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Abstract

Objectives—The purpose of this study was to determine the reliability of Grayscale Median
(GSM) measurements across different ultrasound systems and effects of gain on GSM values.

Methods—Two vessels in a grayscale vascular phantom were imaged with 7 ultrasound systems
at 3 gain settings. Two human subjects were imaged at 3 gain settings. Each image was
normalized, standardized, and segmented by expert and novice readers using grayscale analysis
software. Concordance correlation coefficient (CCC) assessed agreement of GSM values for each
system across gain settings, vessels, and between readers. Intra-class correlation coefficient (ICC)
assessed system-level reader concordance across gain settings and vessels. A general linear mixed
model for repeated measures was used to assess within- and between-system mean GSM values.

Results—GSM measurements performed on images from the same ultrasound system yielded
excellent CCC[95% confidence intervals]: 0.85[0.75, 0.92]-0.96[0.92, 0.98]. ICC per system was
0.94-0.98 for expert and 0.85-0.95 for novice reader. Gain adjustments above and below an
optimal setting contributed to significantly different intra-system GSM values on 4/7 systems in
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near and 5/7 systems in far zone (p<0.05). Inter-system GSM values differed on 5/7 systems
(p<0.05). Images from human subjects demonstrated differences in GSM values at OGV+/-10
dB/% gain values.

Conclusions—GSM measurements are highly reproducible when obtained from the same
ultrasound system with similar gain settings. GSM values differ significantly across gain values
and between systems. Researchers should consider the impact ultrasound system and gain settings
have on GSM values when working to minimize system- and operator-dependent factors.
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Ultrasound; Vascular Phantom; Grayscale median value; Gain

Introduction

Quantitative grayscale ultrasound can be used to quantify echogenicity and to characterize
tissue in anatomical structures.[1-9] Increasingly, quantitative grayscale ultrasound and
textural features extraction are being used to assess characteristics associated with pre-
clinical arterial injury and risk of cardiovascular disease (CVD), including stroke.[4-7] For
example, several authors have described an association between low grayscale median
(GSM) values with plaques that are at high risk of rupture and have a large lipid and/or
thrombotic component.[10-14] Further, echolucent (darker) common carotid artery walls
have been associated with CVD risk factors such as inflammation, hyperlipidemia, obesity,
and circulating measures of oxidative stress; they also predict adverse CVD events.[4, 5, 15—
17]

Within studies, GSM and other textural features have been measured reproducibly using
dedicated software analysis programs.[9, 11, 18, 19] Computer-assisted methods for plaque
classification can reduce GSM variability using image normalization procedures, which
linearly scale grayscale values in the image between two different reference points available
in every subject.[7, 11, 18, 20, 21] However, even after employing normalization, there is a
wide range (across studies) of GSM values that represent, for example, the lowest
echogenicity value/quintile threshold that is associated with an echolucent arterial wall
and/or vulnerable plaque that may rupture or release emboli and thereby contribute to an
adverse cerebrovascular event.[4, 5, 8, 10, 11, 15, 18, 19, 22-35] Although the GSM is a
valid research tool, this range limits the transition of the GSM measurement into widespread
clinical use.

These variations may be due to insufficient compensation for differences in hardware and
software used for image acquisition and analysis used in textural features extraction
techniques.[2, 32] Changes in the instrumentation settings, such as dynamic range, time gain
compensation (TGC), overall gain, post-processing map, and imaging frequency, a
sonographer selects for imaging can result in the same tissue appearing brighter or darker
and thereby yield different GSM values.[3, 36—-38] Some studies that have used grayscale
image processing methods, such as normalization, claim to mitigate effects on the GSM
value due to aspects of the imaging system, such as the transducer used for image
acquisition [18, 20, 21] Additionally, effects on the GSM due to varying gain values, which
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are readily manipulated by a sonographer during an imaging exam, have been shown to be
reduced by normalization in studies with human data.[18, 20]

Based on these discrepancies, we pursued a standardized image acquisition and processing
approach where ultrasound imaging system and gain were manipulated during the imaging
of a vascular phantom. Ultrasound system and receiver gain are two readily adjustable
factors that may still affect GSM values. Therefore, the aims of this study were to 1)
determine the reliability of GSM measurements performed on different ultrasound systems
and 2) determine the effects of gain settings on GSM values using a grayscale vascular
phantom and a plaque analysis software that allows for image normalization and
standardization.

Materials and Methods

Vascular Phantom

B-mode ultrasound images of a commercially available water-based gelatin phantom
(Gammex Precision Small Parts Grey Scale Phantom, 404GS, Middleton, WI, U.S.A.) with
reproducible vessel geometry and tissue-mimicking background material (speed of sound =
1540 + 10 m/s; attenuation coefficient = 0.7 £ 0.01 dB/cm-MHz; Figure 1) were obtained at
multiple gain settings with 6 clinical ultrasound platforms (7 ultrasound systems total). The
imaging protocol described below was performed by a single sonographer on each
ultrasound system five times for a cumulative total of 35 scanning sessions performed over a
period of two months. The scanning sessions for each ultrasound system were separated by
at least 24 hours to ensure independent selection of the optimally gained image during each
scan session.

Ultrasound Systems

The 7 ultrasound systems, transducer, transmission frequency, imaging preset, dynamic
range setting, and grayscale map used for image acquisition are described in Table 1.
Ultrasound systems were optimized to minimize differences in GSM values using techniques
previously reported.[7, 11, 13] The time gain compensation (TGC) potentiometers were set
in the middle for each system to standardize image acquisition and ensure uniform receiver
amplification with depth through the simulated vessel.[7, 11, 13] The most linear grayscale
map, as obtained from the ultrasound system manufacturers, was selected (Table 1, systems
A-F) to optimize the results of rescaling grayscale values accomplished by image
normalization. The clinical carotid grayscale map was chosen for system G (Table 1). The
highest dynamic range for each ultrasound system was set to maximize the range of echo
signals appearing as shades of gray on the ultrasound image monitor and kept constant as
part of the system preset.[7, 11, 13] The transmit focus and gain settings were adjusted
manually by the sonographer at each scanning session.

During each ultrasound system scanning session, 10 images were acquired by an expert
sonographer. Images were acquired by placing the linear transducer face perpendicular to the
phantom’s longest side at the surface of the phantom to scan the simulated vessels
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lengthwise. Ultrasound gel (Aquasonic, Parker Laboratories, Inc. Fairfield, New Jersey,
U.S.A.) was used to acoustically couple the transducer face to the phantom surface.

The first image acquired was from a near zone fluid-filled tube that simulates a blood vessel
(cystic target, diameter 4.00 mm) at a depth of 1.00 centimeters (cm) below the imaging
surface. The focal zone was set to the center of the simulated vessel, and the overall gain
was optimized to the “optimum gain value” (OGV). The OGV was defined as the gain
setting where the fluid in the vessel (simulated blood) was predominantly anechoic, with just
a few echoes in it, and the borders of the simulated vessel (simulated adventitia) were white.
[11, 20, 26, 27, 40] After obtaining the OGV near zone image, the sonographer adjusted the
gain by 10 gain units (decibels [dB] or percent [%]), according to the ultrasound system
designation for gain. Hereafter, this will be designated as 10 dB/%. The resulting image was
acquired and labeled as OGV + 10. This process was repeated for gain settings at OGV + 20
dB/%, OGV — 10 dB/%, and OGV - 20 dB/% (Figure 2) as in studies using similar gain
ranges to study the effects of normalization and/or calibration on GSM values.[20, 36, 38,
39] In some instances, the system could only be adjusted —14 dB/% from the OGV, and thus
an image could not be obtained at a true OGV - 20 dB/%. After imaging the near zone
vessel, the imaging protocol was repeated for a large diameter simulated vessel (grayscale
target, diameter 7.00 mm) at a depth of 3.00 cm designated as the far zone vessel.

All images were saved in DICOM format and uploaded to a dedicated research server.
Image-viewing software (Access Point, Freeland Systems, Alpharetta, GA, U.S.A.) was used
to convert DICOM images to BITMAP files that were used for grayscale analysis.

Human Subject Imaging Methods

Two subjects enrolled in the Structural Stability of Carotid Plaque and Symptomatology
Study (R01 NS064034 funded by the National Institutes of Health, Bethesda, MD, USA)
were imaged with a Siemens Acuson S2000 (Siemens Medical Solutions USA, Inc.,
Malvern, PA, U.S.A.). A 9L4 transducer and the cardiovascular (CV) preset (tissue harmonic
imaging [THI] on, H8.00 MHz frequency, dynamic range 65, advanced spatial compounding
[ASC] 5, dynamic tissue contrast enhancement technology [DTCE] M, grayscale map E,
space time 3) were used. Images were acquired at three different gain settings (OGV dB,
OGV - 10 dB and OGV + 10 dB). The University of Wisconsin Health Science Institutional
Review Board approved this study, and all subjects provided informed consent.

Methods for GSM measurement discussed below were used to obtain the GSM value at each
gain setting. In Subject 1, a focal plaque in the left common carotid artery was segmented
and measured in the plaque texture analysis software. In Subject 2, the distal far wall of the
left common carotid artery was segmented and measured.

Measurement of Phantom GSM

GSM was measured with plaque texture analysis software (LifeQ Medical, Cyprus). Both an
expert and a novice reader performed the procedures described below to extract GSM values
for reliability calculations. The image processing sessions by each reader were separated by
at least 24 hours to avoid recall bias and ensure independent selection of the reference points
for normalization and selection of the region of interest, as described below, for each image.
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Measurements from both readers were used for Concordance Correlation Coefficient (CCC)
calculations, as described below. Only the expert reader measurements were utilized to
assess inter-system mean GSM comparisons and evaluate effects of gain settings on intra-
system mean GSM values. Images were normalized by manually selecting the blackest area
of the simulated fluid filled vessel and the brightest area of the simulated vessel wall as
reference points for blood and adventitia, which are anatomical reference points available in
every human patient. The reference points for blood and the adventitia were assigned
grayscale values of 0 and 190, respectively.[7] With this normalization method, the gray
values of all pixels change according to this new linear scale such that texture features of the
images can be extracted and compared.[20, 26, 40] Using a reference value of 190 for
adventitia allows structures brighter than the adventitia to be displayed with a grayscale
value greater than 190 (i.e., up to a grayscale value of 255).[41]

After images were scaled linearly between these two reference points, they were
standardized to a pixel density of 20.00 pixels per millimeter (mm). The size of the
measured area was standardized by using an online ruler tool (https://github.com/andrijac/
ruler#newfeatures), set to a size of 1.00 cm in length by 0.50 cm in height. A rectangle was
placed just above the simulated vessel and to the extreme right side of the image and its
outline traced manually using the plaque texture analysis software, as shown in Figure 3.
The GSM value was calculated by the software as the median value of all pixel grayscale
values within the traced area (Figures 3 and 4). The same process was repeated for all far
zone vessel images by placing the on-screen rectangle just above the simulated far zone
vessel and to the extreme right of the image.

Statistical Analysis

Statistical analyses were performed using SAS software Version 9.4 (SAS Institute, Cary
NC).[42] Agreement between the 2 readers was measured using Lin’s concordance
correlation coefficient (p ccc) for two observers based on their variances (o1 and o5),
covariance (o12), and means (U and L), as shown in Equation (1).

2612

P =3 > 0 (1)
cee o)+ o5+ (1) — uy)

An extension of Lin’s coefficient was used in this study to measure the agreement between
two observers over three repeated measurements.[43, 44]

Within-observer agreement over the repeated assessments was measured using intra-class
correlation coefficients (ICCs). A series of random coefficients general linear mixed models
for repeated measures was used to assess both intra- and inter-system differences for OGV
- 10 dB/%, OGV dB/%, and OGV + 10 dB/% mean GSM values. General linear mixed
effects models for repeated measures combine the theory of general linear models and linear
mixed effects models for repeated measures data analysis.[46] The random intercepts model
was used as shown in Equation (2).
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GSAl.j = fy+ ﬂlTimel.j + f,System; + f5(System; X Timeij) +og+ g (2)

In this model, GSA;; denotes the average OGV values over all images for the ith system and
j'h measurement, and time;; refers to the time of measurement by each reader for the ith
system and jt measurement. The beta terms are explanatory variables that represent fixed
effects. The variance (v) term is assumed to be distributed as N(0,0,,2) and the error (e) term
is assumed to be distributed as N(0,02). The parameter o, refers to the variance in the
population distribution. The fourth term of Equation (2) includes an interaction between
ultrasound system and time of acquisition and measurement. This interaction is not
statistically significant in the current study.

In order to protect against Type | error, we used Sidak adjustment [1 — (1 — p;)R] where p,
are the unadjusted p-values, and R is the number of tests performed. Sidak adjustment
provides a slightly less conservative adjustment than Bonferroni adjustment.[46]

Images at OGV - 20 dB/% and OGV + 20 dB/% were eliminated from analysis since not all
systems could acquire diagnostic images at these extreme gain settings. Each reader
independently normalized, standardized, and segmented each image. All 210 images were
measured in triplicate by each reader (n = 630 measurements per reader * 2 readers = 1,260
GSM measurements). The mean (standard deviation) pre-normalization grayscale values for
the region of interest at OGV ranged from 60.13 (13.22) to 106.72 (33.77). The range of pre-
normalization mean (standard deviation) simulated blood at OGV was 0.13 (0.73) to 3.73
(4.45).

GSM Measurement Reliability

The within-ultrasound system CCC range (95% CI) was 0.85 (0.75, 0.92) — 0.96 (0.92,
0.98), demonstrating excellent intra-system reliability for five acquisition time points, by
two readers reading each image in triplicate (see Table 2). The ICC per system, across 3
GSM measurement times for each reader, also was excellent, with the expert reader overall
ICC 0.94 to 0.98 and ICC range 0.85 to 0.95 for the novice reader (see Table 2).

Intra-System GSM Values

Over the 5 scanning sessions and three measurement time periods, the mean GSM remained
stable within each ultrasound system (intra-system). Mean GSM values derived from
averaging all GSM measures from the OGV - 10 dB/%, OGV dB/% and OGV + 10 dB/%
over the scanning sessions for each system and 3 reading measurement time periods ranged
from 41.63 (System A) to 130.17 (System C) (see Figure 5).
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Inter-System GSM Values

The mean GSM value per ultrasound system is reported in Table 3. System B was
designated as the reference ultrasound system because it had the highest CCC, 0.956 (0.922,
0.975). Compared to the reference system, 5 ultrasound systems had significantly different
GSM values (p<0.05). Unless otherwise noted, p-values reported are Sidak-adjusted p-
values. The only system that did not have significantly different GSM values was System F.
System F was the same imaging system and transducer (manufacturer and model) as System
B but was located in a different laboratory and utilized a slightly different preset (see Table
2) for carotid imaging. When evaluating GSM by near zone and far zone, Systems E, F, and
G did not have statistically significantly different mean GSM values from the reference
system (all p>0.05) but did differ significantly from the average of all measurements (OGV
- 10 dB/%, OGV dB/%, OGV + 10 dB/%). This reference system had the widest variation
in gain values between OGV - 10 dB/% and OGV + 10 dB/% (see Forest Plot, Figure 6).
While System B and System F are the same system, the vascular presets were slightly
different. The System B preset was centered at a higher imaging frequency, which resulted
in the wider spread of gain values, especially in the far field.

Effects of Gain on Grayscale Median Measurement Value

The intra-system ranges of mean GSM values for OGV - 10 dB/%, OGV dB/%, and OGV
+ 10 dB/% in the near and far zones are presented in Tables 4 and 5 (note OGV ranges as
determined by the sonographer are very similar). In 4/7 ultrasound systems (A, B, D, F), the
near zone intra-ultrasound system grayscale values at OGV — 10 dB/%, OGV dB/% and
OGV + 10 dB/% were significantly different (p<0.05). In 5/7 ultrasound systems (B, D, E, F,
G), the far zone intra-ultrasound system grayscale values at the OGV - 10 dB/%, OGV
dB/% and OGV + 10 dB/% were significantly different (p<0.05). The spread of GSM values
in System A is smaller in both the near and far zone relative to the other systems. This may
be due to the units of gain. The units of gain on System A are expressed as a percentage
change, which is smaller than the equivalent numerical change in decibels.

Human Subject Imaging

Two subjects were scanned, and the GSM value was extracted from the region of interest
(ROI). Subject 1 had a focal plaque in the mid-left common carotid artery (CCA). At the
OGV dB setting, the GSM value for the plaque was 63.81; at the OGV - 10 dB setting, the
GSM was 31.49; and, at the OGV + 10 dB setting, the GSM was 97.25. In Subject 2, the
ROI was the distal 1.0 cm of the far wall of the left CCA. At the OGV dB setting, the GSM
value for the far wall was 47.53; at the OGV - 10 dB setting, the GSM was 14.98; and, at
the OGV + 10 dB setting, the GSM value was 72.29 (see Figure 7). Differences in GSM
values in the regions of interest were noted for both subjects in images obtained at different
gain settings (OGV dB versus OGV + dB and OGV - 10 dB).

Discussion

This study demonstrated that GSM measurements are reliable when using the same
ultrasound system and OGV setting. However, the ultrasound systems used for image
acquisition and the gain settings at OGV * 10 dB/% influenced the measured GSM value -
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even when images were normalized using previously described techniques,[7, 11, 13, 22]
making it difficult to compare GSM values obtained from different ultrasound systems.
Since the GSM, an echolucency measure associated with CVD risk factors and events,[4, 8
11-13] is influenced by these factors, among others, researchers and clinicians need to be
aware of the equipment and instrumentation settings they choose to utilize. Our findings
suggest that ultrasound grayscale studies should 1) utilize a standardized preset that is not
altered throughout the course of a study, 2) engage in phantom assessments throughout the
study to assure stable image quality, and 3) incorporate reproducibility measures to ensure
that machine settings remain constant.

This study also demonstrated differences in mean GSM values between ultrasound systems
and gain settings on the same ultrasound system, even after using normalization techniques
similar to those previously reported.[7, 11, 13, 18] Again, researchers and clinicians need to
be aware of the equipment and instrumentation settings they choose to utilize. Further,
researchers need to continue to work to minimize variability in GSM measurement of
carotid artery plaque and the arterial wall through both phantom and patient studies.
Normalization[18-20] and calibration[38] are two techniques that have been used to reduce
variability in grayscale values due to instrumentation and gain settings. The normalization
technique, which is a linear scaling between reference points, was employed in the current
work. A calibrated backscatter technique has been applied to reduce mean grayscale
variability in musculoskeletal (MSK) ultrasound.[3, 36, 37] In this method, statistically
significant variability due to system and acquisition settings was successfully removed by
normalizing grayscale values to a conversion factor applied in the linear range of a grayscale
value-gain curve acquired using a reference phantom. This method also used a subtraction
term to try and eliminate system and settings effects. In MSK work, calibrated backscatter
values demonstrated less variability across ultrasound systems and imaging presets than
mean grayscale values; however, effects due to different transducers (hamely, center
operating frequency) were not eliminated. The calibrated backscatter may be an alternative
method for standardization to reduce variability in grayscale images of arteries. Future work
will apply a similar method to assess the validity of this approach for grayscale phantoms
and carotid plaques. Alternative approaches for tissue characterization include the Reference
Phantom Method[47, 48] and others, which require access to the radiofrequency (RF)
ultrasound signal collected during an ultrasound examination. While this technique and
subsequent advances in signal processing have shown promise in assessing liver tumors[49],
monitoring liver ablation[50], kidney disease[51] and studying carotid plaque[52, 53],
imaging centers may not have access to equipment and personnel required to extract and
analyze these RF signals.

The current work was performed on a grayscale small parts phantom with homogenous
tissue-mimicking grayscale properties. A tissue-mimicking phantom was chosen to ensure
that the same structure and imaging plane were acquired during each imaging session so that
GSM comparisons could be made across systems. With a phantom, the simulated vascular
structures are located at the exact same depth in every image and these structures can only
be imaged from one perpendicular plane at the phantom surface. This phantom did not
incorporate a representation of a carotid plaque and did not represent the heterogeneity of
most plaques. The simulated fluid and rigid tube walls in the phantom are not blood and
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adventitia, respectively, and there is no intima-media in the simulated vessel. Thus, even
though the phantom used is a tissue-mimicking phantom, the GSM values obtained on these
simulated structures may not be representative of carotid plaque tissue. Similar results were
observed in human data from two subjects where GSM values changed in the same direction
as the adjustment in gain value (see Figure 7).

Fluid in a vascular phantom can desiccate non-uniformly. Ideally, the integrity of the
phantom should be tested throughout the course of the experiment; however, such
desiccation processes, for a well-maintained phantom, occur over the timescale of years. The
measurements acquired during the current study were taken over a two-month period; thus,
the authors believe that the desiccation phenomenon is not of significance in this work. The
range of gain settings was selected a priorito represent extremes of what would be a
diagnostic image. Ideally, gain should be incremented over 1 dB/% intervals to more
precisely determine the influence of gain on GSM values.

This study demonstrated that the GSM values, measured from images of a grayscale small
parts phantom, are influenced markedly by ultrasound instrumentation. The methods
provided in the current work can be adapted by investigators wishing to quantify the
reliability and variability in their own studies using textural features for analysis of carotid
plaque and the arterial wall. GSM measurements are reliable when obtained from the same
ultrasound system but differ within systems as gain changes and between systems. Because
this textural feature has been shown to have merit for risk stratification of carotid
atherosclerotic disease and in the detection of vulnerable plaque, researchers and clinicians
should work to minimize variability in GSM values resulting from ultrasound system and
image acquisition settings, in particular, gain. Suggestions include: 1) utilizing a
standardized preset that is not altered throughout the course of a study, 2) engaging in
phantom assessments throughout the study to assure stable image quality, and 3)
incorporating reproducibility measures to ensure that machine settings remain constant over
the course of an imaging session or study.
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Figure 1.
Gammex small parts grey scale phantom used in image acquisition. Arrows point to the two

cystic structures imaged as the simulated near zone (cystic target) and far zone (grayscale
target) vessels. Ultrasound images obtained from these vessels are shown in Figure 2.
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(4 mm diameter, 1 cm depth) (7 mm diameter, 3 cm depth)
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Figure 2.
Images in row A show the near and far zone vessels at various gains before normalization.

Images in row B show the same vessels after normalization. After normalization, grayscale
variations across differently gained images appear more uniform.
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Figure 3.
The region of interest (ROI) traced for grayscale analysis is identified by the ruler tool (left).

The resulting segmentation is shown in grayscale and in color (middle). Colors correspond
to the following grayscale values: black — 0 to 25; blue — 26 to 50; green — 51 to 75; yellow —
76 to 100; orange — 101 to 125; and, red — 126 to 255. Grayscale median value and grayscale
value histogram for this segmentation is also shown (right). The GSM for this ROl is 78.90.
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Figure 4.

The output from the grayscale analysis software shows segmented grayscale images in the
top row and colorized images better depicting grayscale variations in the bottom row. With
this software, the colors correspond to the following grayscale values: black — 0 to 25; blue —
26 to 50; green — 51 to 75; yellow — 76 to 100; orange — 101 to 125; and, red — 126 to
255...GSM for OGV - 10 dB/%, OGV dB/%, and OGV + 10 dB/% are 35.45, 75.53, and
90.97.
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Figure 5.

Mean GSM value plotted for each reading measurement session. GSM values within

ultrasound system and across reading sessions are relatively stable.
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Figure 6.

Forest plot demonstrating mean GSM values and 95% CI for each system and across gain

settings (OGV - 10 dB/%, OGV dB/%, OGV + 10 dB/%).
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Subject 2
(Region of Interest: Distal 1.0 cm in far wall of left CCA)
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Figure 7.
Grayscale analysis results for the 2 human participants obtained across 3 different gain

values are shown below. For each participant, row A shows the normalized and standardized
images used. Images in row B show the segmented ROIs in grayscale and as a colorized
output from the plaque analysis software. Row C provides the GSM values for these ROIs.
Note that as the gain value increases, the GSM value likewise increases, which agrees with
the grayscale phantom results for a single ultrasound imaging system. CCA indicates
common carotid artery.
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Concordance Correlation Coefficients (CCC) and Within-Reader Reliability Intra-Class Correlation
Coefficients (ICC) per System and Averaged Across 3 GSM Measurement Sessions.

Table 2

System
Identification
Code

® m m O O W

CCC (95% CI)

0.853 (0.750, 0.915)
0.956 (0.922, 0.975)
0.893 (0.834, 0.932)
0.876 (0.778, 0.932)
0.941 (0.887, 0.969)
0.936 (0.894, 0.962)
0.938 (0.894, 0.964)

ICC - Reader 1

0.941
0.976
0.959
0.922
0.952
0.941
0.945

ICC - Reader 2

0.878
0.941
0.853
0.847
0.944
0.946
0.938
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