@ E S C European Heart Journal Open (2023) 3, 1-11 ORIGINAL ARTICLE

European Society https://doi.org/10.1093/ehjopen/oead089 iac i i
of Cardiology p g jop Vascular and cardiac imaging

Intima-media thickness at the near or far wall
of the common carotid artery in cardiovascular
risk assessment

Lisa Seekircher ® ', Lena Tschiderer ® ', Lars Lind ® 2, Maya S. Safarova®,
Maryam Kavousi 4 M. Arfan Ikram ® 4, Eva Lonn>®¢, Salim Yusuf>'%,
Diederick E. Grobbee’, John }. P. Kastelein®, Frank L. J. Visseren®,
Matthew Walters'?, Jesse Dawson'', Peter Higgins'', Stefan Agewal
Alberico Catapano”’“, Eric de Groot'®'’, Mark A. Espeland"’,
Gerhard KIingenschmid”, Dianna Maglianozo, Michael H. Olsen“, David Preissn,
Dirk Sander23’24, Michael Skiltonzs, Dorota A. Zozuliﬁska-ZiéIkiewicz“,

Muriel P. C. Grooteman?’, Peter J. Blankestijn*%, Kazuo Kitagawa?®,

Shuhei Okazaki®°, Maria V. Manzi31, Costantino Mancusi 31, Raffaele I1zzo 31,
Moise Desvarieux®??3, Tatjana Rundek®*, Hertzel C. Gerstein®®, Michiel L. Bots’,
Michael ). Sweeting35’36’T, Matthias W. Lorenz3”3%1, and Peter Willeit ® 136+t

on behalf of the Proof-ATHERO Study Group

"nstitute of Health Economics, Department of Medical Statistics, Informatics, and Health Economics, Medical University of Innsbruck, AnichstraBe 35, 6020 Innsbruck, Austria; 2Depar‘cment
of Medicine, Uppsala University, Uppsala, Sweden; *Division of Cardiovascular Medicine, Department of Medicine, Froedtert and Medical College of Wisconsin, Milwaukee, WI, USA;
4Department of Epidemiology, Erasmus University Medical Center, Rotterdam, The Netherlands; 5Department of Medicine and Population Health Research Institute, McMaster University,
Hamilton, Ontario, Canada; *Hamilton General Hospital, Hamilton, Ontario, Canada; ’Julius Center for Health Sciences and Primary Care, University Medical Center Utrecht, Utrecht, The
Netherlands; 8Depar‘cment of Vascular Medicine, Academic Medical Centre, University of Amsterdam, Amsterdam, The Netherlands; c’Department of Vascular Medicine, University Medical
Center Utrecht, Utrecht, The Netherlands; '°School of Medicine, Dentistry and Nursing, University of Glasgow, Glasgow, UK; "Institute of Cardiovascular and Medical Sciences, University
of Glasgow, Glasgow, UK; nDepartment of Clinical Sciences, Division of Cardiology, Danderyd Hospital, Karolinska Institutet, Stockholm, Sweden; BInstitute of Clinical Sciences, University
of Oslo, Oslo, Norway; '*Department of Pharmacological and Biomolecular Sciences, University of Milan, Milan, Italy; "IRCCS Multimedica, Milan, Italy; '®lmagelabonline & Cardiovascular,
Erichem, The Netherlands; 17Department of Gastroenterology and Hepatology, Amsterdam UMC-Academic Medical Centre, Amsterdam, The Netherlands; 18Department of Biostatistics
and Data Science, Wake Forest School of Medicine, Winston-Salem, NC, USA; *Department of Neurology, Medical University of Innsbruck, Innsbruck, Austria; 2°Department of
Epidemiology and Preventive Medicine, Monash University, Alfred Hospital, Melbourne, Australia; 21Department of Internal Medicine, Holbaek Hospital, University of Southern Denmark,
Odense, Denmark; 22N uffield Department of Population Health, MRC Population Health Research Unit, Clinical Trial Service Unit, University of Oxford, Oxford, UK; 23Depar‘tment of
Neurology, Benedictus Hospital Tutzing & Feldafing, Feldafing, Germany; 24Department of Neurology, Technische Universitat Miinchen, Munich, Germany; 25Faculty of Medicine and Health,
Charles Perkins Centre, University of Sydney, Sydney, NSWV, Australia; 26Depar‘tment of Internal Medicine and Diabetology, Poznan University of Medical Sciences, Poznan, Poland;
27Department of Nephrology, Amsterdam Cardiovascular Sciences, Amsterdam UMC, Amsterdam, The Netherlands; 28Department of Nephrology, University Medical Center Utrecht,
Utrecht, The Netherlands; 2’Department of Neurology, Tokyo Women'’s Medical University, Tokyo, Japan; *°Department of Neurology, Osaka University Graduate School of Medicine,
Osaka, Japan; 31Department of Advanced Biomedical Sciences, Federico Il University, Naples, Italy; 32Department of Epidemiology, Mailman School of Public Health, Columbia University,
New York, NY, USA; ¥*METHODS Core, Centre de Recherche Epidémiologie et Statistique Paris Sorbonne Cité (CRESS), Institut National de la Santé et de la Recherche Médicale
(INSERM) UMR 1153, Paris, France; 34Department of Neurology, University of Miami Miller School of Medicine, Miami, FL, USA; 35Department of Health Sciences, University of Leicester,
Leicester, UK; *British Heart Foundation Cardiovascular Epidemiology Unit, Department of Public Health and Primary Care, University of Cambridge, Papworth Road, Cambridge CB2
0BB, UK; 37Department of Neurology, Goethe University, Frankfurt am Main, Germany; and 3B linik fiir Neurologie, Krankenhaus Nordwest, Frankfurt am Main, Germany

|12,13
’

Received 28 March 2023; revised 3 August 2023; accepted 12 September 2023; online publish-ahead-of-print 20 September 2023

* Corresponding author. Tel: +43 512 9003 72910, Email: peter.willeit@i-med.ac.at

T The last three authors contributed equally to the study.

© The Author(s) 2023. Published by Oxford University Press on behalf of the European Society of Cardiology.

This is an Open Access article distributed under the terms of the Creative Commons Attribution-NonCommercial License (https://creativecommons.org/licenses/by-nc/4.0/), which permits
non-commercial re-use, distribution, and reproduction in any medium, provided the original work is properly cited. For commercial re-use, please contact journals.permissions@oup.com

€20z JaquianoN 9| uo 1sanb Aq /1 ¥6/2/./680pe20/G/c/e[onie/uadolys/woo dno-olwspeoe//:sdny Wwolj papeojumo(


https://orcid.org/0000-0003-0260-3262
https://orcid.org/0000-0001-7988-853X
https://orcid.org/0000-0003-2335-8542
https://orcid.org/0000-0001-5976-6519
https://orcid.org/0000-0003-0372-8585
https://orcid.org/0000-0001-6690-1408
https://orcid.org/0000-0002-0308-2836
https://orcid.org/0000-0002-1866-7159
mailto:peter.willeit@i-med.ac.at
https://creativecommons.org/licenses/by-nc/4.0/

L. Seekircher et al.

Aims

Methods
and results

Current guidelines recommend measuring carotid intima-media thickness (IMT) at the far wall of the common carotid artery
(CCA). We aimed to precisely quantify associations of near vs. far wall CCA-IMT with the risk for atherosclerotic cardio-
vascular disease (CVD, defined as coronary heart disease or stroke) and their added predictive values.

We analysed individual records of 41 941 participants from 16 prospective studies in the Proof-ATHERO consortium {mean
age 61 years [standard deviation (SD) = 11]; 53% female; 16% prior CVD}. Mean baseline values of near and far wall CCA-
IMT were 0.83 (SD = 0.28) and 0.82 (SD = 0.27) mm, differed by a mean of 0.02 mm (95% limits of agreement: —0.40 to
0.43), and were moderately correlated [r=0.44; 95% confidence interval (Cl): 0.39-0.49). Over a median follow-up of
9.3 years, we recorded 10423 CVD events. We pooled study-specific hazard ratios for CVD using random-effects
meta-analysis. Near and far wall CCA-IMT values were approximately linearly associated with CVD risk. The respective
hazard ratios per SD higher value were 1.18 (95% Cl: 1.14-1.22; I* = 30.7%) and 1.20 (1.18-1.23; I = 5.3%) when adjusted
for age, sex, and prior CVD and 1.09 (1.07-1.12; I* = 8.4%) and 1.14 (1.12—1.16; ’=1.3%) upon multivariable adjustment
(all P <0.001). Assessing CCA-IMT at both walls provided a greater C-index improvement than assessing CCA-IMT at
one wall only [+0.0046 vs. +0.0023 for near (P < 0.001), +0.0037 for far wall (P =0.006)].

The associations of near and far wall CCA-IMT with incident CVD were positive, approximately linear, and similarly strong.
Improvement in risk discrimination was highest when CCA-IMT was measured at both walls.
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Near and far wall CCA-IMT and cardiovascular risk

Introduction

Carotid intima-media thickness (cIMT), the distance from the lumen-
intima interface to the media-adventitia interface of the carotid artery
wall, is a proposed marker for early atherosclerosis." There is a bulk of
evidence that individuals with elevated cIMT are at higher risk of develop-
ing cardiovascular disease (CVD) later in life. For instance, in the USE-IMT
collaboration involving 45 828 individuals from 14 population-based co-
horts, a 0.1 mm higher common carotid artery intima-media thickness
(CCA-IMT) was associated with a multivariable adjusted hazard ratio
of 1.09 for incident myocardial infarction or stroke [95% confidence
interval (CI): 1.07-1.12].% Furthermore, CCA-IMT measurement pro-
vides a small yet statistically significant improvement of 10-year CVD pre-
diction when added to a Framingham risk score model.? Furthermore,
we have recently shown that CCA-IMT is also associated with a higher
long-term risk of developing a first-ever carotid plaque.3

A challenge when measuring CCA-IMT using carotid ultrasonography
is that absolute values are influenced by several factors,* including the site
at which it is measured.” Guidelines on cIMT assessment recommend
measuring cIMT at the far wall of the CCA-IMT" because such measure-
ment is considered to afford higher precision and reproducibility.”~"°
However, available evidence from prospective cohort studies on the as-
sociation with disease risk is conflicting, with one study showing a stronger
association of far wall CCA-IMT with coronary heart disease (CHD) risk
and another study showing a weaker association of far wall CCA-IMT with
CVD risk compared with combined near and far wall measurements.'"'?

Against this backdrop, we conducted an individual-participant-data
meta-analysis including 16 studies of the Prospective Studies of
Atherosclerosis (Proof-ATHERO) consortium. We aimed to (i) reliably
quantify and compare associations of near and far wall CCA-IMT with
the CVD risk and (i) determine the added value of such measurements
for CVD prediction over and beyond conventional CVD risk factors.

Methods
Study sample

Details on the Proof-ATHERO consortium have been described previously,
including the design features, ultrasound methodologies, and outcomes de-
finitions of the contributing studies.’® The current analysis included studies
that had (i) provided data on both near and far wall CCA-IMT at baseline,
(ii) recorded >10 incident CVD events, and (jii) supplied data on age, sex,
and prior CVD (defined as CHD or stroke). Studies contributing individual
participant data to the present analysis have obtained informed consent
from the study participants and ethical approval from their respective insti-
tutional review boards.

Assessment of common carotid artery
intima-media thickness

Studies assessed CCA-IMT using carotid ultrasonography, as described in
Supplementary material online, Table S7. In the analysis, we gave preference
to mean CCA-IMT measurement; if unavailable, we analysed the maximum
value at the CCA instead. Whenever separate CCA-IMT measurements
were available at different sites, we used the arithmetic mean of all values
for analysis.

Study endpoints

The primary outcome was a combined CVD endpoint defined as fatal and
non-fatal stroke or CHD. Fatal events were classified using International
Classification of Diseases codes or study-specific classification systems.
Further information on the exact composition of the combined CVD end-
point and the number of events recorded in each contributing study is pro-
vided in Supplementary material online, Table S2. In time-to-event analyses,
we considered follow-up for participants until they experienced the com-
bined CVD endpoint, died, reached the end of the study period, or were
lost to follow-up, whichever came first.

Statistical analyses

We assessed agreement of baseline near and far wall CCA-IMT values with-
in individuals using Bland—Altman plots and their correlation using partial
correlation coefficients adjusted for age, sex, prior CVD, and trial arm.
Furthermore, we quantified within-person stability of near and far wall
CCA-IMT values during follow-up using regression dilution ratios."* Time
trends in regression dilution ratios across repeat measurements were as-
sessed using meta-regression.™ Study-specific mean differences, limits of
agreement, Fisher’s z-transformed correlation coefficients, and regression
dilution ratios were pooled using random-effects meta-analysis.">'®

In the primary analysis, we estimated hazard ratios (i) across study-
specific quintiles of CCA-IMT values with 95% Cls based on floating abso-
lute risks'” and (ii) per study-specific standard deviation (SD) higher level of
CCA-IMT. Hazard ratios were first estimated within each study separately
using Cox regression stratified by trial arm and adjusted for age, sex, and
prior CVD and then pooled using random-effects meta-analysis.'® The *
statistic was used to quantify between-studies heterogeneity.'® The pro-
portional hazards assumption was checked using Schoenfeld’s residuals
and log—log plots of survival. We used bootstrapping with 10 000 repeti-
tions to test whether strengths of associations with CVD risk differed be-
tween near and far wall measurements.

We also conducted several sensitivity analyses. First, we tested whether
associations differed according to pre-specified study- or participant-level
characteristics using random-effects meta-regression’ ” or by including formal
multiplicative interaction terms.”> Second, we progressively adjusted the
model for the additional potential confounding variables smoking, history
of diabetes, body mass index, systolic blood pressure, low-density lipoprotein
cholesterol, high-density lipoprotein cholesterol, intake of lipid-lowering
medication, and intake of anti-hypertensive medication. Third, we employed
within-study multiple imputation of missing values in the multivariable adjust-
ment model.*’ We imputed 80 data sets per study if less than 80% of the ob-
servations were missing and combined estimates by Rubin’s rules in each
study before meta-analysing them across studies. The imputation model
included all variables of the multivariable adjustment model, the Nelson—
Aalen estimator of the baseline cumulative hazard, and the outcome indica-
tor. Fourth, we adjusted hazard ratios for near and far wall CCA-IMT for each
other. Fifth, we expressed hazard ratios per 100 ym higher CCA-IMT value.
Sixth, we used long-term average CCA-IMT values, estimated using regres-
sion calibration?” on the basis of repeat CCA-IMT measurements over
time. If participants experienced a CVD event during follow-up, any
CCA-IMT measurements taken after the event were censored. Seventh,
we restricted the study population to participants who are known to be
free of carotid plaque assessed at any segment of the carotid artery at base-
line. Eighth, we examined associations separately for the endpoints stroke,
CHD, and fatal CVD (as defined in Supplementary material online,
Table S2) while censoring the individual endpoints against each other to allow
estimation of cause-specific hazard ratios. Ninth, we conducted analyses tak-
ing into account all-cause mortality as a competing risk.”>

Finally, we quantified improvements in risk discrimination and re-
classification metrics upon the addition of near and far wall CCA-IMT mea-
surements to a model containing data on age, sex, prior CVD, smoking,
history of diabetes, systolic blood pressure, low-density lipoprotein choles-
terol, and high-density lipoprotein cholesterol. For risk discrimination, we
pooled study-specific C-index changes using a meta-analysis weighting the
studies by the number of events they had recorded.** For risk re-
classification, we calculated the net re-classification index (NRI) across
four categories of predicted 10-year CVD risk (<5%, 5 to <7.5%, 7.5 to
<20%, and >20%) among participants with 10-year or longer follow-up.
We also assessed how well the prediction models were calibrated using
methods published previously.>%® Analyses involved Stata version 15.1,%
two-sided P-values, and a significance level of P <0.05 in the principal ana-
lysis and Bonferroni-corrected P-values in subgroup analyses.

Results

Characteristics of contributing studies

Sixteen studies in the Proof-ATHERO consortium involving 41 941
participants fulfilled the inclusion criteria for the present analysis (see
flow chart in Supplementary material online, Figure S7). At baseline,
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Table 1 Participant characteristics

Study No. of Women, Age (years),
participants n (%) mean (SD)
ALLO-IMT 80 34 (43) 68 (10)
ARIC 13444 7315 (54) 55 (6)
CHS 5779 3317 (57) 73 (6)
CONTRAST 146 55 (38) 61 (14)
CSN 4674 1978 (42) 59 (10)
GRACE 1185 430 (36) 63 (8)
HART 924 221 (24) 69 (7)
JHS 3656 2284 (62) 55 (13)
NOMAS-INVEST 777 477 (61) 69 (8)
OSACA2 291 115 (40) 65 (9)
PIVUS 986 494 (50) 70 (1)
RADIANCE | 884 448 (51) 46 (13)
RADIANCE I 740 262 (35) 57 (8)
ROTTERDAM 6325 3740 (59) 70 (9)
SECURE 731 174 (24) 66 (7)
STARR 1319 727 (55) 54 (11)
Total 41941 22071 (53) 61 (11)

Prior CVD, No. of CVD Duration of follow-up (years),
n (%) events® median (5th-95th percentile)
80 (100) 1 1.0 (0.2-1.1)
1505 (11) 5468 22.0 (2.3-30.2)
1300 (22) 2753 9.4 (0.8-22.1)
66 (45) 29 3.5 (0.3-6.1)
150 (3) 41 2.9 (0.0-11.7)
659 (56) 321 5.8 (0.6-6.9)
787 (85) 152 5.0 (1.1-5.3)
407 (11) 262 11.7 (3.7-13.7)
76 (10) 49 5.9 (0.0-82)
109 (37) 35 6.1(22-72)
145 (15) 51 5.1 (0.0-5.5)
71 43 2.0 (0.4-2.1)
7(1) 37 2.0 (0.2-2.1)
902 (14) 1039 11.3 (1.5-14.1)
624 (85) 103 44 (0.9-5.2)
5(0) 29 39 (24-5.3)
6829 (16) 10423 9.3 (04-29.1)

?Study-specific definitions of CVD events are provided in Supplementary material online, Table S2.

participants had a mean age of 61 years (SD = 11), 53% were female,
and 16% had a prior CVD (Table 7). Mean CCA-IMT was 0.83 mm
(SD =0.28) on the near and 0.82 mm (SD =0.27) on the far wall
(see Supplementary material online, Table $3).

Agreement and correlation of near and far
wall common carotid artery intima-media
thickness

Figure 1 summarizes the agreement of CCA-IMT values measured at
the two walls. Overall, the mean difference of near vs. far wall
CCA-IMT values was close to 0 (0.02 mm; 95% CI: —0.00 to
0.03 mm; P=0.095) and pooled 95% limits of agreement ranged
from —0.40 (95% Cl: —0.45 to —0.34) to 0.43 (0.37-0.48) mm. The
pooled partial correlation coefficient between near and far wall
CCA-IMT values was 0.44 (95% Cl: 0.39-0.49) (see Supplementary
material online, Figure S2).

When assessing within-person stability of CCA-IMT values during
follow-up, the overall regression dilution ratio was 0.69 (95% Cl:
0.63-0.75) for near and 0.75 (0.68-0.83) for far wall CCA-IMT (see
Supplementary material online, Figure S3). The average regression dilu-
tion ratio declined with longer follow-up duration by 0.13 (0.03-0.22;
P=0.011) and 0.12 (0.03-0.20; P =0.007) for every 5 years between
repeat measurements, respectively. A direct comparison of study-
specific regression dilution ratios confirmed that CCA-IMT measure-
ments taken at the far wall often were more stable over time than
measurements taken at the near wall (see Supplementary material
online, Figure $4).

Association with the combined

cardiovascular disease endpoint

Over a median follow-up of 9.3 years (5th-95th percentile: 0.4-29.1),
10423 participants reached the combined CVD endpoint (Table 1).

Both near and far wall CCA-IMT values were positively and approxi-
mately linearly associated with CVD risk (Figure 2). In models adjusted
for age, sex, and prior CVD, the pooled hazard ratios per SD higher
CCA-IMT were 1.18 (95% Cl: 1.14-1.22; I*=30.7%) for near and
1.20 (1.18-1.23; I* = 5.3%) for far wall CCA-IMT and did not differ sig-
nificantly between the two walls (P = 0.500). Study-specific hazard ra-
tios are provided in Supplementary material online, Figure S5. In
comparison, when considering the arithmetic mean of near and far
wall CCA-IMT values as an exposure, the corresponding hazard ratio
was 1.23 (1.19-1.28; I* = 35.1%).

Sensitivity analyses

In the first set of sensitivity analyses, we investigated effect modification
by study- and participant-level characteristics (see Supplementary
material online, Table S$4). After applying the multiplicity-adjusted
threshold for statistical significance of 0.0031, associations of both
near and far wall CCA-IMT were significantly stronger in younger vs.
older participants (near wall: Pipteraction < 0.001; far wall: Pirteraction =
0.003) and among females vs. males (near wall: Py ieraction= 0.001; far
wall: Piieraction = 0.002). The association was also stronger among par-
ticipants without prior CVD for far wall CCA-IMT (Pinteraction < 0.001)
but not for near wall CCA-IMT despite similar point estimates
(Pinteraction = 0.062). Notably, there was no evidence for difference in
the strength of associations according to type of the ultrasound proto-
col used in the study, such as measurement by the same sonographer or
using multiple scans, ECG-gating, angle control, or edge detection.

In a second set of sensitivity analyses, we progressively adjusted haz-
ard ratios for established CVD risk factors (Figure 3). Hazard ratios at-
tenuated from 1.18 (1.16-1.20) to 1.09 (1.07-1.12) for near wall
CCA-IMT and from 1.21 (1.18-1.24) to 1.14 (1.12-1.16) for far wall
CCA-IMT but remained statistically significant (all P < 0.001). We ob-
tained similar results in analyses employing multiple imputations
(Figure 3).
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Average of baseline near and far wall CCA-IMT (mm)
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Figure 1 Agreement of baseline common carotid artery intima-media thickness values measured at the near and far wall. For purpose of presen-
tation, graph areas were limited to —1.5 to 1.5 mm on the vertical axes and values outside this range are marked with the symbol x. CCA-IMT, common
carotid artery intima-media thickness.

Finally, Supplementary material online, Table S5 summarizes the find- (rather than baseline values); (iv) in participants known to be free of ca-
ings in sensitivity analyses that estimated hazard ratios (i) for near and rotid plaque at baseline; (v) for different types of CVD outcomes, in-
far wall CCA-IMT adjusted for each other; (ii) per 100 pm higher cluding CHD, stroke, and fatal CVD; and (vi) treating all-cause
CCA-IMT value; (i) based on long-term average CCA-IMT values mortality as a competing risk.
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Figure 2 Shapes of associations of baseline near and far wall common carotid artery intima-media thickness with incident cardiovascular disease.
Pooled hazard ratios for incident cardiovascular disease were plotted against the mean Z-score of baseline common carotid artery intima-media thick-
ness within each study-specific quintile. (A) Analysis involved data on 16 studies, 41 941 participants, and 10 423 cardiovascular disease events. Cox
proportional hazards models were adjusted for age, sex, and prior cardiovascular disease and were stratified by trial arm. (B) Analysis involved data
on nine studies, 24 609 participants, and 8587 cardiovascular disease events. Cox proportional hazards models were adjusted for age, sex, prior car-
diovascular disease, smoking, history of diabetes, body mass index, systolic blood pressure, low-density lipoprotein cholesterol, high-density lipoprotein
cholesterol, intake of lipid-lowering medication, and intake of anti-hypertensive medication and were stratified by trial arm. CCA-IMT, common carotid
artery intima-media thickness; Cl, confidence interval; CVD, cardiovascular disease; HR, hazard ratio.

Added value of assessing near vs. far wall
common carotid artery intima-media
thickness for cardiovascular disease

prediction

When adding CCA-IMT measurements to a model containing informa-
tion on conventional risk factors, the C-index improved by 0.0023 (95%
Cl: 0.0014-0.0033) for near and 0.0037 (0.0027-0.0046) for far wall
CCA-IMT (Figure 4). Concomitant assessment of CCA-IMT at both
walls improved the C-index by 0.0046 (0.0035-0.0057), which was sig-
nificantly greater than assessing CCA-IMT at only the far wall (P <
0.001) or only the near wall (P=0.006). When restricting the analysis
to participants without a prior CVD, C-index improvements afforded
by wall-specific  CCA-IMT information were even higher (see
Supplementary material online, Figure S6).

The overall NRI across predicted 10-year risk categories was 0.010
(0.004-0.016) for near, 0.021 (0.014-0.029) for far, and 0.021
(0.013-0.029) for near and far wall CCA-IMT measurement, with high-
er point estimates for participants that did not develop CVD than those
that did (see Supplementary material online, Table $6). There was no
significant difference in the NRI when comparing the prediction model
including far wall CCA-IMT only with the one including both near and
far wall CCA-IMT (NRlgyerai: P=0.903; NRlon.casess P=0.602;
NRl¢ses: P = 0.803). Details on the number of participants re-classified

across risk categories are provided in Supplementary material online,
Table S7. Prediction models were well calibrated as visualized in
Supplementary material online, Figure S7 and indicated by non-
significant tests for goodness of fit.

Discussion

In this large-scale analysis of individual records on 41 941 participants and
10 423 CVD outcomes, both near and far wall CCA-IMT were positively
and approximately linearly associated with CVD risk, and these associa-
tions were similarly strong. In models adjusted for age, sex, and prior
CVD, the respective pooled hazard ratios per SD higher level were
1.18 (95% Cl: 1.14-1.22; ’'=30.7%) and 1.20 (1.18-1.23; I =5.3%).
Findings were robust across subgroups and in a variety of sensitivity ana-
lyses. Improvement in risk discrimination was the highest when
CCA-IMT was measured at both walls and any of the CCA-IMT mea-
surements significantly improved risk re-classification.

Evidence supporting assessment of
common carotid artery intima-media
thickness at the far wall

Current guidelines on measuring cIMT recommend measurement at
the far wall of the CCA."® This is supported by the notion that far
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Complete case analysis® Multiple imputation analysis®
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Figure 3 Progressively adjusted hazard ratios for incident cardiovascular disease of near and far wall common carotid artery intima-media thickness in
a complete case analysis and a multiple imputation analysis. Analysis included data from ALLO-IMT, ARIC, CHS, CONTRAST, GRACE, JHS, OSACA?2,
PIVUS, and SECURE. “Restricted to participants with complete data on all variables used in the progressive adjustment (24 609 participants; 8587 car-
diovascular disease events). "Restricted to studies included in the complete case analysis (26 150 participants; 9017 cardiovascular disease events).
Imputed variables (percentage of missing values that were imputed): smoking (0.18%), history of diabetes (0.41%), body mass index (0.17%), systolic
blood pressure (0.10%), low-density lipoprotein cholesterol (4.09%), high-density lipoprotein cholesterol (2.97%), intake of lipid-lowering medication
(2.33%), and intake of anti-hypertensive medication (0.97%). CCA-IMT, common carotid artery intima-media thickness; Cl, confidence interval; CVD,
cardiovascular disease; HR, hazard ratio; SD, standard deviation.

Model C-index (95% CI) C-index change (95% ClI)
Base model® 0.7135 (0.7082, 0.7188)° W [Reference]
+ near wall 0.7158 (0.7106, 0.7211)° —— 0.0023 (0.0014, 0.0033)" [Reference]
+ far wall 0.7172 (0.7119, 0.7224)° —a— 0.0037 (0.0027, 0.0046)° 0.0013 (0.0002, 0.0025)° [Reference]
+ near wall+far wall  0.7181 (0.7128, 0.7233)° —— 0.0046 (0.0035, 0.0057)° 0.0022 (0.0016, 0.0029)° 0.0009 (0.0003, 0.0015)"
T 1
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Figure 4 Improvement of risk discrimination for cardiovascular disease events upon addition of wall-specific common carotid artery intima-media
thickness measurements. Analysis included data from ALLO-IMT, ARIC, CHS, CONTRAST, CSN, GRACE, JHS, NOMAS-INVEST, OSACA2, PIVUS,
and SECURE (26 901 participants; 8729 cardiovascular disease events). *Included information on age, sex, prior cardiovascular disease, smoking, history
of diabetes, systolic blood pressure, low-density lipoprotein cholesterol, and high-density lipoprotein cholesterol and was stratified by trial arm. °P <
0.001. °P=0.018. 9P = 0.006. Cl, confidence interval.
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wall CCA-IMT can be quantified more precisely due to the physics of
ultrasound.””'%?%2? A general recommendation for assessing interfaces
between two different tissues using ultrasound is to perform measure-
ments at the leading edge of echoes.” Measurements at the trailing edge
of echoes should be avoided because this demarcation line is below the
‘true’ anatomically interface,” in the case of CCA-IMT effectively under-
estimating its ‘true’ value by ~20%.2% The trailing edge also depends on
several non-standardizable factors, such as gain setting and the individ-
ual composition of the adventitia.” While the leading edge of the
adventitia-media interface of the far wall of the carotid artery can gen-
erally be visualized clearly, the one of the near wall cannot be identified
precisely. This is because the adventitia is a more echogenic layer com-
pared with the media and, as a result, echoes from lower parts of the
adventitia disturb those from the adventitia-media interface.’
Therefore, near wall cIMT is usually measured on the trailing edge
and is consequently an approximation of the ‘true’ cMT.®
Consistent with these data, in our study, a higher measurement error
when assessing near wall CCA-IMT may have contributed to the slightly
lower within-person stability we observed for repeat CCA-IMT values
at the near wall (see Supplementary material online, Figure S3).

Additional information captured by near
wall assessment

Over the last decades, technological advancements have led to better
visualization of near wall CCA-IMT and higher reproducibility of such
measurement.’®?! Underestimation of ‘true’ CCA-IMT at the near
wall due to the physics of ultrasound is likely systematic rather than ran-
dom and therefore does not lead to an attenuation of reproducibility,
correlation with far wall CCA-IMT, nor associations with cardiovascu-
lar outcomes.>* Furthermore, near wall CCA-IMT measurement is hy-
pothesized to entail additional information relevant to CVD risk
assessment and stratification®® because atherosclerotic wall thickening
is not a uniform process and cIMT has an asymmetrical helix-like
distribution.**3*

While some previous studies suggested that near wall CCA-IMT may
be thicker than far wall CCA-I["IT,”'35 our analysis shows that, on aver-
age, near and far wall CCA-IMT values were similar. However, the 95%
limits of agreement between absolute values of near and far wall
CCA-IMT were wide (Figure 1), and, in a subset of individuals, a consid-
erably higher CCA-IMT value was observed only at one of the two
walls. While dispersion of CCA-IMT values at the near vs. the far wall
could be related to carotid plaque, the majority of studies had mea-
sured CCA-IMT at the segment of 0—10 mm below the bulbar widen-
ing, which is less prone to carotid plaque.®® Interestingly, isolated
elevations of CCA-IMT at one of the walls do not appear to be related
to specific cardiovascular risk factors, although the variation collectively
explained by conventional cardiovascular risk factors appears to be
slightly higher for near wall CCA-IMT than for far wall CCA-IMT.""
Despite affecting different subsets of individuals, in our analysis, ele-
vated values of CCA-IMT at the near or the far wall were equally and
independently associated with a higher risk of experiencing a CVD
event. This finding was robust in an analysis restricted to participants
known to be free of carotid plaque at baseline or in analyses comparing
studies with differing ultrasound methodologies.

Previous studies on the associations with

cardiovascular disease outcomes

There are only two prospective cohort studies, the Multi-Ethnic Study
of Atherosclerosis (MESA)"" and the Cardiovascular Health Study
(CHS)," which have previously investigated and directly compared as-
sociations of near and far wall CCA-IMT with CVD outcomes. Both
studies used the same ultrasound acquisition protocol and quantified
the maximum CCA-IMT values averaged over the left and right carotid

artery."" In the MESA study, the respective multivariable adjusted haz-
ard ratios of near, far, and average of near and far wall CCA-IMT values
with CHD risk were 1.01 (95% ClI: 0.92-1.11), 1.21 (1.13-1.30), and
1.17 (1.08-1.28) per SD higher level, leading the investigators to con-
clude that far wall CCA-IMT showed the strongest association.!" The
CHS study reported that far wall CCA-IMT was more weakly asso-
ciated with incident CVD than the average of near and far wall
CCA-IMT."? Our study builds upon available evidence, provides new in-
sights, and enhances the generalizability of the results by analysing a
~15-fold larger number of CHD events and a ~20-fold larger number
of CVD events compared with previously published data. Analogous to
our result for the primary CVD outcome, associations of near and far
wall CCA-IMT were similarly strong for the outcomes of CHD, stroke,
and fatal CVD (see Supplementary material online, Table S5).

Subgroup analyses

Subgroup analyses revealed significantly higher hazard ratios for near
and far wall CCA-IMT in females and in younger participants. Effect
modification by sex has previously been described in the USE-IMT col-
laboration” and in the Atherosclerosis Risk in Communities (ARIC)
study,>*?7 for overall CCA-IMT, and it is now also demonstrated
for wall-specific measurements in our study. Effect modification by
age has previously been described by the Carotid Atherosclerosis
Progression Study (CAPS) reporting a considerably higher hazard ratio
for CVD events in individuals <50 years of age compared with indivi-
duals >50 years of age for far wall CCA-IMT.*® In addition, the
USE-IMT collaboration showed a hazard ratio for CVD of 1.40 (95%
Cl: 1.11-1.76) per SD higher CCA-IMT in individuals aged <45 years®”
and therefore stronger than in the principal analysis that included par-
ticipants of all ages.2 Furthermore, CCA-IMT was more strongly asso-
ciated with CVD risk in individuals free from symptomatic CVD at
baseline. It may be speculated that this is related to less ‘competition’
with other cardiovascular risk factors (e.g. history of diabetes, hyper-
tension, or high cholesterol) predominant in high-risk subgroups, fewer
medical visits, and a lower prevalence of medication intake.

Assessment of common carotid artery
intima-media thickness at the near and far
wall improves risk discrimination

Besides being independently associated with incident CVD, our ana-
lyses also demonstrate that CVD risk prediction is improved by add-
itional assessment of wall-specific CCA-IMT. Both the near and the
far wall CCA-IMT independently provided added predictive value,
with the improvement in the C-index being the largest when informa-
tion on CCA-IMT measured at both walls was taken into account. Also,
the NRI improved after adding wall-specific CCA-IMT information, al-
though improvement was similar when adding far wall CCA-IMT only
and both near and far wall CCA-IMT to the base model. However,
the NRI is criticized to be strongly dependent on the thresholds of
risk categories. Only the MESA study has previously investigated the
added value of wall-specific CCA-IMT for prediction of ‘hard’ cardio-
vascular events and reported non-significant C-index changes when as-
sessing far wall CCA-IMT."" Our study therefore crucially extends
current evidence on this topic. Moreover, since near and far wall
CCA-IMT can be measured simultaneously with little additional effort
and costs, future studies may consider using both near and far wall
CCA-IMT to assess cardiovascular risk.

Strengths and limitations

Strengths of our study are the access to large-scale participant-level
data, enabling harmonization of outcome definitions, a consistent ap-
proach to statistical analyses across studies, and estimation of effect
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estimates with high precision. Furthermore, our analysis showed
broadly similar strengths of associations across different types of study
populations, thereby supporting generalizability of our findings to dif-
ferent settings. A limitation of our analysis is that only 16 out of 74 stud-
ies from the Proof-ATHERO consortium were included (nine studies in
the multivariable adjusted analysis). This was mainly because over 70%
of the Proof-ATHERO studies lacked CCA-IMT measurements at the
near wall. However, our analysis included more than 15 times the num-
ber of events than in previously published studies."""? A further limita-
tion of our study is that there were some differences in ultrasound
protocols between studies; however, they did not impact the strengths
of associations as shown in the subgroup analyses. Furthermore, it is
possible that measuring far wall CCA-IMT at different insonation angles
could be superior to measuring near and far wall CCA-IMT due to a
higher reproducibility,” but angle-specific data were too scarce to
analyse them with adequate statistical power. Moreover, study baseline
dates back to 1980 when ultrasound resolution was lower than
nowadays. However, we did not detect differences in wall-specific
CCA-IMT values depending on the date of baseline or other ultrasound
methodologies. Other limitations include inherent between-study dif-
ferences in the adjudication of incident events and the majority of study
participants in this analysis originate from Europe and North America,
thereby limiting the generalizability of our findings to other continents.

Conclusions

In conclusion, this large-scale individual-participant-data meta-analysis
showed that the association of near and far wall CCA-IMT with incident
CVD was positive, approximately linear, and similarly strong.
Improvement in risk discrimination was highest when CCA-IMT was
measured at both walls.
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