and keywords
54
+14
+8
Total Articles: 76

*Refinements or Limitations. MEDLINE: Refined to include the major headings elasticity imaging techniques (222); skin (36);
skin physiological phenomena (24). Scopus was limited to medicine - (370), and excluded: biochemistry, genetics and molecular biology (56); Engineering (47); Physics and Astronomy (32); Materials science (23); Computer Science (18); Agricultural and
Biological Sciences (3) and Pharmacology, Toxicology and Pharmaceutics (3); letters (14) and book chapter (2); Review (28);
Dentistry (2), neuroscience (1); Veterinary (1); Short survey (2). Web of Science: Refined to include engineering biomedical
(79); dermatology (36); Medicine general internal (14); Multidisciplinary science (12); Oncology (11); nursing (2); Radiology
nuclear medicine medical imaging (200); Surgery (19); Biophysics (29), limited to articles only.

application. Likewise, research conducted
exclusively on phantom tissues or on body
organs other than the skin and/or subcutaneous adipose tissues (e.g. breast, liver, thyroid,
and musculoskeletal) were excluded.
Quality criteria
The papers included for review were assessed
for risks of bias using the Quality Assessment
of Diagnostic Accuracy Studies - 2 (QUADAS-2)
tool (http://www.bristol.ac.uk/social-community-medicine/projects/quadas/quadas-2/) which is a validated and reliable tool to assess the
study’s methodological level of bias in four categories: 1) patient selection, 2) index test, 3)
reference standard and 4) flow and timing, by
using signaling questions to identify areas of
either high risk, low risk, unclear or not applicable [41].
In addition, the definitions and recommendations for assessing validity and reliability were
guided by the Consensus-based standards
for the selection of health measurement
Instruments (COSMIN), (http://www.cosmin.nl)
and the review of quality was based on the
Quality Appraisal of Reliability Studies (QAREL)
[42]. A checklist composed of ten questions
was adapted from these assessment tools to
cover aspects not evaluated in the QUADAS-2
(Table 1).
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Data extraction
The data was extracted using a predesigned
data extraction document which included the
study design, study aim, sample size, diagnostic group, patient demographics, UE system
used (index tool) and technical specifications
(probes, MHz), the reference tool, methodology,
measured values, clinimetric evaluations conducted, analysis used and the reported results,
limitations and recommendations.
Data synthesis
Due to the variations in patient diagnostic
groups, direct comparison of all the studies
was not feasible [43], therefore a descriptive
analysis of the studies within each diagnostic
group is presented and the overall clinimetric
evidence of elastography will be summarized.
Protocol publication and ethics
The protocol was written and submitted a priori
to the Edith Cowan School of Medical and
Health Sciences Ethics Subcommittee. An ethics declaration was approved on 15/08/2016:
project number 16468 DEJONG.
Results
The data bases were searched independently
(Table 1). Medline yielded 234, Web of Science
262, and Scopus yielded 192 potential papers
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Table 2. Summary of Findings
Diagnostic
Group

Main Objective

UE
type

Sample size

Elastogram Analysis

Results

Reference

Cutaneous Mela- 1. Criterion validity, SI
noma
Convergent validity
2. Sensitivity/
specificity

N=39 patients (42 lesions)
Total lesions included =37

1. Intra dermal descriptive
analysis: (low = red, medium =
green or high = blue)
2. Strain ratio (tumor/dermis &
tumor/hypodermis.

Assessment of Cutaneous
Melanoma by Use of VeryHigh-Frequency Ultrasound
and Real-Time Elastography.
Botar-Jid et al. 2016 [33]

Malignant and
benign skin
tumors

1. Criterion validity
2. Sensitivity/
specificity

SI

N=55 patients, (69 lesions)
Total lesions included =67

1. Histology: Diagnosis confirmed: 45% tumors were stiff (blue)
and 43% moderate (green).
2. UE appearance and US thickness: rs=-0.305, p=0.049. Thicker
tumors were stiffer.
3. Strain ratio average tumor/dermis =1.02 tumor/hypodermis
=2.16
1. Histology: diagnosis confirmed 43% malignant, 57% benign.
2. Strain ratio of malignant lesions =3.9-32.2; & Benign lesions
=0.01-3.0.

Mixed tumor of
scalp

Describe unique
finding.

SI

N=1

Angiomatoid
fibrous histiocytoma

Describe unique
finding

SI

N=1

1. Intradermal descriptive
analysis: Blue =less elastic;
red more elastic.
2. Strain ratio (tumor/adjacent
‘green’ tissue
Descriptive analysis of color
Histology confirmed diagnosis. Tumor interior was island shaped
(red = soft, blue = hard)
with a red (soft) cord-like portion, with a green (medium elasticity) background. Green portion correlated with closely aggregated
myoepithelial cells around the sweat gland. The yellow area
corresponded to a broad mucinous region, empty space and the
chondroid portion.
Descriptive analysis of color.
Histology confirmed diagnosis. An area of increased elasticBlue = stiff, red = soft.
ity (soft) within the tumor corresponded to a pseudovascular
structure.

Melanoma

Describe a unique
finding.

SI

N=2

Descriptive analysis of color.
Blue = stiff, red = soft

Cutaneous T-cell
Lymphoma

Describe a unique
finding.

SI

N=1

Descriptive analysis of color.
Blue = stiff, red= soft.

Systemic Sclerosis and diffuse
cutaneous systemic sclerosis

1 Discriminant
SWEI
validity, Convergent
validity, Interrater
reliablity

N=15 patients N=15
SWV
matched healthy controls
17 body sites on each
participant Total sample: 510
skin sites.

Systemic Sclero- 1. Convergent valid- ARFI-D N=4 healthy N=12 morphes
sis, Morphea and ity, Discriminant
and
N=1 SSc N=5 GVHD with
GVHD
validity, Test retest SWEI contralateral site matched
reliability
controls Total sample: 22
participants
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1. ARFI-D
2. SWV

Quantified ultrasound elastography in the assessment of
cutaneous carcinoma Dasgeb
et al. 2015 [17]
Ultrasound B-mode and
Elastographic Findings of
Mixed Tumour of the Skin
on the Scalp. Imafuku et al.
2016 [18]

Ultrasound B-mode and elastographic findings of angiomatoid fibrous histiocytoma. Hata
et al. 2014 [52]
Histology confirmed diagnosis, Breslow thickness was 1.5 mm
Real-time tissue elastography:
and 0.95 mm. The tumor had dark blue areas within lesion,
a helpful tool in the diagnosis
whereas a benign nevus had a green pattern on UE.
of cutaneous melanoma?
Hinz et al. 2011 [53]
Histology confirmed diagnosis, tumor had dark blue appearance, Real time tissue elastography
whereas epidermal cyst had a green appearance
for diagnosis of cutaneous
T-cell lymphoma. SchmidWendher et al. 2011 [54]
1. Patients had increase SWV at 6/17 body sites. mRSS 0, 1 & 2 A preliminary study of
were significantly higher than healthy controls (p<0.001).
acoustic radiation force
2. Significant differences in SWV between mRSS levels 0 and
impulse quantification for the
1; and between 0 and 2 (both p<0.001). However, level 3 was
assessment of skin in diffuse
not significantly different to the other levels. Sum of SWV values cutaneous systemic sclerosis.
from17 sites correlated with total mRSS (r=0.841, p<0.001)
Hou et al. 2015 [38]
3. ICC good for 15/17 body sites (ICC=0.613-0.916), moderate
for left middle finger (ICC=0.535) and poor for right middle finger
(ICC=0.247).
Descriptive analysis of selected case examples demonstrating:
Preliminary Results on the
1. Both SWV and ARFI-D can detect differences between SSc and Feasibility of Using ARFI/SWEI
healthy controls.
To assess Cutaneous Sclerotic
2. SWV more sensitive than ARFI-D for detecting severity.
Diseases. Yun Lee et al. 2015
3. SWV showed less errors than ARFI-D
[35]
4. SWV were more consistent than ARFI-D over time.
5. Had inconsistent results over fingers.
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Systemic Sclerosis (perioral
region)

1. Discriminant
validity, Interrater
reliability

Systemic Sclerosis

1. Test-retest reliSWEI
ability
2. Discriminate
validity and Convergent validity

Systemic sclerosis

1. Discriminant
SI
validity, Interrater
reliability, Intra
rater reliability, Testretest reliability

N=18 patients
N=15 age matched control

1. Descriptive color scale: red
= soft green/pale blue = soft
blue = hard

Lymphedema
and LDS.

1. Convergent
validity

SI

N=62 Lymphedema legs
N=15 LDS legs

Strain ratio: skin/phantom &
scAT/phantom

Lymphedema

1. Protocol validity
2. Sensitivity in
normal controls
3. Discriminate
validity

SI

1. 7mm gel standoff
2. N=35 healthy controls
3. N=15 patients each with
affected leg and non-affected
control leg.

1. Peak force strain
2. Strain ratio:
skin/phantom & scAT/phantom
3. linear regression

SI

N=50 patients

Skin and subcu- Discriminate
taneous abscess validity.

Post Irradiation
neck fibrosis.

SI

1. Interrater, Intra- SWEI
rater reliability
2. Discriminate
validity, convergent
validity

N=6 female patients N=6
female age-matched controls
4 body sites on each participant

1. Descriptive analysis and
score: Blue score=1 Green
score=2 Red score=3. 4
locations measured on each
patient and summated for a
total score ranging from 4-12
1. N=4 patients N=2 controls SWV
2. N=26 patients N=17
age and gender matched
controls.

Descriptive analysis: red =
softest, yellow = soft, green
= medium. blue = firm confluent bands large spot small
speckles
1. N=30, 14 patients and 16 The system software calcucontrols
lated a mean stiffness value
2. N=50, 25 patients and 25 for the ROI.
controls.

1. American College of Rheumatology criteria: Found SSC
was predominantly blue with green spots stiffer than controls
(p=0.01)
2.Two raters. Cohen’s K=1 (p<0.0-05) for both the summated
score and individual measurements.

Technical feasibility of realtime elastography to assess
the peri-oral region in patients
affected by systemic sclerosis
Cannao et al. 2014 [30]

1. Very good test-retest reliability ICC>0.08, tested 1 week apart.
2. Patients with SSc showed increased stiffness compared to
controls (p<0.01)
3. Stiffness correlated with mRSS
4. Increased stiffness recorded in clinically ‘unaffected’ skin,
mRSS*=0.
1. mRSS*: Sclerotic dermis was blue, healthy control dermis was
green with pale blue spots. Dorsal fingers obtained inconsistent
results.
2. two raters: No data presented, stated that both assessors had
100% agreement.
3. No data only statement of 100% agreement.
4. No data: Images stored and re-evaluated 4 weeks post initial
assessment.
1. No difference between ISL stages O, I, II, III of skin or scAT in
thigh.
2. No difference between ISL stages 0, I, II, III of scAT of calf.
3. LDS was stiffer than ISL stages 0, I, II (p<0.05).
4. Calf skin was stiffer in ISL stage III compared to stage I and II,
but no difference between stage I or O (p<0.05)
5. LDS calf was stiffer than ISL 0, I, II (p<0.05).
1. Optimal manual compression force on 7mm gel standoff
=50<F<200gf
2. Normal control demonstrated greatest strain in the ScAT thigh,
followed by ScAT calf, skin thigh then skin calf.
3. No difference detected between ISL stage II unilateral lymphedema leg and non-affected leg.
B-mode ultrasound and drainage of purulent material confirmed
diagnosis: UE: abscesses were mixed red and yellow to mixed
yellow and green.
Tissue Induration: blue with sharp delineation.

A preliminary study using
virtual touch imaging and
quantification for the assessment of skin stiffness in
systemic sclerosis Santiago et
al. 2016 [19]
Ultrasound elastography assessment of skin involvement
in systemic sclerosis: lights
and shadows. Iagnocco et al.
2010 [55]

1. Interrater: ICC=0.77-0.94
Intrarater: ICC=0.90-0.99
2. Irradiated neck tissue stiffer than normal control: 63.9±53.1
vs 15.3±8.37 kPa, p<0.001.
3. Stiffness progressively became stiffer with time post irradiation.
4. US thickness negatively correlated with stiffness (p<0.001)

Shear Wave Elastography–A
New Quantitative Assessment
of Post-Irradiation Neck Fibrosis. Liu et al. 2015 [57]

Skin and subcutaneous tissue
strain in legs with lymphedema and lipodermatosclerosis.
Suehiro et al. 2015 [34]

Real-time tissue elastography assessment of skin and
subcutaneous tissue strains
in legs with lymphedema.
Suehiro et al. 2014 [56]
Use of ultrasound elastography for skin and subcutaneous abscesses Gaspari et al.
2009 [21]

ARFI: Acoustic Radiation Force Impulse; ARFI-D: Acoustic Radiation Force Impulse - Displacement; GVHD: Graft versus host disease; ICC: intraclass Correlation; ISL: International Society of Lympedema; LDS: Lipodermatosclerosis; mRSS: modified
Rodnan Skin Score; ROI: Region of Interest ; SI: Strain Imaging; ScAT: Subcutaneous Adipose Tissue; SSc: Systemic sclerosis; SWEI: Shear wave elasticity imaging; SWV: Shear Wave Velocity; UE: Ultrasound Elastography.
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for inclusion. These papers were then further
screened by titles, keywords and abstracts,
with 54 papers identified in Medline, and after
duplicates were removed a further 14 were
identified in Web of Science and an additional 8
in Scopus. A total of 76 papers underwent a full
text screen and a further 52 were removed for
not meeting the inclusion criteria, leaving a
total of 23 for critical review. Following critical
review one paper [44], was excluded as the UE
component was used to measure tissue thickness rather than tissue stiffness, three papers
using the Tissue Ultrasound Palpation System
(TUPS) were excluded as the system is no longer commercially available [45-47], an additional three papers were excluded as they did
not document the UE system they used [48-50]
and finally one paper used video elastography
(not commercially available) which was also
excluded [51]. The citations listed within each
included paper were also reviewed, however
did not generate any additional papers.
A total of fifteen papers published between
2009 and August 2016 were included in the full
critical review (Table 2). Eleven papers studied
the efficacy of SI and four studied SWEI. Five
diagnostic groups were identified including
cutaneous/subcutaneous lesions (N=6), systemic sclerosis (N=5), lymphedema (N=2), skin
abscess (N=1), and post-irradiation neck fibrosis (N=1). Six studies evaluated the clinimetric
properties of their assessment protocols,
including interrater reliability (N=4), intra-rater
reliability (N=2) and/or test-retest reliability
(N=3) whilst others tested criterion validity
(N=2), convergent validity (N=6), and/or discriminate validity (N=7).
Quality rating
Reliability: Reliability studies (Table 3) were
completed by six of the 14 studies; four
assessed interrater reliability [30, 38, 55, 57],
two intra-rater reliably [55, 57] and three
assessed test-retest reliability [19, 35, 55].
However only three studies had adequate sample sizes: two evaluated SWEI [38, 57] and one
evaluated SI [55]. The other three studies [19,
30, 35] had samples sizes below 30 [58].
Liu et al. [57] studied the use of SWEI in postirradiation neck fibrosis, which was conducted
on a fair sample size (N=30), including patients
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(N=14) and healthy controls (N=16). Two operators were blinded to the velocity point measurements displayed on the monitor and to each
other’s measurement to test the inter-rater reliability. The first operator then re-imaged the
same patients on the same day, to evaluate
intra-rater reliability. Both intra- and inter-rater
reliability were high (ICC=0.84-0.95 and
ICC=0.77-0.94 respectively). A second study
evaluated the interrater reliability of SWEI to
assess participants diagnosed with systemic
sclerosis [38]. Seventeen body sites were measured by two physicians blinded to each other,
on a sample of 15 patients and 15 healthy controls. Each body site was independently evaluated for reliability. The interrater reliability was
high for 15 of the 17 body sites (ICC=0.6130.916), moderate for the left middle finger
(ICC=0.535) and poor for the right middle finger
(ICC=0.247).
Iagnocco et al. [55] evaluated interrater, intrarater and test-retest reliability on a fair sample
size of 32 participants, 18 with systemic sclerosis and 15 healthy controls. Two anatomical
sites (volar aspect of forearm and the dorsal
aspect of the finger) were evaluated using a
dichotomous key (stiff tissue = blue, soft tissue
= pale blue, green and red). Two blinded sonographers acquired two images for each site,
however it wasn’t clear whether only one image
was analyzed or both. The saved images were
then evaluated by both sonographers independently to evaluate interrater reliability of image
analysis. The evaluation was repeated 4 weeks
later to assess test-retest reliability. They found
100% agreement was reported for both interrater and test-retest analyses, however a
Cohen’s Kappa was not reported.
The three studies with inadequate sample sizes
included Cannao et al. [30], who reported a
perfect interrater reliability (Cohen’s Kappa =1)
when using SI on six participants with systemic
sclerosis and six healthy controls. Two additional studies evaluated test-retest reliability.
Santiago et al. [19] reported a high ICC=0.9, on
a sample size of six, using SWEI to evaluate systemic sclerosis; and Yun Lee et al. [35] provided
a preliminary report of a single selected case
study from a sample size of 22 patients with
systemic sclerosis, thus it is difficult to know
whether these results are representative of the
entire cohort.
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Table 3. Summary of Reliability Evaluation
Studies evaluating Strain elastography
Gaspari Iagnocco, Cannao,
2009
2010
2014
[21]
[55]
[30]
1. Was interrater reliability of index test reported?
2. Were raters blinded to the findings of other raters?
3. Was intra-rater reliability of index test reported?
4. Were raters blinded to their prior findings?
5. Was test-retest reliability of index test reported?

Suehiro,
2014
[56]

Dasgeb,
2015
[17]

Studies evaluating shear wave elastography

Suehiro, Botar-Jid, Santiago,
2015
2016
2016
[34]
[33]
[19]

Hou,
2015
[38]

Liu,
2015
[57]

Yun Lee,
2015
[35]

N

Y

Y

N

N

N

N

N

Y

Y

N

N/A

Y

Y

N/A

N/A

N/A

N/A

N/A

Y

Y

N/A

N

N

N

N

N

N

N

N

N

Y

N

N/A

Y

N/A

N/A

N/A

N/A

N/A

N/A

N/A

Y

N/A

N

Y

N

N

N

N

N

Y

N/A

N

Y

6. Was the stability of the variable being measured taken into account when determining the time interval between repeat measures?

N/A

Y

N/A

N/A

N/A

N/A

N/A

Y

N/A

N/A

?

7. Were raters blinded to additional cues that could bias results.

N/A

Y

N

N/A

N/A

N/A

N/A

Y

N

Y

N

8. Was the sample size included in the analysis adequate?

N/A

Y

N

N/A

N/A

N/A

N/A

N

Y

Y

N

9. For continuous scores: was an intraclass correlation coefficient
(ICC) calculated?

N/A

N/A

N/A

N/A

N/A

N/A

N/A

Y

Y

Y

N

10. For dichotomous/nominal/ordinal scores: was a kappa calculated?

N/A

N

Y

N/A

N/A

N/A

N/A

N/A

N/A

N/A

N/A

Y Yes, N No, ? unclear N/A Not Applicable.
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Validity: Quality assessment (Tables 2 and 4)
demonstrated all studies had at least one risk
of bias. The primary area of bias was with
patient selection, whereby none of the studies
justified their sample size or provided power
calculations to test their hypothesis. Most studies could be considered exploratory, feasibility
or pilot studies for which sample size calculations are not required [59]. However, this means
all results regarding validity are taken with caution until larger studies with adequate power
calculations are completed. In addition, with
only two studies providing adequate interrater
reliability, it is uncertain whether the protocols
provided consistent results, which can produce
a risk of index test bias.
Discussion and recommendations
UE is relatively new technology, with the first
commercial release in 2003 and the first cutaneous study published in 2009. Since then, its
use in cutaneous research has increased with
50% of the reviewed articles published in or
after 2015. The testing of UE in dermatology is
still in the early clinical phase with initial exploratory research and feasibility studies defining
the potential capabilities, unique findings, limitations and recommendations. Robust evidence for the validity of UE to assess cutaneous stiffness correlating to pathology is yet to
be demonstrated and only minimal evidence of
interrater and intra-rater reliability was demonstrated. However, the review has highlighted
the potential advantages, some limitations and
areas for further development both within specific diagnostic groups and for the general use
of UE in cutaneous conditions.
The initial findings indicate that UE enhances
diagnostic accuracy of skin tumors by detecting
differences between pathological and nonpathological tissue stiffness. Six studies, including four case studies, one case-controlled
study and one cross sectional study used SI to
investigate tumor stiffness prior to diagnosis
with histology. The four case studies described
the tumor to be visibly stiffer on the elastogram
in comparison to the surrounding tissues. The
tumors included two melanomas [60], a subcutaneous T-cell lymphoma [54], a mixed tumor of
the scalp [18], and an angiomatoid fibrous histiocytoma [52]. In addition, two of the case
studies compared the results to non-malignant
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tumors (epidermal cysts [54] and a nevus [60])
which demonstrated that malignant tumors
were relatively stiffer than the surrounding tissue, in comparison to non-malignant tumors.
The case-controlled and cross section studies
both calculated strain ratios to evaluate the
sensitivity of SI to diagnose malignant skin cancers. Dasgeb et al. [17] assessed 67 clinically
suspicious skin lesions prior to biopsy. The
strain ratio was calculated between a ROI within the tumor and a ROI in adjacent healthy tissue. The malignant lesions (43% of the sample)
had strain ratios equal to or above 3.9 whereas
the benign lesions (57% of the sample) were
equal to or below 3.0. This is consistent with
evidence from breast cancer UE whereby strain
ratios were higher in breast malignancies (average 3.04±0.9) compared to benign tumors
(average 1.91±0.75) [32, 61]. Botar-Jid et al.
calculated strain ratios between melanomas
and normal dermis, and the melanoma and the
hypodermis in 37 participants and found the
strain ratios were lower: tumor/dermis (1.02,
p=0.002) and the tumor/hypodermis (2.16,
p=0.001). However, the malignant lesions
assessed by Dasgeb et al. consisted of basal
cell carcinomas (N=17), and squamous cell carcinomas (N=12), rather than melanomas, which
may explain the differences in results between
the two studies. In addition, their chosen methodologies may contribute to the difference:
Dasgeb et al. used either a 2 mm or 4 mm ultrasound standoff gel pad, whereas Botar-Jid et al.
used ultrasound gel. Being a superficial tissue,
skin is more vulnerable to artifacts caused by
excessive or inadequate compression of the SI
probe [22]. Although both UE systems had quality indicators, neither study assessed the reliability of their protocols prior to their study. A
stand-off gel pad is recommended for imaging
superficial tissues such as the Achilles tendon
[23] as it can disperse the applied forces more
evenly, improve the field of view and reduce the
risk of artifacts associated with probe contact.
A stand-off gel pad was employed in three other
studies [30, 34, 56] within this review, one
assessing systemic sclerosis in the perioral
region and two investigating UE evaluation in
lymphedema. Cannao et al. [30] evaluated the
interrater reliability of their methodology using
a 10 mm stand-off gel pad with SI to assess
systemic sclerosis. A Cohen’s Kappa of 1 was
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Table 4. Quality Assessment of Diagnostic Accuracy Studies-2 (QUADAS-2)
Strain Elastography Studies
Gaspari
2009
[21]

Iagnocco,
2010
[55]

Cannao,
2014
[30]

Suehiro,
2014
[56]

Shear Wave Elastography Studies

Dasgeb,
2015
[17]

Suehiro,
2015
[34]

Botar-Jid, Santiago,
2016
2016
[33]
[19]

Hou,
2015
[38]

Liu,
2015
[57]

Yun Lee,
2015
[35]

Patient Selection
1. Were patients recruited consecutively or by random sampling?

L

L

?

?

L

?

L

L

L

?

?

2. Was a cross section of the population assessed?

H

H

H

H

L

L

L

L

L

L

H

3. Did the study avoid inappropriate exclusions?

L

H

?

?

L

?

L

L

L

L

?

4. Was the sample size justified with power calculations?

H

H

H

H

H

H

H

H

H

H

H

5. Could the selection of patients have introduced bias?

L

H

H

H

L

H

H

H

L

L

H

6. Were the index test results interpreted without knowledge of
the results of the reference standard?

L

L

H

?

L

?

L

L

L

N/A

?

7. Could the conduct or interpretation of the index test introduce
bias.

H

H

H

H

H

H

H

H

L

L

H

8. Is the reference standard likely to correctly classify the target
condition?

L

L

L

L

L

L

L

L

L

L

?

9. Were the reference standard results interpreted without
knowledge of the results of the index test?

L

L

L

L

L

L

?

L

L

?

?

10. Was there an appropriate interval between the index test
and the reference standard?

L

L

N/A

N/A

L

N/A

L

L

L

N/A

N/A

11. Did all patients receive the same reference standard?

L

L

L

L

L

L

L

L

L

L

?

12. Were all patients included in the analysis?

L

L

L

L

H

L

H

L

L

L

H

Index Test

Reference Test

Flow and Timing

L Low Risk, H High Risk, ? unclear, N/A Not Applicable.
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reported, however it was based on a small sample size of 12. The two studies in lymphedema
[34, 56] were produced by the same author
who assessed the feasibility of using UE to
measure skin and subcutaneous adipose tissue (ScAT) stiffness in the thigh and calf of
lymphedema patients. The first study developed a protocol to use a 7 mm stand-off gel
pad as a coupling medium. The gel pad was
repeatedly compressed under various forces
which identified the optimal amount of force
was between 50 and 200 g to acquire consistent elastograms. In contrast to the previous
skin tumor studies, the second part of this
study evaluated the stand-off gel pad as a reference standard for strain ratio calculations,
rather than adjacent healthy tissue. 35 healthy
participants (70 legs) were assessed providing
both strain measurements of the skin and scAT
and strain-ratio data for the skin/stand-off and
the scAT/stand-off. However, the strain ratio
measurements were thought to be influenced
by the strain in the stand-off gel pad, therefore
it was determined that direct strain measurements of the skin and scAT were more suitable
calculations compared to the ratios. Further
research is required to evaluate the influence
of a stand-off gel pad in UE.
Initial evidence of discriminate validity was
demonstrated in a study evaluating post-irradiation neck fibrosis using SWEI [57]. In a cross
sectional study of 50 people (N=25 patients
and 25 gender and age matched controls), the
patients post irradiation treatment had a statistically significant higher average Young’s modulus (63.9±53.1 kPa) compared to health controls (15.3±8.37 kPa, p, 0.001). In addition, measurements of subcutaneous adipose (scAT)
neck stiffness correlated to time post irradiation (p<0.001), which supported clinical observations and prior research that fibrosis is progressive. Furthermore, Young’s modulus negatively correlated with scAT thickness (r=
-0.61, p<0.001 and r=-0.75, p<0.001) suggesting that thinner subcutaneous tissues were
also stiffer. These findings support further
research into the use of UE as a biomarker for
complications of radiotherapy, to assess both
the severity and progression of scarring (fibrosis) post treatment and to develop a better
understanding of the associations between
radiotherapy scarring and other post-irradiation
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complications, so that fibrosis can be managed
more effectively in the clinical setting.
Initial suggestions of discriminate validity were
found in all five studies evaluating systemic
sclerosis. All studies used the accepted clinical
assessment tool, the modified Rodnan Skin
Score (mRSS) which classifies skin into four
categories (0-3) of severity based on palpation.
Patients with systemic sclerosis had stiffer skin
compared to healthy controls in studies evaluating SI [30, 55] and studies evaluating SWEI
[19, 35, 38]. The methodology however, varied
between the studies. Using SI Iagnocco et al.
[55] used a dichotomous descriptive scale
whereby blue represented stiff tissue and all
other colors represented soft tissue. Two blinded raters found all patients with sclerotic skin
(N=18) had visibly stiffer skin on the elastogram compared to healthy controls (N=15).
However, being a dichotomous scale, it is not
sensitive to the severity or progression of the
disease. Cannoa et al. [30] developed a threepoint scale to visually assess the elastogram of
SI, Blue (hard) =1, green (intermediate) =2, and
red (soft) =3, and assessed 4 positions on
each patient in the perioral region to provide a
total score out of 12 for each individual. They
found patients with systemic sclerosis (N=6)
were consistently stiffer with median total
score of 6 (IQR, 4-6), whereas controls (N=
6) had a median score of 11 (IQR, 9-11, p ≤
0.011). This scoring system provides an
increased sensitivity compared to the dichotomous scale, and aligns more closely with the 4
point mRSS in scleroderma assessment however, it still doesn’t provide a comprehensive
scale to evaluate mixed color variations within
the ROI. Development of standardized qualitative assessments tools akin to the breast mass
Tsukuba score whereby the color and percentage of color displayed in the elastogram is categorized into a 5-stage scoring system [31, 32],
may be beneficial for cutaneous conditions.
Although variations may be required for individual diagnostic groups, it would be beneficial
to have a standard scoring guide to be used for
differential diagnostic purposes in all cutaneous conditions. Both reliability and validity can
then be evaluated to potentially reduce the risk
of bias in future studies.
In contrast to SI, two studies evaluating SWEI
demonstrated initial suggestions of both dis-
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criminate and convergent validity. Hou et al.
[38] assessed 30 participants, 15 patients
with systemic sclerosis and 15 healthy controls
with SWEI and found statistically significant differences between healthy controls and mRSS
levels 0, 1 and 2 (p<0.001) but not mRSS level
3. In addition, SWEI was able to distinguish
between mRSS levels 0 and 1 (p<0.001), and
between mRSS level 0 and 2 (p<0.001). Again,
level 3 mRSS scores were not significantly different to mRSS levels 0, 1, and 2. Santiago et
al. [19], found 26 patients with systemic sclerosis had statistically significant stiffer skin compared to the 17 healthy controls in 11 out of 16
anatomical sites tested. In addition, SWV
strongly correlated to mRSS in seven of the 16
anatomical sites (left and right forearm, finger,
thigh and left hand). Pearson correlation coefficients varied from r=0.525 at the left thigh, to
r=0.748 at the left phalanx. Although the sample sizes were low in both studies, these results
suggest SWEi has the ability to quantify the
stiffness of tissues on a continuous scale correlating to the clinical assessment of severity.
Three studies presented initial evidence that
UE can provide preclinical indicators (mRSS
level 0) of skin stiffness in patients with systemic sclerosis, [19, 38, 55]. The extent of skin
involvement in systemic sclerosis predicts
internal organ involvement and the general outcome for patients [38]. Therefore, UE has the
potential to provide both an earlier diagnosis
and a more sensitive assessment of disease
progression compared to the subjective clinical
assessment.
UE provides unique information of tissue
change not detectable by other forms of imaging. Hata et al. [52] described a soft central
area in an angiomatoid fibrous histiocytoma,
visualized on the elastogram which corresponded to a pseudovascular structure (a
blood filled space) within the tumor, which was
not detected by either color Doppler or US. In
addition, neither US or Doppler detected an
area of induration surrounding abscesses
which was clearly identified in 98% of patients
using UE [21]. Continued research by this group
(which did not fit the inclusion criteria for this
review), demonstrated that the shape of the
induration was a predictor of therapy failure
which is highly beneficial in determining the
treatment options for this patient group [20].
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Biological tissues may demonstrate a uniform
B-mode US echogenicity, however have very
different mechanical properties. The unique
ability of UE to image the mechanical properties of tissues can provide unique information,
not captured by other imaging modalities.
Lastly, elastography has the ability to provide
select information regarding the stiffness of
individual tissue layers. The stiffness of skin
and subcutaneous adipose tissues were
assessed independently in the two studies by
Suehiro et al. [34, 56], dermal stiffness was
isolated in a study by Yun Lee et al. [35], and
subcutaneous adipose tissue stiffness was
measured independently to both the underlying
muscle and the overlying skin in patients post
irradiation neck fibrosis [57]. Objective assessment tools used in the past have only been able
to assess bulk or gross tissue stiffness with the
application of direct manual forces via either
extension [62], suction [63-65], torsion [66] or
vertical displacement [67, 68]. However, each
layer in the skin-hypodermal complex is structurally and functional different [69, 70], with
each independently altering the mechanical
property of the tissue as a whole [51, 71-73].
With an increasing interest in how the mechanical environment influences tissue healing and
disease development [74, 75], UE can provide
precise and detailed information on select tissues in vivo, both qualitatively and quantitatively, which could assist in the non-invasive
research of understanding human pathophysiology of skin disease and dysfunction.
Potential limitations of elastography
A number of potential limitations were identified in the studies included in this review. Firstly,
the reliability of UE on fingers was low in two
studies. Using SWEI to assess patients with
systemic sclerosis, Hou et al. [38] calculated
moderate ICC for the dorsal left middle finger
(ICC=0.535) and low ICC for the dorsal right
middle finger (ICC=0.247), whereas good to
high ICC were reported for the other 15 of the
17 body sites tested (ICC=0.613-0.916). Iagnocco et al. also reported difficulty obtaining
consistent measures on the fingers, however
this didn’t appear to influence the stated 100%
reliability. A number of reasons could explain
these discrepancies: an uneven, narrow finger
surface may not allow a stable, perpendicular
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positioning of the probe reducing the quality of
image acquisition [38], the close proximity of
the underlying bone may influence the ultrasound reflectance, generating an artifact [55],
or the amount ultrasound gel may have been
insufficient to prevent excessive pressure on
the superficial tissue. Although SWEI generates
its own force to measure tissue stiffness, like
SI, it is still sensitive to the amount of contact
compression. Increased compression correlated with increased shear wave velocity in both
breast and prostate imaging [8], therefore, further research is recommended to evaluate protocol reliability of UE on uneven, superficial tissues with and without a stand-off gel.
An additional limitation of SI was demonstrated
when assessing painful conditions [21]. The
contact force required to acquire an image
increased the experience of pain in some
patients with an abscess, which may have
resulted in inadequate compression to generate an optimal image. SWEI, however does not
require additional compression and therefore
may be more appropriate for painful or sensitive skin.
Three studies demonstrated potential limitations using UE in tissues influenced by the presence of fluids. SI was only able to visualize an
encapsulated area of fluid within abscess cores
58% of the time, which was clearly visualized
with B-mode US [21]. Although pain may have
been a factor in some of these cases, cysts
within breast tissue appear as black color voids
when measured with SWEI [23]. In addition, SI
was not effective at discriminating differences
in tissue stiffness between legs with lymphedema (a condition with increased free fluid) and
healthy controls [34, 56]. Although compression techniques may deform tissues, it may not
influence tissue strain, as the compression by
the transducer is negated by fluid movement
[56]. SWEI has however, been used in the
assessment of musculoskeletal tissues affected by body fluids [76], therefore, further studies
are recommended to evaluate the effects of
fluids on UE.
Although SWEI provides objective quantification of tissue stiffness, the results are not yet
comparable between different commercial systems. Shear wave velocity is influenced by the
magnitude and application of ARF, and the cal-
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culation of velocity is influenced by the unique
software associated with each UE system. In
addition, protocol variations can influence
results including the ROI size, shape (either
round [57], or square [19]), and ROI position on
the elastogram, which can be placed on either
the visually stiffest region, softest region or a
region of mixed stiffness. Therefore, SWEI does
not provide an absolute measure of stiffness
[8, 23] and transparent methodology is required
to determine valid and reproducible research
protocols, to allow comparisons between future
studies.
Finally, because cutaneous conditions are
often highly visible, protocols for assessment
should attempt to reduce the risk of bias. Ten
of the reviewed studies only utilized a single
sonographer/clinician to both acquire and analyze the image, which could result in an overestimation of assessment accuracy. Gaspari et al.
[21], on the other hand, utilized one clinician to
acquire the image and a second to assess the
image, and Liu et al. [57] blinded the assessors
to the velocity readouts on the elastogram.
Blinding the image assessor is recommended
for future studies to reduce the risk of the
results being inadvertently influenced by the
clinical presentation.
Future research
Further studies are suggested to evaluate the
number of images required to provide reproducible data. Various studies reported taking
between 3-5 scans in a single evaluation then
using either the ‘best scan’ or an average of the
measurements to include in their analysis.
However, none of the studies reported the
degree of variance between the repeated
scans. The degree of variance during multiple
evaluations within a single session is an important calculation, to determine the degree of
acceptable variance using the equipment. If
the degree of variation in measurement is
greater than the clinically important changes,
then the average value may not be appropriate
to use. However, if the variation is small, only
one scan may be required which would significantly reduce the time burden of image acquisition and analysis. In addition, further research
is required to investigate potential artifacts
that can influence image interpretation and
shear wave speeds.
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Limitations of the systematic review

Disclosure of conflict of interest

This research was limited to published abstracts and studies conducted on cutaneous
and subcutaneous-adipose conditions. However, many studies conducted do not result in
publication [77], therefore additional unpublished research may have been conducted
yielding results contrary to that presented in
this study. In addition, research methodologies
conducted in other tissue, organ or diagnostic
groups could generate high quality methodologies suitable for the application in cutaneous
research, which has been unexplored in this
review. Furthermore, only currently available
commercialized UE systems were included in
the study to allow imminent application in burns
research. However, technology is developing at
a rapid pace, therefore studies conducted
using prototypes of new elastography systems
may also yield further evidence of validity and/
or reliability. Finally, elastography is also available on platforms other than ultrasound, including optical imaging and magnetic resonance
imaging, which may also provide other suitable
options for imaging the mechanical properties
of cutaneous conditions.

Brendan Kennedy is a founder and shareholder
in OncoRes Medical (Perth, Western Australia,
Australia), a start-up company developing optical-based elastography for surgical applications. In addition, he performs funded research
for this company.

Conclusion
Ultrasound elastography is a non-invasive
assessment tool which has the ability to visualize the mechanical differences between healthy
and pathological tissues. It is novel in the
assessment of cutaneous stiffness and therefore no robust evidence of validity, and only
minimal evidence of reliability was found in the
available published literature. However, initial
studies provide preliminary evidence that both
SI and SWEI were able to distinguish between
diseased and non-diseased cutaneous tissues,
and detect preclinical tissue stiffness in systemic scleroderma. SI was able to demonstrate
structural variations in cutaneous lesions not
visualized with either Doppler or conventional
US. In addition, SWEI was able to discriminate
various levels of stiffness severity in systemic
sclerosis and post irradiation neck fibrosis,
which correlated to clinical assessment.
However, a potential limitation was identified
with SI for the assessment of tissue stiffness in
the presence of body fluids or pain. These initial
indicators support the conduct of further studies in cutaneous imaging.
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