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US elastography: what are you measuring?

Basic 
Physics

• Strain and Shear wave elastography

• Elastography definitions and parameters

Clinical 
Applications

• Clinical applications- liver, breast……

• Vascular carotid research

Test 
phantoms

• Performance assessment

• Routine USQA

Reality of 
clinical 

estimates

• Assumptions and artifacts: viscoelasticity

• Clinical measurements: how to measure?



Palpation: used as a diagnostic tool since the earliest days of civilization 

e.g. benign and cancerous masses harder than surrounding tissues 



Sigrist et al. Ultrasound Elastography: Review of Techniques and Clinical Applications. Theranostics. 7;7(5):1303-1329, 2017

Elastography Techniques

Strain Techniques                                               Shear Wave Techniques





Young’s modulus, E

Basic Physics: Hooke’s Law



<1                                            >1

Strain ratio sometimes used 

clinically as an index of stiffness

Diagnostic Ultrasound – Hoskins, Martin, Thrush

Strain elastography: what are you measuring?



Estimation of strain from A-scan lines pre- and post-compression. (a) Idealized tissue consisting of a hard lesion surrounded 
by softer tissue; (b) A-lines are shown with the post-compression line (dotted) displaced; (c) displacement estimated from 
(b); (d) strain estimated from (c).

Estimation of the strain: how are they measuring?

https://www.youtube.com/watch?v=lq9cCsOLBv4



Sigrist et al. Theranostics 2017, Vol. 7, Issue 5

B-mode image (left) of a cervical lymph node shows a hypoechoic rounded lymph node. Elastogram (right) demonstrated that the lymph node is stiffer compared to 
surrounding tissue (homogeneous blue color elasticity signal on SE imaging with a Philips iU22 system), suggesting an abnormal lymph node that warrants biopsy. 
Subsequent biopsy resulted in the diagnosis of tuberculous lymphadenitis.

Strain imaging in the cervical lymph node



B-mode image (left) and color-coded elastogram (right) of a thyroid nodule in the left thyroid gland, imaged with SE on a Philips iU22 system. The 
nodule appears hypoechoic with ill-defined borders on anatomical B-mode image. The elastogram shows normal thyroid tissue encoded with blue 
color (soft tissue) and the nodule with red color (stiff tissue), suggesting a malignant nodule. This was confirmed by histology which showed 
papillary thyroid carcinoma. Sigrist et al. Theranostics 2017, Vol. 7, Issue 5

Strain elastography imaging in the thyroid



Sigrist et al. Ultrasound Elastography: Review of Techniques and Clinical Applications. Theranostics. 7;7(5):1303-1329, 2017
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1940 1950 1960 1970 1980 1990 2000 2010 2020

A Timeline of Diagnostic Ultrasound Innovations
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Shear Wave Elastography: Basic Principle

If tissue assumed to be incompressible (no 
change in density) and uniformly elastic the 
shear modulus G is related to Young’s 
modulus E by the following equation:

E =3G

Hence:

Nahas  et al. From supersonic shear wave imaging to full-field optical coherence shear wave elastography. J Biomed Opt 2013.



Diagnostic Ultrasound – Hoskins, Martin, Thrush

Density

Soft tissue properties 

Young’s modulus





(a) A high-output ultrasound beam produces a radiation force which displaces tissue in the focal region 

producing shear waves which propagate in 3D. 

(b) High frame-rate imaging techniques are used to track the tissue displacement caused by the shear wave.
Diagnostic Ultrasound – Hoskins, Martin, Thrush

Point Shear Wave Elastography using ARFI





Klotz, Thomas et al. “Shear wave elastography contribution in ultrasound diagnosis management of breast lesions.” Diagnostic and interventional imaging 95 9 (2014): 813-24.

2D Shear wave elastography imaging: Breast lesions



https://www.youtube.com/watch?v=Q_5qcqDN1cU





https://www.youtube.com/watch?v=5hTpuG5ezHI&t=2969s



(a) Sequential high-output beams are generated with focal regions of increasing depth along 

the same line. 

(b) A shear wave cone is formed, and high-frame-rate imaging techniques are used to track 

the tissue displacement caused by the shear wave.
Diagnostic Ultrasound – Hoskins, Martin, Thrush

Shear wave elastography imaging using supersonic ARFI



Supersonic shear wave propagation



Ultrasound Elastography

   Research

An insight 

to carotid 

vascular 

disease



Carotid plaques- stable or unstable?

Posterior wall 
displacement

Jet 
flow

Constriction



Shear wave elastography imaging of carotid plaque?

• Challenging clinical application

– Small tissue size

– Often heterogeneous

– Dynamic environment due to pulsatile flow 

– Thin walls

– Non-linear tissue elasticity 

– Shear wave propagation model assumptions not applicable

– Young’s modulus estimates?

• Hypothesis

– SWE imaging of carotid plaque can help identify the unstable plaque



Shear wave elastography publications



MULTIWAVE  TECHNOLOGY!

ULTRAFASTTM DOPPLER

SUPERSONIC - MACH CONE!

TIME REVERSAL!

PLANE WAVE IMAGING!

30 INTERNATIONAL PATENTS!

SuperSonic Imagine ShearWave  Elastography (SWE ) 
    The Hype                                        and                    Evidence Based Medicine

20,000 IMAGES PER SECOND! 

ULTRAFASTTM  IMAGING!

REVOLUTIONARY SYSTEM! 

A NEW ULTRASOUND IMAGING PARADIGM: 

FOUNDED IN 2005

OVER 1000 AIXPLORER® SYSTEMS WORLDWIDE

BREAST

LIVER

THYROID

PROSTATE

MUSCULOSKELETAL

GYNECOLOGY

VASCULAR?

Case Report

NEWS OF THE WORLD



Experimental Flow Phantom Studies

Key findings:

SWE able to distinguish 

hard and soft areas of 

plaque model even under 

pulsatile flow

Reproducible YM 

estimates 
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Ramnarine KV et al. Shear wave 

elastography assessment of carotid 

plaque stiffness: in vitro reproducibility 

study. Ultrasound in Medicine & 

Biology 2014; 40: 200–209.



Clinical case report

Garrard J and Ramnarine KV. 

Shear-wave elastography in 

carotid plaques: comparison 

with Greyscale Median and 

histological assessment in an 

interesting case. Ultraschall in 

der Medizin. 2013; Oct 23.

Thrombus

Calcification Intra-plaque hemorrhage

First case study to suggest SWE assessment of 

Young’s Modulus of plaque may correlate with 

macroscopic and microscopic assessment as well 

as conventional greyscale imaging appearance. 



ShearWave Elastography May Be Superior to Greyscale Median for the 

Identification of Carotid Plaque Vulnerability: A Comparison with Histology

Histology 

*Calcified tissue. #Fibrous tissue.

1Garrard JW et al. Shear Wave Elastography May Be 

Superior to Greyscale Median for the Identification of Carotid 

Plaque Vulnerability: A Comparison with Histology. Ultraschall 

in Med 2015; 36: 386–390

Key Findings:

Histological study on 25 plaques

Mean YM of unstable plaques 

significantly lower than 

stable plaques: 

50kPa vs. 79kPa; p = 0.027

Mean GSM: 

No significant difference.

Mean GSM = 48 

Mean YM  135kPa

Fibrous plaque stable on histology



Clinical studies

Shear Wave Elastography imaging  of carotid plaque

Ultrasound B-mode and SWE video clip of carotid 

plaque causing a ≥70% stenosis demonstrated at the 

origin to the ICA. Greyscale imaging demonstrates 

apparently large fibrous and calcified plaque 

corresponding to relatively high YM in the SWE image.

Ultrasound B-mode and SWE video clip of minor 

carotid plaque demonstrated at the carotid bifurcation. 

Greyscale imaging demonstrates a predominately anechoic 

type 1 plaque on the posterior wall corresponding to 

relatively low YM in the SWE image.

Ramnarine et al. Shear wave elastography imaging of carotid plaques: feasible, reproducible and of clinical potential. Cardiovascular Ultrasound 2014, 12:49



Clinical study in 81 patients: potential clinical value

Ramnarine et al. 2014. Shear wave 

elastography imaging of carotid plaques: 

feasible, reproducible and of clinical potential. 

Cardiovascular Ultrasound 2014, 12:49

Graphs illustrating key results.

 A) Box and whisker plots showing 

the Greyscale median (GSM) and 

Young’s Modulus (YM) of plaques 

against subjective Gray-Weale 

Classification. Both values increase 

with higher classification of plaque 

appearance. 

B) Box and whisker plots illustrating 

plaque GSM and YM against the 

percentage stenosis, grouped into 

either mild (30-50%), moderate (50-

70%) or severe (>70%). 

C) Box and whisker plots illustrating 

the plaque GSM and YM of 

symptomatic and asymptomatic 

plaques. 

D) ROC curves for the logistical 

regression of different ultrasound 

methods, and percentage stenosis 

as an individual method.



The reality: what is being measured?



Assumes medium is:

Linearly elastic 

Infinitely homogeneous 

Isotropic 

Continuous

Incompressible

Constant density

Non-dispersive  

Challenges: 
Need to consider viscoelasticity, poroelasticity, artifacts…

Propagation speed depends on methodology, frequency, bandwidth, position….

Reality:

Non-linear, time dependent

Tissue boundaries, structures… 

Tissue anisotropy

Discontinuities, structures, fluid…

Compressible, viscoelastic

Variable density

Dispersive tissue

The reality: what is being measured?

Group velocity vs Phase velocity

https://en.wikipedia.org/wiki/Group_velocity



Elastography Phantoms and Test Objects

• Well characterised phantoms and test objects:

– For Experimental Studies
• Vascular flow phantom of carotid plaque

– For Routine USQA of elastography modalities 

– For Performance Assessment
• Leicester-St Thomas’ Elastography Pipe phantom (L-STEP)

– For Teaching/Training



Some commercial elastography phantoms

Cournane et al. 2012. Review of ultrasound elastography quality control and training test phantoms Ultrasound 2012; 20: 16 –23





2D-SWE better than pSWE in a phantom study?

Methods 

▪ 4 CIRS 039 uniform phantoms (1.83–40 

kPa) 

▪ Philips Epiq Elite with C5-1 probe

▪ 2D-SWE and pSWE

▪ Two depths (2.5 and 5cm)  

▪ Fixed clamp and free-hand random

▪ 20 measurements per configuration

Key results

▪ pSWE greater coefficient of variation 

(0–55%) compared to 2D-SWE (0–15%) 

▪ Comparable accuracy (13.4% vs 15.7%).

▪ IQR/MED higher for pSWE (0–75%) than 

for 2D-SWE (0–15%) 

▪ Fixed SWE had lowest CV (typically 

<5%)

1.83 kPa

7.79 kPa

17.47 kPa

39.98 kPa

Analysis courtesy of Ioana Pinzaru: GSTT/NPL collaboration





L-STEP: Assessment of spatial resolution performance



L-STEP: Assessment of spatial resolution performance



L-STEP: Assessment of sensitivity (penetration depth) 

and depth dependence





Edge Spread Function 

Line Spread Function  

Optical Transfer Function  

Modulation Transfer Function

Quantifying Spatial Resolution using MTF

Analysis courtesy of Isabella Verdon/Emma Barton



S-Sharp pre-clinical SWE scanner 

Collaboration S-Sharp/GSTT/UoE Carmel Moran





Conclusions

Ultrasound elastography:

✓ Exciting development in diagnostic ultrasound

✓ Provides new information on tissue stiffness

✓ Considerable clinical interest and potential

✓ Many clinical applications

✓  Easy to implement new ultrasound techniques into the routine clinic

✓ Elastography phantoms and test objects needed

✓ For R&D

✓ For performance testing

✓ For USQA

✓ For teaching and training

What are you measuring?.........How?
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The NHS Constitution:
“The NHS belongs to all of us. It is there to improve our health and well-being, supporting us to keep mentally and physically 

well, to get better when we are ill and, when we can’t fully recover, to stay as well as we can to the end of our lives. It works 

at the limits of science, bringing the highest levels of human knowledge and skill to save lives and improve health” 
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