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ABSTRACT  

Objectives: Thyroid shear wave elastography (SWE) has been shown to have advantages 

compared to biopsy or other imaging modalities in the evaluation of thyroid nodules. However, 

studies show variability in its assessment. The objective of this study was to evaluate if stiffness 

measurements of the normal thyroid, as estimated by SWE, varied due to preload force, or the 

pressure applied between the probe and the patient. Methods: In this study, a measurement system 

was attached to the ultrasound probe to measure applied load. Shear wave elastography 

measurements were obtained from the left lobe of the thyroid at applied probe forces between 2 

and 10 Newtons (N). A linear mixed effects model was constructed to quantify the association 

between preload force and stiffness while accounting for correlations between repeated 

measurements within each subject. Preload force effect on elasticity was modeled using both a 

linear and quadratic term to account for possible non-linear association between these variables. 

Results: Nineteen healthy subjects without known thyroid disease participated in the study. 

Subjects were 36 ± 8 years of age, 74% female, 74% normal BMI, and 95% white non-

Hispanic/Latino. Estimated elastography values at 2 N preload force were 16.7 kPA [95% CI: 14.1, 

19.3] whereas the values at 10 N were 29.9 kPa [24.9, 34.9]. Conclusions: Preload force was 

significantly, and non-linearly, associated with SWE estimates of thyroid stiffness. Quantitative 

standardization of preload forces in the assessment of thyroid nodules using elastography is an 

integral factor for improving accuracy of thyroid nodule evaluation. 
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INTRODUCTION  

Ultrasound imaging modalities are commonly used for thyroid nodule evaluation. Modern 

ultrasound imaging demonstrates thyroid nodules in up to 60% of adults.1 Conventional B-mode 

ultrasound has good sensitivity for identifying potentially malignant nodules and is widely used 

for this purpose. Unfortunately, interpreting conventional ultrasound has limitations in 

differentiating benign and malignant lesions.2 Several scientific consortia have developed 

decision-making guidelines regarding invasive testing after discover of a thyroid nodule.3 Based 

on these guidelines, fine needle aspiration (FNA) is performed to determine whether a nodule is 

benign or malignant.4 In 62 - 85% of aspirations, the nodule is cytologically diagnosed as benign 

and typically requires only periodic follow-up.4 In 4 - 8%, the nodule is diagnosed as malignant 

and may require total thyroidectomy.5 Unfortunately, in up to 25% of nodules the cytologic 

diagnosis is indeterminate, conferring a risk of malignancy of between 10 and 66%.6 In these 

nodules, molecular aspirate testing has been shown to have a high negative predictive value but is 

costly and has low positive predictive value.7,8 A less invasive alternative to these tests is 

ultrasound elastography. 

 Ultrasound elastography can measure and map thyroid nodule stiffness.9 Two types of 

elastography have been used for this purpose: strain elastography (SE) and shear wave 

elastography (SWE), which can be further categorized into (i) point shear wave elastography 

(pSWE) and (ii) two-dimensional shear wave elastography (2D-SWE).10 SE uses mechanical 

compression methods, based on manual pressure or pressure from adjacent arterial pulsation.10 
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Thyroid nodule SE can be interpreted using scoring systems published by Asteria11 and Rago.12 

These systems rely on qualitative interpretation of elastogram morphologic features. For SE, the 

combination of inherently variable exogenous pressure and interpretative subjectivity result in 

poor interobserver agreement13 and reports of low malignancy sensitivity and specificity.14 Shear 

wave elastography (SWE) use acoustic radiation force generated by the ultrasound device to 

induce shear waves in a localized tissue. The propagation velocity of these shear waves can be 

measured and used to derive quantitative stiffness estimates.15  

 pSWE uses a single focal excitation point while 2D-SWE uses multiple focal points. pSWE 

has been shown to be useful for differentiating benign and malignant nodules, with a sensitivity of 

80% and specificity of 85%.16 Similar results have been shown for 2D-SWE thyroid nodule 

malignancy detection (82% sensitivity and 88% specificity).17 

 The reported performance of shear wave elastography for thyroid nodule malignancy 

detection is variable: for example, some studies have shown that SWE can differentiate benign and 

malignant nodules that are cytologically indeterminate17 while other studies have not.18 This 

variability may be related to measurement error produced by operator-applied transducer pressure, 

also termed preload. It is known ultrasound transducer pressure on the thyroid increases 

elastographic stiffness estimates.19 This effect is widely known and is mitigated in liver imaging 

by insonation through the intercostal spaces.20 Unlike the liver, the thyroid has no overlying ribs 

to protect it from compression by the overlying transducer and is superficial, and therefore prone 

to elastographic measurement error induced by transducer pressure. The objective of this study 
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was to evaluate if stiffness measurements of the normal thyroid, as estimated by thyroid shear 

wave elastography, varied due to preload force. 

 

MATERIALS AND METHODS 

Study Subjects 

This institutional review board-approved, single-center, prospective study was compliant 

with the Health Insurance Portability and Accountability Act (HIPAA). Nineteen randomized, 

healthy volunteers without known thyroid disease participated in the study from May - August 

2017. The sample size was chosen to exceed the minimum target of fourteen subjects. With a 

sample size of 14 subjects and a type-I error of 5%, we have 80% power to detect a correlation 

value of at least 0.70 between stiffness values and preload force (via Fisher’s z-transformation). 

Volunteers younger than 18 years were excluded. Informed consent was obtained from participants 

who fulfilled the inclusion criteria before the ultrasound exam. All demographic data for the patient 

cohort is summarized in Table 1. 

 

Force measurement  

A series of custom, hand-held force measuring devices to augment commercially available 

ultrasound systems were developed by Massachusetts Institute of Technology (MIT).21–23 Our 

device attaches to the Supersonic Imagine SL15-4 linear transducer by a quick-release, 3D-printed 

clamp (Figure 1). The device measures and records the contact force (force applied to the subject’s 
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neck by the transducer) via a Futek Single Axis Load Cell (Futek FSH00095, Irvine CA) and 

orientation angles of the ultrasound transducer via an ADXL-335 tri-axial accelerometer (Analog 

Devices, Norwood MA) which measures the orientation of the probe with respect to gravity and 

enables compensation for probe mass. The total mass is approximately 200 g, similar to the mass 

of the ultrasound transducer and only increases the width of the device by 2 cm. A sampling rate 

of 100 Hz was used for the digital acquisition of force and transducer orientation within the custom 

LabVIEW (National Instruments, Austin TX) program, which runs on a tablet running Windows 

10 (Microsoft, Seattle WA) where the measurements are displayed in real time. In the literature, 

the terms “contact force” (units: Newtons) and “contact pressure” (units: Newtons/meter2) are 

often used interchangeably. The force measurement transducer directly measures force; therefore, 

force data are presented. Contact pressure is approximated by dividing the force by the contact 

area of the force measurement transducer, which is approximately 7.2 cm2 (assuming full 

transducer face contact). Forces along the axis of the transducer (perpendicular to the transducer 

face) were more than an order of magnitude greater than forces applied in the other two directions. 

Therefore, only a single axis load cell was used to measure the force along the axis of the transducer 

(in the axial direction); all forces reported here were along this axial direction and specified in 

Newtons (N) (4.45 N = 1 lbf).   

 

Ultrasound and elastography scan 
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All volunteers underwent a thyroid examination in a supine position by a single radiologist 

(YH) with over 10 years of thyroid ultrasound experience to exclude thyroid disease. 

Subsequently, all elastography examinations were performed using the same Aixplorer 

(Supersonic Imagine, Paris, France) ultrasound machine. Shear wave elastography acquisitions 

were repeated 5 times at increasing preload forces (2 N, 4 N, 6 N, 8 N, 10 N) using the SL15-4 

transducer (Figure 2). This force interval (2 - 10 N) was chosen because was found to be the 

relevant force range applied in clinical settings, which ends around 10 N as it is the common 

maximum tolerable pressure of subjects with no discomfort. All measurements were made in the 

left thyroid lobe. All regions of interested were placed within the SWE image with a qualitative 

image scale extending from 0 to 100 kPa. The largest region of interest that could fit within the 

normal thyroid tissue was used to reduce potential sources of bias in the measurement. The average 

measured stiffness in the region of interest is the reported Young’s modulus in kilopascals (kPa).  

 

Statistical analysis 

Demographic and stiffness (Young’s modulus) summaries were calculated for the patient 

cohort. Categorical variables were summarized using frequencies and percentages, while 

continuous variables were summarized using quartiles (25, 50, 75th), means, and standard 

deviations (SD).  A linear mixed-effects model was constructed to quantify the association 

between preload forces and Young’s modulus values.  This model included both random-intercepts 

and slopes to account for possible correlations arising from the multiple measurements per subject. 
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The random effects specification also acknowledged the nested nature of the multiple preload 

measurements within each subject. Possible confounding factors, such as age and gender, were not 

included as covariates due to the small sample size, but it was hypothesized that these covariates 

would not have an effect on Young’s modulus values due to the homogeneity of the patient cohort. 

The preload force effect was modeled using both a linear and quadratic term to acknowledge 

nonlinear relationships.  Fixed-effects estimates, and their 95% confidence intervals, were 

computed for all model parameters. Linear combinations of these parameters were used to estimate 

both mean Young’s modulus values for preload forces (i.e., 2 N, 4 N) as well as sequential 

differences in these values (i.e., 4 N - 2 N).  All statistical analyses were performed by a statistician 

(NM) using open source R software version 3.4.3. 

 

RESULTS  

Study Subjects 

Table 1 summarizes the demographic statistics for the patient cohort.  On average, these 

participants were 36.3 (± 8.4) years old, primarily female (74%), of a normal body mass index 

(BMI) (74%) and non-Hispanic/Latino (95%).  

 

Force measurement and elastography relation 

The average stiffness (Young’s modulus) values (kPa) increased as the preload force 

increased. For example, preload forces of 2 N and 4 N were, on average, associated with Young’s 
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modulus values of 16.6 (± 5.1) kPa and 19.4 (± 7.2) kPa, respectively.  As described in Table 2, 

for each subject and preload force value, five Young’s modulus values were collected. Descriptive 

summaries of the average of these measurements were computed, including: the mean, standard 

deviation (SD), and the 25th, 50th (median), and 75th percentiles.  

Regression coefficient estimates, estimated mean Young’s modulus values, confidence 

intervals (CI), and differences in these values are presented in Table 3. The estimated coefficients 

associated with preload force (linear, quadratic) were positive and statistically different than zero 

indicating that the preload force and Young’s modulus relationship was positive and non-linear.  

Estimated average Young’s modulus values were 16.7 kPa [95% CI: 14.1, 19.3] and 29.9 kPa 

[24.9, 34.9] for preload forces 2 N and 10 N, respectively. Figure 3 depicts the non-linear 

relationship for all preload forces between 2 - 10 N. Sequential differences in Young’s modulus 

values ranged from 2.6 kPa [1.3, 3.8] to 4.0 kPa [2.8, 5.3] when comparing 4 N - 2 N and 10 N - 

8 N. 

 

DISCUSSION  

Conventional B-mode ultrasound (CUS) is low-cost, widely available and widely used for 

thyroid imaging. CUS can detect the presence of a nodule in up to 67% of the adult population.24 

However, CUS has variable sensitivity and specificity for thyroid nodule malignancy, ranging 

from 50% to 95%.25 Many nodule sonographic features are subjective, leading to low agreement 

between ultrasound operators.26 SWE estimates of nodule stiffness are higher in malignant than 
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benign nodules,2,11,17,27 with reported SWE sensitivity and specificity for thyroid nodule 

malignancy of 80% - 86.3% and 85% - 89.5%, respectively.10 SWE has also shown to have utility 

in diagnosing diffuse thyroid disease like Hashimoto’s and Graves’ disease.28–30 While SWE is 

thought to be more operator-independent than strain elastography, it is known that applied force 

may confound SWE measurement.31 Variation in applied force is a likely contributor to SWE 

measurement variability across studies,32 making it challenging to define a SWE-measured nodule 

stiffness threshold for malignancy or disease state, limiting widespread use of SWE for thyroid 

nodule risk stratification in clinical practice.  

Applied preload force results in tissue compression, which changes the elastic properties 

of the tissue and may lead to false incorrect diagnosis. This phenomenon has been observed in 

many tissues, including the breast, cervix, kidney, and thyroid.2,33–36 The effect of preload on 

thyroid nodule elastography stiffness values has been examined in several studies, both in clinical 

and ex-vivo study settings.2,31  

Considering the effect of pressure on thyroid tissue stiffness, there is a clear need for better 

understanding of the effects of applied preload when making diagnostic measurements. To our 

knowledge, no prior studies have reported a technique to quantify hand pressure force levels in 

SWE exam of the thyroid tissue in clinically relevant force ranges. In this study, we developed a 

custom device attached to a standard thyroid imaging transducer, successfully quantified the 

applied force, and presented a direct high temporal resolution association between applied force 
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and SWE-estimated thyroid tissue stiffness. This device can be used to inform the operator in 

performing standardized ultrasound exams. 

There were several limitations in this study: [1] we imaged the thyroid in volunteers 

without known thyroid disease. It is possible that thyroid nodules or existing diffuse thyroid 

disease will exhibit a different response to preload. However, if anything, we anticipate that 

applied force will most likely show greater effects in encapsulated nodules than in the normal 

thyroid. A future analysis in subjects with benign and malignant thyroid nodules as well as diffuse 

thyroid disease would be ideal. We also did not perform blood tests for thyroid function but rather 

used ultrasound biomarkers to indicate thyroid health. In a future study, we can confirm the tissue 

health with blood biomarkers as well. [2] We did not control the results for the dimensions and 

composition of the subjects’ overlying soft tissue. We report BMI and consider the sample 

representative of a typical imaging population; nonetheless, a larger cohort with a stratified 

analysis of the effects of neck thickness and BMI would be desirable. [3] We performed imaging 

on a single vendor’s ultrasound platform. However, the physical basis of SWE is similar across 

commercially available ultrasound platforms and it is expected that results will be similar on other 

platforms.  

The results present high temporal resolution quantitative estimate of the effect of applied 

force on normal thyroid tissue. Importantly, substantial changes in the Young’s modulus measured 

via shear wave elastography were observed during scanning at forces shown to be within the range 

of forces typically applied during conventional sonographic imaging.37 This is clinically important, 
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as it implies that the confounding effects of applied preload may play a role in limiting the 

generalizability of SWE for thyroid nodule malignancy risk detection and diffuse thyroid disease 

detection in clinical practice. This finding emphasizes the importance of accounting for preload in 

ultrasound particularly for the thyroid and in thyroid diseases. The increase in stiffness value 

indicated by ultrasound elastography may shift the elasticity of a benign nodule to a stiffness of a 

malignant nodule – requiring the patient to go through more invasive testing. The technology, 

ultrasound augmented with force sensing, we have developed to quantify this effect may provide 

a tool to mitigate this confounding effect in future.  
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Table 1: Demographics of the study population 
Descriptor Overall 

N=19 
Age (years) 
    Female (mean, range) 
    Male (mean, range) 

36.3 ± 8.4 
37.2, 27 – 56  
33.6, 28 – 44 

Gender (%, n) 
    Female 
    Male 

 
74, 14 
26, 5 

BMI (%, n) 
    Normal 
    Overweight 
    Obese 

 
74, 14 
5, 1 
21, 4 
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Table 2: Descriptive Young’s modulus values by preload force (N) 
Preload Force, N Young’s Modulus [Mean, SD] 

(kPa) 
Percentiles [25, 50, 75] 

2 16.6, 5.1 13.6, 16.6, 21.4 
4 19.4, 7.2 15.7, 18.7, 23.3 
6 22.5, 7.5 18.0, 22.7, 27.1 
8 25.5, 9.5 18.9, 25.5, 30.4 
10 30.1, 12.0 20.8, 29.8, 36.9 

SD: standard deviation  
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Table 3: Regression coefficients and linear combinations that summarize the mean Young’s 
modulus values (kPa) for a preload force (2 - 10 N) 
 
Descriptor Estimate 95% CI P-value 
Regression coefficients    
Intercept 14.65 [11.5 - 17.79] < 0.001 
Force 0.92 [0.12 - 1.71] 0.027 
Force2 0.06 [0.01 - 0.11] 0.013 
Estimated force mean values (N) Modulus   
2 16.7 [14.1 - 19.3]  
4 19.3 [16.5 - 22.1]  
6 22.3 [19 - 25.7]  
8 25.9 [21.8 - 30]  
10 29.9 [24.9 - 34.9]  
Sequential force mean differences Modulus   
4-2 2.6 [1.3 - 3.8]  
6-4 3.1 [1.91 - 4.2]  
8-6 3.5 [2.4 - 4.7]  
10-8 4 [2.8 - 5.3]  

Confidence Interval (CI)   
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Figure Captions 
 
Figure 1: Force Measurement Device. This device is composed of a mechanics and electronics 
enclosure and a tablet with a graphical user interface, which connects to an ultrasound machine. 
Pictured is the GE Logiq E9 system but for this data collection the Aixplorer (Supersonic Imagine, 
Paris, France) was used with a SL15-4 MHz linear ultrasound transducer. 
 
Figure 2: Shear wave elastography images of thyroid of the transverse plane. 5 different 
images at 5 different pressure levels (2 N - 10 N) are presented. Note the increase in estimated 
tissue Young’s modulus (in kPA) as transducer pressure increases. The subject is female and 34 
years old.  
 
Figure 3: Summary of the relationship between preload force and stiffness (Young’s 
modulus) values by patient. The estimated relationship using a linear mixed-effects model 
(black line) along with the 95% pointwise confidence band (red region).  
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