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Carotid Artery Echolucency, Texture Features, and Incident
Cardiovascular Disease Events: The MESA Study

Carol C. Mitchell, PhD; Claudia E. Korcarz, DVM; Adam D. Gepner, MD; Rebecca Nye, BS; Rebekah L. Young, PhD; Mika Matsuzaki, PhD;
Wendy S. Post, MD, MS; Joel D. Kaufman, MD, MPH; Robyn L. McClelland, PhD; James H. Stein, MD, FAHA

Background—We hypothesized that measures of common carotid artery echolucency and grayscale texture features were
associated with cardiovascular disease (CVD) risk factors and could predict CVD events.

Methods and Results—Using a case-cohort design, we measured common carotid artery ultrasound images from 1788
participants in Exam 1 of the MESA study (Multi-Ethnic Study of Atherosclerosis) to derive 4 grayscale features: grayscale median,
entropy, gray level difference statistic-contrast, and spatial gray level dependence matrices-angular second moment. CVD risk
factor associations were determined by linear regression. Cox proportional hazard models with inverse selection probability
weighting and adjustments for age, sex, race/ethnicity, CVD risk factors, and C-reactive protein were used to determine if
standardized values for grayscale median, entropy, gray level difference statistic-contrast, and spatial gray level dependence
matrices-angular second moment could predict incident coronary heart disease, stroke, and total CVD events over a median
13 years follow-up. Participants were mean (SD) 63.1 (10.3) years of age, 52.6% female, 32.1% white, 27.8% black, 23.3% Hispanic,
and 16.8% Chinese. There were 283 coronary heart disease, 120 stroke, and 416 CVD events. Several associations of grayscale
features with CVD risk factors were identified. In fully adjusted models, higher gray level difference statistic-contrast was
associated with a lower risk of incident coronary heart disease (hazard ratio 0.82, 95% Cl 0.71-0.94, p,4=0.005) and CVD events
(hazard ratio 0.87, 95% Cl 0.77-0.98, p,qi=0.018); higher spatial gray level dependence matrices-angular second moment was
associated with a higher risk of CVD events (hazard ratio 1.09, 95% Cl 1.00-1.19, p,q;=0.044).

Conclusions—Gray level difference statistic-contrast and spatial gray level dependence matrices-angular second moment
predicted CVD events independent of risk factors, indicating their potential use as biomarkers to assess future CVD risk. (J Am
Heart Assoc. 2019,8:e010875. DOI: 10.1161/JAHA.118.010875.)
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-mode grayscale ultrasound imaging traditionally is used

to identify arterial injury, manifested as carotid artery
atherosclerotic plaque or increased intima-media thickness
(IMT), however advances in software and image analysis
permit characterization of the arterial wall beyond macro-
scopic changes.'® Advances in image analysis allow for the
use of statistical analyses of grayscale pixel density, bright-

characterize tissue composition in carotid plaques and more
recently, the arterial wall.®'” First-order statistics derived
from the image histogram, such as the grayscale median
(GSM) and entropy, are used to characterize the overall
echogenicity and randomness in a segmented region of
interest of the arterial wall.>”?"'® Statistical methods such as
gray level difference statistics (GLDS) and spatial gray level

ness, and variation, measures that have been used to dependence matrices (SGLDM) can describe spatial
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Clinical Perspective

What Is New?

» Measures that characterize ultrasound grayscale brightness
(grayscale median) and texture (entropy, contrast, spatial
gray level dependence) are associated with several cardio-
vascular disease risk factors and risk of cardiovascular
disease events.

What Are the Clinical Implications?

» These measures of carotid arterial wall echogenicity and
texture describe arterial wall structure, composition, and
changes associated with early arterial injury and have
potential to be used as imaging biomarkers to assess future
risk of cardiovascular disease.

relationships between 2 pixels.”””"'® Previous studies have
demonstrated variable associations of carotid artery GSM,
entropy, gray level difference statistics-contrast (GLDS-C) and
angular second moment (ASM) with cardiovascular disease
(CVD) risk factors and events, however these studies were
small,’® had few outcome events,? and/or had inconsistent
findings.'"'%1¢17:2% We hypothesized that novel measures of
carotid artery echolucency and grayscale texture features
were associated with traditional and non-traditional CVD risk
factors and could predict incident CVD events in middle-aged
adults.

Methods

The data are available to other researchers through the
National Institutes of Health, National Heart, Lung, and Blood
Institute, Biologic Specimen and Data Repository Information
Coordinating Center.?"?? Analytic methods (eg, R code) may
be requested from the author as there is presently no public
access mechanism for archival of individual manuscript
coding files. Researchers with interest in the ultrasound
images or other study materials are invited to contact MESA
(Multi-Ethnic Study of Atherosclerosis) via the study authors
about access to images which are held internally at MESA
because of the size of the archive and to protect participant
privacy in accordance with participant consent.

Participants

This study was approved by the institutional review boards
at each field center, the University of Wisconsin Carotid
Ultrasound Reading Center, and the University of Washing-
ton Data Coordinating Center. Each participant provided
informed consent before participation.?""** Details on MESA

have been previously published.?' Briefly, the MESA is a
National Heart, Lung, and Blood Institute (NHLBI)-funded
longitudinal cohort study that is evaluating the prevalence,
progression and CVD risk factor associations of correlates
and progression of subclinical CVD in a multi-ethnic
population. At the time of recruitment, participants were
between the ages of 45 to 84 years and did not have known
CVD.?" We used a case-cohort study design®*2° to study
participants from the MESA that had a carotid ultrasound
study at Exam 1 (2000-2002) performed at 4 field centers
(Baltimore County and Baltimore City, Maryland; Chicago,
lllinois; Los Angeles County, California; and New York, New
York). Participants from 2 other field centers were not
evaluated because their ultrasound images were acquired
using a different grayscale map that altered the grayscale
echolucency and texture features analyzed in this report. The
Exam 1 population selected for this analysis consisted of all
cases, defined as participants that had any CVD event
(myocardial infarction, resuscitated cardiac arrest, definite
angina followed by revascularization, stroke, stroke death,
coronary heart disease [CHD], CHD death, other atheroscle-
rotic death, other CVD death; n=491) adjudicated between
2000 and 2013 and a randomly selected subcohort
(n=1559) from 4651 eligible participants, for a total of
2050 participants analyzed. Of note, some data from 151
participants were included in our pilot study.'”

CVD Risk Factor Assessments

Questionnaires were given to participants to obtain data on
demographics, smoking history, family history of CVD, alcohol
consumption, medical history, prescription medications,
non-prescription medications, dietary intake, psychosocial
parameters, and physical activity.”! Anthropomorphic
measurements of weight and height were recorded.?’?%%7
Seated blood pressures were measured in triplicate with the
mean of the last 2 used for analysis (Dinamap model Pro 100
oscillometric sphygmomanometer, Critikon, Tampa, Florida,
USA).2"?* Hypertension was defined as a systolic blood
pressure >140 mmHg, a diastolic blood pressure >90 mmHg
or use of antihypertension medication.?® Diabetes mellitus
was defined as a fasting blood glucose level >126 mg/dL
or the use of diabetes mellitus medication; impaired
fasting glucose was defined as a fasting glucose level of
100 to 125 mg/dL without use of diabetes mellitus
medication.?’%®

Laboratory Measurements

At Exam 1, blood samples were collected after a 12-hour
fast and were analyzed in a central laboratory for glu-
cose, total cholesterol, high-density lipoprotein cholesterol,
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high-sensitivity C-reactive protein, interleukin-6, D-Dimer,
and fibrinogen antigen.?"?*>?° The Modification of Diet in
Renal Disease equation, indexing per 1.73 m? for body
surface area was used to calculate the estimated glomeru-
lar filtration rate.>® The central laboratory was responsible
for training, certifying, and overseeing quality control of all
Field Center laboratory technicians.?'

CVD Event Adjudication

The MESA protocol for event adjudication has been reported
previously.?"®" CVD events examined were angina, definite
and probable infarction, resuscitated cardiac arrest, CHD
death, transient ischemic attack, stroke, and stroke death.3?
CHD events recorded were angina, myocardial infarction,
resuscitated cardiac arrest, and CHD death.*? Angina was
defined as definite (evidence of CHD), probable (documenta-
tion of patient treatment for angina and ischemic symptoms)
or absent. Stroke was defined as a neurologic event that
lasted >24 hours or until death with a brain imaging finding.*?
Event data were collected through follow-up telephone calls,
patient information at MESA visits, and medical records. Two
independent physicians, masked to participant data, served
as adjudicators.>"

Carotid Ultrasound Imaging and IMT
Measurement

The carotid imaging protocol for the MESA has been
described previously.?®3® Transverse and longitudinal images
were acquired from the clavicle to the most distal portion of
the internal carotid artery. Images were recorded on video-
tape using a GE 700 Logic ultrasound system and a M12L
transducer (General Electric Medical Systems, Waukesha, WI,
USA). Videotape images were digitized using the Medical
Digital Recording device (PACSGEAR, Pleasanton, CA, USA)
and converted to digital format (Digital Imaging and Commu-
nications in Medicine files).?®>® Digital Imaging and Commu-
nications in Medicine images were imported into syngo
Ultrasound Work Place reading stations at the University of
Wisconsin Atherosclerosis Imaging Research Program MESA
Carotid Ultrasound Reading Center. Arterial Health Package
software (Siemens Medical, Malvern, PA, USA) was used to
measure carotid IMT. Mean IMT of the distal 1.0 cm of the far
walls of the right and left common carotid arteries (CCAs)
were measured in triplicate and plaques were identified.*

Grayscale Analysis

Digital Imaging and Communications in Medicine files
containing images of the distal CCAs at end-diastole were

converted to bitmap images for grayscale analysis using
LifeQ Medical Carotid Plaque Analysis Software (Nicosia,
Cyprus) (see Data S1 for more detail on Grayscale Analysis
Methods).'” Grayscale texture features analyzed for this
study were GSM, entropy, GLDS-C, and SGLDM-ASM.
Grayscale analysis included normalization, standardization,
segmentation, and feature extraction. Images were normal-
ized such that the blackest area in the blood was assigned
a grayscale value of 0 and the brightest white portion in
the middle of the adventitia a grayscale value of 190. After
normalization, images were standardized to a pixel density
of 20/mm."3* Segmentation of the arterial wall was
performed by identifying the distal one centimeter (cm)
segment of the CCA immediately proximal to the carotid
bulb. The far wall of the distal CCA was segmented by
tracing the blood-intima interface and media adventitia
interface for a distance of 1 cm (Figure 1).'®"” Grayscale
texture features were extracted from the segmented wall
using the LifeQ Medical software.

Grayscale Phantom Measurements

To determine the effect of acquisition from digitized
videotape on grayscale features we performed a phantom
study (experiment details and image provided in Data S1).
We imaged a grayscale small parts phantom (404GS
precision small parts grey scale phantom, Gammex Middle-
ton, WI, USA) stored images directly (direct acquisition)
from the Logic 700 system RGB video-out signal into the
Medical Digital Recording device, and also recorded the
same image with videotape first and then digitized the
image (digitized from videotape) with the Medical Digital
Recording device (Figure S1).

Feature Extraction

GSM and entropy are first-order statistics derived from the
grayscale histogram.?> GSM is the median grayscale value
within the segmented region of interest of the arterial wall and
represents echogenicity.>”*> Entropy is a measure of
randomness or uncertainty of how grayscale values are
distributed in the image using the formula:®-*°

ENT = — Z p(i) log(p(i))

where p(i) is the probability that a grayscale value / is
contained within the region of interest.

GLDS methods use properties from the first-order statis-
tics to measure the distribution of grayscale values and to
assess the heterogeneity of region of interest. The measure-
ment computes the differences in grayscale values between
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Figure 1. A, Demonstrates the B-mode grayscale image of the distal common carotid artery.
B, Demonstrates the segmented grayscale distal 1.0 cm of the far wall of the common carotid artery.
C, Demonstrates the colorized segmented distal common carotid artery. The LifeQ Medical software
colorizes the pixels based on grayscale value, 0 to 25 black, 26 to 50 blue, 51 to 75 green, 76 to 100
yellow, 101 to 125 orange, 126 to 255 red.®® The grayscale measures for this segmentation are
GSM=61.4, entropy=4.7, GLDS-C=210.9 and SGLDM-ASM=0.0005.

pixels at different distances and directions using the

formula:®73%36

CON = 1% ps(i)

where / is the difference between 2 pixels and ps(/) is the
individual probabilities that a grayscale value will occur at a
given distance.

SGLDM methods characterize the texture of an image by
calculating how often pairs of pixels with specific grayscale
values occur next to each other at a specific distance and
direction, with angles limited to 0, 45, 90, and 135 degrees.
The SGLDM is constructed by calculating the frequency of
each pair of pixels at a given distance and direction.'® After
construction of the SGLDM, ASM is computed using the

following equation:®”3°

fi= Z Z {p(i,)}?

i

where f, represents ASM, p(ij) is the (ij)™ element in the
SGLDM matrix.>®

Additional information about grayscale methods is pro-
vided in Figures S1 through S9.

Reproducibility

Two readers measured 22 carotid arterial wall images twice,
masked to the first reading and to each other’s measure-
ments. The average (SD) GSM for reader 1 was 52.3 (24.7)
units compared with 52.8 (26.7) units for reader 2. The first
readings for each reader were used to examine inter-reader
differences. The inter-observer absolute difference was 4.7
(5.0) units. The inter-observer within-subject standard devia-
tion was 4.8 units and the intraclass correlation coefficient
was 0.97 (95% Cl 0.92 to 0.99). For GLDS-C the inter-
observer within-subject standard deviation was 17.6 and the
intraclass correlation coefficient was 0.91 (95% Cl 0.80 to
0.96). Pearson correlation coefficients and linear regression
are presented as a scattergram (GSM r=0.97, R*=0.93; GLDS-C
r=0.92, R?=0.85) (Figure 2).

Statistical Analysis

We performed a case-cohort analysis that defined cases as
participants who had any CVD event, as above. After
excluding 29 participants who were ineligible for the MESA
study or who had no follow-up data and excluding participants
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Figure 2. A, Inter-reader results for GSM measurements. B, Inter-reader results for GLDS-C. GSM
indicates grayscale median; GLDS-C, gray level difference statistics-contrast.

at MESA sites with incompatible ultrasound grayscale maps,
491 participants were identified as cases. The subcohort was
selected randomly from the 4651 participants who were
eligible for inclusion. Because the subcohort is a random
sample of the whole cohort, it included 94 incident cases, as
shown in Figure 3.

R version 3.4.1 was used to perform all statistical analyses.

Continuous variables are reported as means (SD). Categorical
variables are reported as counts and percentages. SGLDM-
ASM was natural log transformed. Multivariable linear
regression models in the random subcohort were used to
identify the strength and direction of associations between

MESA
Original Cohort
(n=6814)

/\

Not Eligible for Inclusion
1. Participants found to be ineligible after
baseline or with no follow-up data (n=29)

Eligible for Inclusion

(n=4651)

2. Participants at MESA site 3 or 6 (n=2134)

A 4

Cases (and in
the subcohort)
(n=94)

Cases (notin
Subcohort)
(n=397)

Images
(n=58)

Not Measurable

hd

Random
Subcohort
(n=1559)
Full Case-Cohort Not Measurable Not Measurable
(n=2050) Images Images
(n=187) (n=17)
A4
Random
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(n=1372)

Cases (and in
the subcohort)
(n=77)

Not measurable: images not available, wrong image preset, poor quality

A

hJ

Cases (notin
Subcohort)
(n=339)

Figure 3. Case-Cohort Design, MESA sites 3 and 6 not included because of scanning with different imaging presets. MESA indicates Multi-

Ethnic Study of Atherosclerosis.
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each CVD risk factor and each ultrasound measure alone and
after adjusting for age, sex, and race. All models used the
minimum of the right and left CCA GSM, entropy, and GLDS-C
values and the maximum of the right and left CCA SGLDM-
ASM value. This represents the most severe side for each
measurement and summarizes the data as a single observa-

are reported per SD increment. Cox proportional hazards
models with inverse selection probability weighting were used
to determine if standardized values for GSM, entropy, GLDS-C,
and SGLDM-ASM could predict incident CHD, stroke, and CVD
events over the follow-up period. Model 0 assessed associ-
ations between each image outcome and events without

tion per participant for each measure. Continuous variables

Table 1. Participant Characteristics

controlling for any other covariates. Model

1 assesse

d

All (n=1788) Non-Cases (n=1372) Cases (n=416)

Age, y 63.1 (10.3) 61.84 (10.25) 67.42 (9.48)
Sex (n, %)

Female 940 (52.6) 766 (55.8) 174 (41.8)

Male 848 (47.4) 606 (44.2) 242 (58.2)
Race (n, %)

White 574 (32.1) 442 (32.2) 132 (31.7)

Black, African-American 497 (27.8) 379 (27.6) 118 (28.4)

Hispanic 416 (23.3) 308 (22.4) 108 (26)

Chinese-American 301 (16.8) 243 (17.7) 58 (13.9)
Smoking status (n, %)

Never 931 (52.1) 748 (54.6) 183 (44)

Former 634 (35.5) 467 (34.1) 167 (40.1)

Current 221 (12.4) 155 (11.3) 66 (15.9)
Diabetes mellitus (n, %)

Impaired fasting glucose 258 (14.5) 191 (14) 67 (16.1)

Normal 1275 (71.5) 1031 (75.4) 244 (58.8)

Diabetes mellitus 250 (14) 146 (10.7) 104 (25.1)
Hypertension (n, %)

No 986 (55.1) 836 (60.9) 150 (36.1)
Yes 802 (44.9) 536 (39.1) 266 (63.9)
Systolic blood pressure (mmHg) 126.8 (21.7) 124.3 (20.9) 135.0 (22.4)
Diastolic blood pressure (mmHg) 72 (10.4) 71.3 (10.1) 74.3 (11.1)

Body-mass index (kg/m?) 27.8 (5.3) 27.7 (5.4) 28 (5.1)
Total cholesterol (mmol/L) 5.1 (1.0) 5.1 (0.9) 5.1 (1.0
High-density lipoprotein cholesterol (mmol/L) 1.4 (0.4) 1.4 (0.4) 1.3 (0.4)
C-reactive protein (nmol/L) 36.2 (63.8) 36.1 (65.1) 37.5 (58.5)
Interleukin-6 (pg/L) 1500 (1200) 1490 (1220) 1730 (1180)
D-Dimer (nmol/L) 2.2 (3.3) 1.9 (3.1) 2.3 (3.4)
Fibrinogen (umol/L) 10.3 (2.2) 10.1 (2.2) 10.8 (2.4)
Carotid intima-media thickness (mm) 0.8 (0.2 0.8 (0.2 0.9 (0.2
Carotid grayscale median (units) 61.9 (23.4) 62.7 (23.4) 59.1 (23.3)
Carotid entropy (units) 4.6 (0.2) 4.6 (0.2) 4.5 (0.2)
Carotid GLDS-C (units) 159.7 (70.3) 163.7 (71.8) 145.9 (62.8)
Carotid SGLD-ASM (log units) -7.1(0.7) -7.1(0.7) —7.1(0.8)

All values are mean (SD) unless noted otherwise. GLDS-C indicates gray level difference statistic-contrast; SGLDM-ASM, spatial gray level dependence matrices-angular second moment.
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Table 2. Cross-Sectional Associations Between Imaging Markers and Cardiovascular Disease Risk Factors in the Random

Subcohort (N=1449)

Model 0 (Unadjusted) Model 1 (Adjusted for Age, Sex, Race/Ethnicity),

N=1449 Standard Deviation | B (95% Cl) P Value B (95% CI) P Value
Grayscale median

Age, y 10.3 —2.94 (-3.99, —1.89) <0.001*

Sex (male) - 0.62 (—1.51, 2.76) 0.567

Race (Chinese-American) - 14.69 (11.64, 17.74) <0.001*

Race (Black, African-American) - —0.01 (—2.65, 2.64) 0.997

Race (Hispanic Latino) - 2.45 (—0.36, 5.26) 0.088

Body-mass index (kg/m?) 54 —2.43 (—3.49, —1.38) <0.001* | —1.06 (—2.16, 0.05) 0.061

Smoking status: Current —3.75 (-7.18, —0.33) 0.032* —2.28 (—5.66, 1.10) 0.185

Smoking status: Former - —2.26 (—4.57, 0.05) 0.055 0.57 (—1.76, 2.90) 0.633

Total cholesterol (mmol/L) 0.93 —0.89 (—1.95, 0.17) 0.100 —0.74 (—1.78, 0.30) 0.162

High-density lipoprotein cholesterol (mmol/L) | 0.40 —1.13 (-2.19, —0.07) 0.037* —0.35 (—1.48, 0.78) 0.543

Diabetes mellitus (IFG) - —2.03 (—5.10, 1.04) 0.195 —2.37 (—5.36, 0.62) 0.12

Diabetes mellitus (DM) - —1.43 (—4.84, 1.98) 0.410 —0.95 (—4.28, 2.38) 0.577

Hypertension (yes) - —4.47 (—6.62, —2.32) <0.001* | —2.44 (—4.64, —0.24) 0.029*

C-reactive protein (nmol/L) 6381 —0.79 (—1.85, 0.28) 0.146 —0.19 (—1.22, 0.83) 0.711

Interleukin-6 (pg/L) 1200 —1.36 (—2.43, —0.29) 0.013* —0.29 (—1.33, 0.76) 0.59

D-Dimer (nmol/L) 3.29 —1.69 (—2.75, —0.63) 0.002* | —0.72 (—1.76, 0.32) 0.175

Fibrinogen (wmol/L) 2.19 —1.88 (—2.94, —0.82) 0.001* —0.99 (—2.05, 0.08) 0.070
Entropy

Age, y 10.3 —0.03 (—0.04, —0.02) <0.001*

Sex (male) - 0.00 (—0.02, 0.03) 0.794

Race (Chinese-American) - 0.02 (—0.02, 0.05) 0.357

Race (Black, African-American) - 0.01 (—0.02, 0.04) 0.455

Race (Hispanic Latino) - 0.00 (—0.03, 0.03) 0.989

Body-mass index (kg/m? 5.4 0.00 (—0.01, 0.01) 0.865 —0.00 (—0.01, 0.01) 0.882

Smoking status: Current - —0.02 (—0.06, 0.02) 0.301 —0.03 (—0.07, 0.01) 0.102

Smoking status: Former - —0.01 (—0.04, 0.01) 0.266 —0.01 (—0.03, 0.02) 0.530

Total cholesterol (mmol/L) 0.93 —0.00 (—0.02, 0.01) 0.594 —0.00 (—0.01, 0.01) 0.821

High-density lipoprotein cholesterol (mmol/L) | 0.40 —0.01 (—0.02, 0.00) 0.086 —0.01 (—0.02, 0.00) 0.19

Diabetes mellitus (IFG) - —0.02 (—0.05, 0.02) 0.290 —0.01 (—0.04, 0.02) 0.565

Diabetes mellitus (DM) - —0.01 (—0.04, 0.03) 0.693 0.00 (—0.04, 0.04) 0.896

Hypertension (yes) - —0.03 (—0.05, —0.00) 0.025* —0.01 (—0.03, 0.02) 0.495

C-reactive protein (nmol/L) 6381 0.00 (—0.01, 0.01) 0.746 0.00 (—0.01, 0.01) 0.656

Interleukin-6 (pg/L) 1200 —0.00 (—0.02, 0.01) 0.473 0.00 (—0.01, 0.01) 0.949

D-Dimer (nmol/L) 3.29 —0.01 (—0.03, —0.00) 0.014* —0.01 (—0.02, 0.00) 0.144

Fibrinogen (nmol/L) 2.19 —0.01 (—0.02, 0.00) 0.056 —0.01 (—0.02, 0.01) 0.263
GLDS-C

Age, y 10.3 —14.4 (—17.17, —11.64) <0.001*

Sex (male) - —6.60 (—12.35, —0.85) 0.024*

Race (Chinese-American) - —2.54 (—11.06, 5.97) 0.558

Continued
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Model 0 (Unadjusted) Model 1 (Adjusted for Age, Sex, Race/Ethnicity)
N=1449 Standard Deviation B (95% Cl) P Value B (95% Cl) P Value
Race (Black, African-American) - —5.33 (—12.73, 2.06) 0.157
Race (Hispanic Latino) - —7.72 (—15.58, 0.13) 0.054
Body-mass index (kg/m? 5.4 —5.36 (—8.21, —2.51) <0.001* | —7.22 (—10.21, —4.23) <0.001*
Smoking status: Current - —4.48 (—13.74, 4.79) 0.344 —7.87 (—17.07, 1.33) 0.093
Smoking status: Former - —5.40 (—11.65, 0.84) 0.090 —2.12 (—8.46, 4.22) 0.512
Total cholesterol (mmol/L) 0.93 —2.17 (—5.03, 0.69) 0.138 —2.34 (—5.16, 0.48) 0.104
High-density lipoprotein cholesterol (mmol/L) | 0.40 2.62 (—0.24, 5.48) 0.072 2.77 (—0.31, 5.84) 0.078
Diabetes mellitus (IFG) - —10.12 (—18.35, —1.88) 0.016* —4.13 (—12.25, 4.00) 0.319
Diabetes mellitus (DM) - —19.66 (—28.79, —10.53) | <0.001* | —12.47 (—21.52, —3.41) | 0.007*
Hypertension (yes) - —16.55 (—22.32, —10.77) | <0.001* | —7.87 (—13.85, —1.89) 0.010*
C-reactive protein (nmol/L) 6381 —1.61 (—4.48, 1.25) 0.27 —1.49 (—4.29, 1.30) 0.295
Interleukin-6 (pg/L) 1200 —5.12 (—8.00, —2.24) 0.001* —3.19 (—6.02, —0.36) 0.027*
D-Dimer (nmol/L) 3.29 —1.68 (—4.55, 1.19) 0.251 1.20 (—1.63, 4.03) 0.406
Fibrinogen (umol/L) 219 —5.17 (-8.03, —2.32) <0.001* | —3.40 (—6.30, —0.51) 0.021*
Log SGLDM-ASM
Age, y 10.3 0.078 (0.04, 0.12) <0.001*
Sex (male) - —0.07 (—0.16, 0.01) 0.078
Race (Chinese-American) - —0.25 (—-0.37, —0.13) <0.001*
Race (Black, African-American) - 0.04 (—0.06, 0.15) 0.427
Race (Hispanic Latino) - —0.01 (—0.12, 0.10) 0.851
Body-mass index (kg/m?) 5.4 —0.01 (—0.05, 0.03) 0.538 —0.05 (—0.10, —0.01) 0.021*
Smoking status: Current - 0.11 (—0.02, 0.24) 0.103 0.10 (—0.04, 0.24) 0.152
Smoking status: Former - 0.03 (—0.06, 0.12) 0.578 —0.01 (—0.11, 0.08) 0.775
Total cholesterol (mmol/L) 0.93 0.01 (—0.04, 0.05) 0.758 —0.00 (—0.05, 0.04) 0.877
High-density lipoprotein cholesterol (mmol/L) | 0.40 0.05 (0.01, 0.09) 0.021* 0.02 (—0.02, 0.07) 0.296
Diabetes mellitus (IFG) - —0.00 (—0.12, 0.12) 0.962 —0.00 (—0.12, 0.12) 0.99
Diabetes mellitus (DM) - —0.07 (—0.20, 0.06) 0.296 —0.10 (—0.23, 0.04) 0.152
Hypertension (yes) - 0.09 (0.00, 0.17) 0.041* 0.03 (—0.06, 0.11) 0.583
C-reactive protein (nmol/L) 6381 0.01 (—0.03, 0.05) 0.571 —0.00 (—0.05, 0.04) 0.859
Interleukin-6 (pg/L) 1200 0.01 (—0.04, 0.05) 0.775 —0.02 (—0.06, 0.02) 0.380
D-Dimer (nmol/L) 3.29 0.08 (0.04, 0.12) <0.001* | 0.06 (0.02, 0.10) 0.006*
Fibrinogen (wmol/L) 2.19 0.04 (—0.01, 0.08) 0.096 0.01 (—0.04, 0.05) 0.768

Model 0 assessed unadjusted associations between each image outcome and each CVD risk factor; Model 1 assessed the same associations controlling for age, sex, and race. All
continuous variables per SD increment. The SDs are calculated from the subcohort data. DM indicates diabetes mellitus; GLDS-C, gray level difference statistic-contrast; IFG, impaired

fasting glucose; SGLDM-ASM, spatial gray level dependence matrices-angular second moment.
*P value less than 0.05.

associations controlling for age, sex, and race/ethnicity.
Model 2 examined associations as in model 1 with additional
control for glycemic status (normal, impaired fasting glucose,
diabetes mellitus), hypertension (yes/no), smoking status
(never, former, current), total cholesterol, high-density lipopro-
tein cholesterol, body-mass index, and C-reactive protein.

Model 3 examined associations as in model 2 with additional
control for the mean of the right and left CCA IMT. These
models described the ability of the grayscale measures to
predict future CHD, stroke, and CVD events. Unadjusted
Kaplan—Meier curves were used to examine tertile relation-
ships of each grayscale marker to CHD, stroke and CVD
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Table 3. Cox Proportional Hazard Models for Coronary Heart Disease

Model 1 (Adjusted for Age, Sex,
Model 0 (Unadjusted) Race/Ethnicity) Model 2 (Fully Adjusted)
Standard Deviation Hazard Ratio (95% Cl) P Value Hazard Ratio (95% Cl) P Value Hazard Ratio (95% Cl) P Value
Grayscale median 20.6 0.84 (0.75, 0.95) 0.003* 0.92 (0.82, 1.03) 0.155 0.95 (0.84, 1.07) 0.361
Entropy 0.22 0.88 (0.79, 0.97) 0.014~ 0.93 (0.84, 1.03) 0.142 0.90 (0.81, 1.00) 0.055
GLDS-C 54.6 0.69 (0.60, 0.79) <0.001* 0.80 (0.70, 0.92) 0.001* 0.82 (0.71, 0.94) 0.005*
Log SGLDM-ASM 0.81 1.11 (1.01, 1.23) 0.039* 1.08 (0.97, 1.19) 0.154 1.11 (1.00, 1.23) 0.060

Fully adjusted model is adjusted for age, sex, race/ethnicity, glycemic status (normal, impaired fasting glucose, diabetes mellitus), hypertension (yes/no), smoking status (never, former,
current), total cholesterol, high-density lipoprotein cholesterol, body-mass index, C-reactive protein. GLDS-C indicates gray level difference statistic-contrast; SGLDM-ASM, spatial gray

level dependence matrices-angular second moment.
*P value less than 0.05..

events. A sensitivity analysis was performed with additional
adjustment for use of lipid-lowering medications.

Results

Participant Characteristics

At Exam 1, participants were mean (SD) 63.1 (10.3) years of
age, 52.6% female, 32.1% white, 27.8% black, 23.3% Hispanic,
and 16.8% Chinese (Table 1). Of the 2050 participants, 262
had images that were not measurable because they were not
available, had poor image quality, or the ultrasonographer used
an image optimization feature that changed the grayscale map,
resulting in 1788 participants with at least 1 CCA image
available. A total of 3106 images were analyzed from these
participants. Grayscale values of CCA GSM, entropy, GLDS-C,
SGLDM-ASM, carotid IMT, and CVD risk factors are presented
in Table 1. There were 283 CHD, 120 stroke, and 416 CVD
events over a median of 13 years follow-up.

Relationships Between Carotid Artery Grayscale
Features and CVD Risk Factors

In unadjusted models, several statistically significant associ-
ations between CVD risk factors and GSM, entropy, GLDS-C,

Table 4. Cox Proportional Hazard Models for Stroke

and SGLDM-ASM were identified (Table 2). After adjustment
for age, sex, and race/ethnicity, we identified statistically
significant inverse associations of GSM with hypertension,
GLDS-C with body-mass index, diabetes mellitus, hyperten-
sion, interleukin-6, and fibrinogen, and SGLDM-ASM with
body-mass index and D-Dimer. After adjustment for age, sex
and race/ethnicity, entropy was not associated significantly
with any CVD risk factor.

Grayscale Phantom Measurement Results

Grayscale texture feature measurements demonstrated small
differences based on direct acquisition versus digitized from
videotape (Data S1). Direct acquisition GSM 111.88, entropy
4.79, GLDS-C 255.26 and SGLDM-ASM 0.0002. Digitized
from videotape GSM 103.38, entropy 4.76, GLDS-C 263.51,
and SGLDM-ASM 0.0002 (Figure S1).

Cox Proportional Hazard Models

In unadjusted models, all 4 grayscale markers significantly
predicted incident CHD and CVD events (Tables 3 through 5).
Only GSM and GLDS-C predicted stroke events. When
examining these markers by tertile, Kaplan—Meier curves
demonstrated significant differences between the first and

Model 1 (Adjusted for Age, Sex,
Model 0 (Unadjusted) Race/Ethnicity) Model 2 (Fully Adjusted)
Standard Deviation Hazard Ratio (95% CI) P Value Hazard Ratio (95% Cl) P Value Hazard Ratio (95% CI) P Value
Grayscale median 20.6 0.81 (0.68, 0.95) 0.012¢ 0.89 (0.75, 1.06) 0.196 0.91 (0.76 1.09) 0.306
Entropy 0.22 0.99 (0.83, 1.17) 0.873 1.06 (0.89, 1.25) 0.522 1.04 (0.87, 1.25) 0.636
GLDS-C 54.6 0.75 (0.62, 0.90) 0.002* 0.89 (0.74, 1.08) 0.249 0.96 (0.78, 1.17) 0.688
Log SGLDM-ASM 0.81 1.07 (0.91, 1.26) 0.434 1.01 (0.86, 1.18) 0.936 1.05 (0.89, 1.23) 0.582

Fully adjusted model is adjusted for age, sex, race/ethnicity, glycemic status (normal, impaired fasting glucose, diabetes mellitus), hypertension (yes/no), smoking status (never, former,
current), total cholesterol, high-density lipoprotein cholesterol, body-mass index, C-reactive protein. GLDS-C indicates gray level difference statistic-contrast; SGLDM-ASM, spatial gray

level dependence matrices-angular second moment.

*P value less than 0.05.
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Table 5. Cox Proportional Hazard Models for Cardiovascular Disease

Model 1 (Adjusted for Age, Sex,
Model 0 (Unadjusted) Race/Ethnicity) Model 2 (Fully Adjusted)
Standard Deviation Hazard Ratio (95% Cl) P Value Hazard Ratio (95% Cl) P Value Hazard Ratio (95% Cl) P Value
Grayscale median 20.6 0.81 (0.74, 0.89) <0.001* 0.89 (0.81, 0.98) 0.020* 0.92 (0.83,1.01) 0.084
Entropy 0.22 0.89 (0.82, 0.97) 0.006™ 0.94 (0.87, 1.03) 0.187 0.93 (0.85, 1.01) 0.094
GLDS-C 54.6 0.70 (0.63, 0.78) <0.001* 0.83 (0.74, 0.92) 0.001* 0.87 (0.77, 0.98) 0.018*
Log SGLDM-ASM 0.81 1.11 (1.02, 1.21) 0.016* 1.06 (0.98, 1.15) 0.165 1.09 (1.00, 1.19) 0.044%

Fully adjusted model is adjusted for age, sex, race/ethnicity, glycemic status (normal, impaired fasting glucose, diabetes mellitus), hypertension (yes/no), smoking status (never, former,
current), total cholesterol, high-density lipoprotein cholesterol, body-mass index, C-reactive protein. GLDS-C indicates gray level difference statistic-contrast; SGLDM-ASM, spatial gray

level dependence matrices-angular second moment.
*P value less than 0.05.

third tertiles for GSM, entropy, and GLDS -C with risks for
CHD and CVD (Figures 4 and 5). Kaplan—Meier curves also
illustrated significant differences between the first and third
tertiles for GSM and GLDS-C for stroke risk (Figure 6), and a
lack of significant differences between the first and third
tertile for SGLDM-ASM. In models adjusted for age, sex, and
race/ethnicity, GSM predicted CVD events and GLDS-C
predicted both CHD and CVD events. No grayscale markers
were associated with stroke.

In models adjusted for age, sex, race/ethnicity, body-mass
index, smoking status, total cholesterol, high-density
lipoprotein-cholesterol, hypertension, diabetes mellitus, and
C-reactive protein, GLDS-C independently predicted CHD and
CVD events and SGLD-ASM independently predicted CVD
events. No grayscale features independently predicted stroke.
When carotid IMT was added to the models (data not shown),
entropy, GLDS-C, and SGLDM-ASM, predicted CHD and CVD
events and GSM predicted CVD events, but no grayscale
markers were associated with stroke. We conducted a
sensitivity analysis with additional adjustment for lipid lower-
ing medications and results were not materially impacted.

Discussion

In this study, CCA grayscale texture features were associated
with several CVD risk factors and predicted future adverse
CVD events. These findings suggest that CVD risk factors,
particularly serum lipid levels and markers of inflammation,
influence the tissue structure and composition of the arterial
wall and can be used to determine grayscale texture
phenotypes associated with CVD risk." Grayscale texture
features may represent early changes in the arterial wall
because of different environmental, genetic, and biological
factors that initiate the atherosclerotic disease process.
Atherosclerosis is a multifactorial chronic systemic inflam-
matory disease that begins with injury to the endothelial cells
lining the arterial wall.’” Damage to the endothelial cells
allows plasma low-density lipoprotein particles to cross the

endothelium into the intimal layer resulting in inflammation,
which recruits monocytes that transform into macrophages.
Macrophages engulf the low-density lipoprotein particles
forming arterial fatty streaks.®® Vascular smooth muscle cells
migrate from the media into the intima and initiate the
formation of a fibrous cap over the fatty streak.’” As the
intima increases in size, the vasa vasorum proliferate.39 As a
consequence of these changes, the cellular content (ie, tissue
components) of the arterial wall is altered.>” Environmental
exposure to CVD risk factors and epigenetic modifications
contribute to disease progression and response to risk-
reducing therapies.*®*'

Grayscale texture features vary by tissue type as confirmed
by comparing grayscale findings with carotid plaque
histopathology examinations.'®*2 Plaque grayscale features
associated with intra-operative visual assessment and
histopathologic findings are; homogeneity (associated with
more lipid content and inflammation),'® low GSM (associated
with higher lipid content, inflammation, increased macro-
phage concentration),>'%'>43 black areas near the surface of
the plaque** (associated with ulceration),"® and presence of
discrete white areas (associated with increased inflammation
and hemosiderin deposits).'>3* Plaques with higher GSM
have been associated with more calcium.'®>** GSM increases
in carotid plaques after 12 months of statin therapy;*> CCA
GSM also increases in individuals undergoing statin therapy,*®
demonstrating that grayscale markers reflect arterial wall
cellular composition and can be used to monitor changes in
the arterial wall associated with treatment.

In our study, the association of GSM with risk factors was
not robust after adjustment for age, sex, and race/ethnicity;
the only association we identified was with hypertension.
Others have demonstrated associations between low GSM
and increasing age, higher body-mass index, low levels of
high-density lipoprotein cholesterol, high levels of low-density
lipoprotein cholesterol, and circulating markers of inflamma-
tion and oxidative stress.'>%° Those findings, however, were
from smaller, more homogeneous cohorts often selected by
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Figure 4. Kaplan—-Meier Curves by tertile (coronary heart disease [CHD]). Black line is the lowest tertile /reference. Brackets
display the range for each tertile of the standardized variable. Grayscale Median (Red: P=0.06, Green: P=0.04) (First tertile-black
line [-2.4, —0.517], second tertile-red line [-0.517, 0.463], third tertile-green line [0.463, 3.18]), Entropy (Red: P=0.55, Green:
P=0.02) (First tertile-black line [—6.13, —0.219], second tertile-red line [—0.219, 0.433), third tertile-green line [0.433, 3.03]),
GLDS-C (Red: P=0.02, Green: P<0.001) (First tertile-black line [—1.73, —0.574], second tertile-red line [—0.574, 0.268], third
tertile-green line [0.268, 6.03]) and SGLDM-ASM (Red: P=0.50, Green: P=0.10) (First tertile-black line [—1.46, —0.411], second
tertile-red line [—0.411, —0.0987], third tertile-green line [—0.0987, 6.09]). GLDS-C indicates gray level difference statistics-
contrast; SGLDM-ASM, spatial gray level dependence matrices-angular second moment.

age, sex, or disease status. MESA is, by definition, a multi-
ethnic cohort composed of male and female participants aged
45 to 84 years free of known CVD at the time of enroliment.
The other studies were performed in cohorts with participants
aged >70 years of age,>> women with human immunodefi-
ciency virus,”® or known risk factors for CVD." Therefore,
other studies may have imaged individuals that were further
along in the atherosclerotic disease process so the overall
measure of GSM, which reflects overall echogenicity, may
best describe cellular content changes in the arterial wall. Our
cohort was free of known CVD and therefore may be earlier in
the atherosclerosis disease process, such that the overall
measure of GSM cannot capture the early cellular composi-
tion changes, whereas the more sensitive measures of GLDS-

C and SGLDM-ASM can identify differences in inter-pixel
relationships by risk factor exposure.

In our study GLDS-C was associated with several CVD risk
factors (ie, diabetes mellitus, hypertension, interleukin-6, and
fibrinogen), even after adjusting for age, sex, and race/
ethnicity. Changes in GLDS-C may represent one of the
earliest changes associated with arterial injury, that of lipid
and inflammatory cell infiltration into the arterial wall because
it looks at inter-pixel relationships. We hypothesize that a
healthy artery has a grayscale phenotype that results in
different shades of gray in the wall reflecting greater
differences in grayscale values between pixels. As lipids are
deposited deep in the intimal layer and macrophages are
recruited, the vessel wall becomes inflamed*” and the normal
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Figure 5. Kaplan—Meier Curves by tertile (Cardiovascular Disease [CVD]). Black line is the lowest tertile/reference. Brackets display the range
for each tertile of the standardized variable. Grayscale Median (Red: P=0.17, Green: P<0.001) (First tertile-black line [—2.4, —0.517], second
tertile-red line [—0.517, 0.463], third tertile-green line [0.463, 3.18]), Entropy (Red: P=0.71, Green: P=0.005) (First tertile-black line [—6.13,
—0.219], second tertile-red line [—0.219, 0.433), third tertile-green line [0.433, 3.03]), GLDS-C (Red: P=0.002, Green: P<0.001) (First tertile-
black line [-1.73, —0.574], second tertile-red line [—0.574, 0.268], third tertile-green line [0.268, 6.03]) and SGLDM-ASM (Red: P=0.35, Green:
P=0.09) (First tertile-black line [—1.46, —0.411], second tertile-red line [—0.411, —0.0987], third tertile-green line [—0.0987, 6.09]). GLDS-C

indicates gray level difference statistics-contrast; SGLDM-ASM, spatial gray level dependence matrices-angular second moment.

cellular structure is replaced by a grayscale phenotype with
less variation in grayscale values (lower contrast). This
hypothesis is supported in examining ultrasound images of
arterial changes seen in patients with temporal arteritis, in
which before treatment the walls are thick and hypoechoic
and become thinner and more echogenic after effective
treatment is established and the autoimmune inflammatory
response is controlled.*®*° These considerations also apply to
SGLDM-ASM, which was independently associated with body-
mass index and D-Dimer which also describes inter-pixel
relationships, considering fixed distances apart.

Importantly, we also demonstrated, for the first time, that
GLDS-C independently predicted future CHD and CVD events
and that SGLDSM-ASM independently predicted future CVD
events in this multi-ethnic cohort of middle-aged adults
initially free of known CVD. These findings further suggest
that grayscale markers that examine inter-pixel relationships
may represent arterial injury could be used as biomarkers to
assess risk for CVD. GSM was not a predictor of events in fully
adjusted models in this study. As above, we hypothesize that
GSM (a measure of overall echogenicity)9 represents
advanced arterial injury compared with GLDS-C and SGLDM-
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Figure 6. Kaplan—Meier Curves by tertile (Stroke). Black line is the lowest tertile /reference. Brackets display the range for each tertile of the
standardized variable. Grayscale Median (Red: P=0.86, Green: P=0.04) (First tertile-black line [—2.4, —0.517], second tertile-red line [—0.517,
0.463], third tertile-green line [0.463, 3.18]), Entropy (Red: P=0.49, Green: P=0.33),(first tertile-black line [—6.13, —0.219], second tertile-red
line [—0.219, 0.433], third tertile-green line [0.433, 3.03]), GLDS-C (Red: P=0.18, Green: P<0.001) (First tertile-black line [—1.73, —0.574],
second tertile-red line [—0.574, 0.268], third tertile-green line [0.268, 6.03]) and SGLDM-ASM (Red: P=0.44, Green: P=0.82) (First tertile-black
line [—1.46, —0.411], second tertile-red line [—-0.411, —0.0987], third tertile-green line [—0.0987, 6.09]). GLDS-C indicates gray level difference
statistics-contrast; SGLDM-ASM, spatial gray level dependence matrices-angular second moment.

ASM, which examine inter-pixel relationships,9 and therefore
may be better suited to examine subtle changes associated
with early arterial injury and their ability to predict incident
CHD and CVD events.

Limitations

The ultrasound technology used in this study no longer is state-
of-the-art. Sonographers also were permitted to adjust overall
image gain and time-gain-compensation settings. Ideally, the

time-gain-compensation potentiometers would be set verti-
cally through the vessel to standardize amplification of echoes
through the near and far walls of the carotid artery.>*°%
Since this parameter was not standardized for image acqui-
sition, differences between participants may have been
affected unpredictably, though this would have created a null
bias and decreased our ability to identify associations between
our grayscale measures and CVD risk factors. It also would
have been expected to attenuate CVD risk prediction. We did
use a grayscale normalization process for all images to try to
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overcome any effect that variation in time gain compensation
settings may have had on the images. In addition to the older
ultrasound technology, the ultrasound images were digitized
from videotape for the grayscale analyses. We do not know
what effect this may have had on our results, however, our
phantom study demonstrated only small differences in
grayscale measures and other studies have performed
grayscale analysis on carotid plague images digitized from
videotape.®**°? Future studies designed to examine grayscale
texture features should include detailed instruction to stan-
dardize image acquisition,>***%°" instrumentation settings®®
and incorporate phantom studies to optimize extraction of
grayscale texture features as described above.

Another limitation is that CVD risk-reducing therapies such
as statins and hypertensive medications increased in use over
time and may have altered the tissue composition in the
arterial wall, though in a previous MESA analysis that
accounted for time-varying use of risk-reducing therapies,
association between risk factors and with carotid IMT and
plague progression were not notably affected.®* Because we
evaluated 4 imaging and 3 clinical end points, it is possible
that some statistically significant associations may have been
identified by chance.

We did not control for field center differences as these
strongly reflect race differences in the MESA, so we controlled
for race in our statistical models and not field center. Thus,
any differences we see by race could in part be because of
geographic or other differences between the sites.

Conclusions

Carotid artery grayscale texture features are associated
with several CVD risk factors. Texture features that examine
inter-pixel relationships independently predict CHD and CVD
events. Our findings indicate that grayscale ultrasound
features are novel imaging biomarkers that describe arterial
wall structure, composition, and changes associated with
early arterial injury and future CVD risk.
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Data S1.

Supplemental Methods

Grayscale analysis

We and others have previously reported methods for normalizing, standardizing and
extracting texture features from ultrasound images.'® This appendix provides additional

information for these methods as used in this study.

Carotid ultrasound images were recorded on Super (s)-VHS video tapes using the GE 700
Logic ultrasound system and M12L transducer (General Electric Medical Systems, Waukesha,
WI, USA). Video tape images were digitized using the NAI Tech Products Medical Digital
Recording device (PACSGEAR, Pleasanton, CA, USA) and converted to digital format (Digital
Imaging and Communications in Medicine files, DICOM).® ® To examine how the videotape
digitizing process may affect grayscale texture measurements we imaged a grayscale small parts
phantom (404GS precision small parts grey scale phantom, Gammex Middleton, WI, USA) stored
images directly from the Logic 700 system RGB video-out signal into the Medical Digital
Recording device, and also recorded the same image with videotape first and then digitized the

image with the Medical Digital Recording device (Figure S1).

DICOM files containing images of the distal CCAs at end-diastole were converted to bitmap
images for grayscale analysis using LifeQ Medical Plague Analysis Software (Nicosia, Cyprus).’
Bitmap images were then normalized so that the blackest part of the blood was assigned a
grayscale value of 0 and the brightest white part of the adventitia was assigned a grayscale value

of 190 (Figures S2-S4).



After normalization, the images were standardized to a pixel density of 20 pixels per millimeter

(Figure Sb5).

The far wall of the distal one centimeter of the CCA was segmented by tracing the blood-
intima interface and media adventitia interface for a length of one centimeter (Figure S6).” 8
Grayscale texture features were extracted from the segmented wall using the LifeQ Medical

software.

Texture Features

Texture features extracted for this study were the first order statistics grayscale median
(GSM) and entropy. The gray level difference statistic method was used to extract the texture
feature contrast (GLDS-CON) and the spatial gray level dependence matrices (SGLDM) method

was used to measure angular second moment (SGLDM-ASM) (Figure S7).

These four texture features can be used to describe and quantitate grayscale properties of an

image (Figure S8).

In images of the carotid arterial wall grayscale patterns also can be demonstrated (Figure
S9). Images with similar overall echogenicity described by the GSM measurement can have very
different measures of entropy, GLDS-CON and SGLDM-ASM. GLDS-CON and SGLDM-ASM

examine inter-pixel relationships.



In this work, GLDS-CON and SGLDM-ASM were associated with several CVD risk factors
and CVD events. Thus, we and others believe that these measures of inter-pixel relationships
may represent early cellular changes in the arterial wall associated with injury and changes in

tissue composition.



Figure S1. Measurement of grayscale median (GSM), entropy, gray level difference statistic-contrast
(GLDS-CON) and spatial gray level dependence matrices-angular second moment (SGLDM-ASM).

Phantom Segmentations

Tmage region Tmage region

Image colouring (10 contours) Image coiowring (10 contours)

A. B
GSM 111.88 103.38
ENTR 4.79 4.76
GLDS_CON 255.26 263.51
SGLDM_ASM 0.0002 0.0002

Panel A phantom segmentation of images derived directly from the system. Panel B segmentation performed from

digitized-videotaped images.



Figure S2. Normalization process using the LifeQ Plague Analysis software on a carotid artery image.
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Figure S3. This figure demonstrates a pattern in which there are only two shades of gray depicted (gray

shade = black or gray shade = white).
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points. Note the white area now appears gray on the normalized image and the normalized histogram demonstrates
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Figure S4. Example of common carotid artery initial image histogram, and then the normalized image loaded

in the LifeQ Plagque Analysis software.
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Note the initial image histogram (left panel) demonstrates grayscale values near 250 and after the image is

normalized (right panel) the grayscale values are less than 200.



Figure S5. Example of initial image resolution 25.2 pixels per millimeter.

Initial image Resolution:25.2pix/mm Resolution:20pix/mm

After standardization pixel density is 20 pixels per millimeter.



Figure S6. Example of how the distal one centimeter of the far wall of the common carotid artery was

identified for segmentation.
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Panel A, one centimeter was identified using the markers on the side of the image. The white rectangle identifies the
segment of the artery where the software would then be used to manually trace the region of interest. Panel B

demonstrates the segmented arterial wall in grayscale and then colorized with the software based on the grayscale

value.



Figure S7. Example of the extracted texture features using the LifeQ Medical Plaque Analysis software.
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The first order statistics (First ord. stats, grayscale median [Median] value is 71.2727, entropy is 4.60737) are derived
from the image histogram (Intensity image-color percent). The gray level difference statistic method (GLDM measures)
for calculating contrast is 229.011. The spatial gray level dependence matrices (SGLDM) for calculating angular second
moment (Ang. S. Mom is 0.000648681). The grayscale values are colorized with this software as follows; 0-25 = black,

26-50 = blue, 51-75=green, 76-100=yellow, 101-125= orange, 126-255=red.!!



Figure S8. Grayscale measurements of grayscale median (GSM), entropy, gray level difference statistics —
contrast (GLDS-CON) and spatial gray level dependence matrices —angular second moment (SGLDM-ASM)

from square patterns.
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A. B. €.
GSM 0.00 0.00 0.00
Entropy 1.08 0.72 0.00
GLDS-CON 878.60 41.66 0.00
SGLDM-ASM 0.52 0.49 1.00

Note that panels A,B and C all have a grayscale median value of 0.00, however, they have very different values for

entropy, GLDS-CON and SGLDM-ASM demonstrating how these measures can further describe grayscale patterns.



Figure S9. Grayscale measurements of grayscale median (GSM), entropy, gray level difference statistics —

contrast (GLDS-CON) and spatial gray level dependence matrices — angular second moment (SGLDM-ASM)

from two different study participants (panel A and panel B).
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Note that the grayscale median value is not that different (71.2727 and 64.7214), however, they have very different

values for the gray level difference statistics method contrast (GLDS-CON) and the spatial gray level dependence

matrices — angular second motion (SGLDM-ASM) values demonstrating how these measures can further describe

grayscale patterns by examining inter-pixel relationships.
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