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BACKGROUND: The association between common carotid artery intima-media thickness (CCA-IMT) and incident carotid plaque
has not been characterized fully. We therefore aimed to precisely quantify the relationship between CCA-IMT and carotid
plaque development.

METHODS AND RESULTS: We undertook an individual participant data meta-analysis of 20 prospective studies from the Proof-
ATHERO (Prospective Studies of Atherosclerosis) consortium that recorded baseline CCA-IMT and incident carotid plaque in-
volving 21494 individuals without a history of cardiovascular disease and without preexisting carotid plaque at baseline. Mean
baseline age was 56years (SD, 9years), 55% were women, and mean baseline CCA-IMT was 0.71 mm (SD, 0.17mm). Over a
median follow-up of 5.9years (5th-95th percentile, 1.9-19.0years), 8278 individuals developed first-ever carotid plaque. We
combined study-specific odds ratios (ORs) for incident carotid plaque using random-effects meta-analysis. Baseline CCA-IMT
was approximately log-linearly associated with the odds of developing carotid plaque. The age-, sex-, and trial arm—adjusted
OR for carotid plaque per SD higher baseline CCA-IMT was 1.40 (95% Cl, 1.31-1.50; *=63.9%). The corresponding OR that
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was further adjusted for ethnicity, smoking, diabetes, body mass index, systolic blood pressure, low- and high-density lipopro-
tein cholesterol, and lipid-lowering and antinypertensive medication was 1.34 (95% Cl, 1.24-1.45; °=59.4%; 14 studies; 16297
participants; 6381 incident plaques). We observed no significant effect modification across clinically relevant subgroups.
Sensitivity analysis restricted to studies defining plaque as focal thickening yielded a comparable OR (1.38 [95% Cl, 1.29-1.47];
PP=57.1%; 14 studies; 17 352 participants; 6991 incident plagques).

CONCLUSIONS: Our large-scale individual participant data meta-analysis demonstrated that CCA-IMT is associated with the
long-term risk of developing first-ever carotid plaque, independent of traditional cardiovascular risk factors.

Key Words: carotid intima-media thickness ® carotid plaque ® individual participant data meta-analysis ® prospective studies

CLINICAL PERSPECTIVE

What Is New?

e This study, based on participant-level data on
21494 individuals from 20 studies, performed
the most comprehensive analysis of the rela-
tionship between carotid intima-media thick-
ness and incident carotid plaque available to
date.

e Carotid intima-media thickness measured at
the common carotid artery was positively and
approximately log-linearly associated with the
long-term risk of developing carotid plaque.

e This association was independent of cardiovas-
cular risk factors and was robust across several
subgroup and sensitivity analyses.

What Are the Clinical Implications?

e This study provides evidence for the role of ca-
rotid intima-media thickness as a risk marker
for atherosclerotic disease, which may help
to identify individuals at risk of developing ad-
vanced atherosclerotic lesions earlier.

Nonstandard Abbreviations and Acronyms

CCA common carotid artery

cIlMT carotid intima-media
thickness

IMT intima-media thickness

Proof-ATHERO Prospective Studies of

Atherosclerosis

plaqgue are commonly used imaging markers for
the development and progression of atherosclero-
sis, the pathophysiological mechanism underlying most
cardiovascular diseases (CVDs). Both cIMT and carotid
plaque can be measured noninvasively using high-
resolution B-mode ultrasound. The 2 markers have been

Carotid intima-media thickness (cIMT) and carotid
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implicated in cardiovascular risk assessment, showing
robust associations with common cardiovascular risk
factors,'® atherosclerosis elsewhere in the arterial sys-
tem,* and the risk of developing a CVD event.5®

Observational studies investigating the associa-
tion between cIMT and carotid plaque have produced
variable results. Although cross-sectional studies con-
sistently showed that elevated cIMT values are associ-
ated with presence of carotid plaque,®" longitudinal
studies investigating the association of baseline cIMT
values with incident carotid plaque have yielded mixed
results.'*'82% We have recently summarized the evi-
dence on this topic in a literature-based meta-analysis
that involved data from 7 general population cohort
studies with a total of 9341 participants without pre-
existing carotid plaque.® In aggregate, it showed that
individuals in the top quartile compared with those in
the bottom quartile of baseline common carotid artery
intima-media thickness (CCA-IMT) had a relative risk of
1.78 (95% Cl, 1.53-2.07) of developing first-ever carotid
plague. Because this meta-analysis relied on literature-
based aggregated data, it was unable to apply con-
sistent statistical methods with respect to adjustment
for confounders, participant-level inclusion criteria, and
uniform definitions of exposure and outcome variables.
In addition, it could only inspect effects of potential ef-
fect modifiers across averaged values or percentages,
making it vulnerable to ecological fallacy.®!

To address this gap in knowledge, we conducted
an individual participant data meta-analysis of 21494
participants from 20 studies within the Proof-ATHERO
(Prospective Studies of Atherosclerosis) consortium
with the aim of precisely characterizing the association
of baseline CCA-IMT with the risk of developing a first-
ever carotid plaque during follow-up.

METHODS

The data sets supporting the conclusions of this ar-
ticle are not made publicly available because of legal
restrictions arising from the data distribution policy of
the Proof-ATHERO collaboration and from the bilat-
eral agreements between the consortium’s coordinat-
ing center and participating studies, but they may be
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requested directly from individual study investigators.
Studies that shared individual participant data have
obtained informed consent of the study participants
and ethical approval by their respective institutional
review boards. This study conforms to the Preferred
Reporting ltems for Systematic Review and Meta-
Analyses of individual participant data (PRISMA-IPD)
guidelines.®? The PRISMA-IPD checklist is provided in
Table S1.

Data Collection and Eligibility Criteria

Data were sought from the Proof-ATHERO consortium;
a detailed description of this collaboration has been
published elsewhere.®® For inclusion in the current
analysis, participants were required to have data per-
taining to (1) baseline CCA-IMT and (2) carotid plaque
status (yes versus no) at baseline and at least at one
visit during follow-up. The baseline visit was defined as
the first visit, at which carotid plaque status was avail-
able, and follow-up as subsequent visits. We excluded
participants with a baseline history of CVD (defined as
coronary heart disease or stroke) or preexisting carotid
plague at baseline from the analysis. Furthermore, to
avoid overfitting and convergence issues of statistical
models, we excluded studies that recorded <20 events
of incident carotid plague. Moreover, we searched the
literature for additional prospective studies on the as-
sociation of baseline CCA-IMT with incident carotid
plague in individuals free of carotid plaque at base-
line that were published until December 1, 2022. We
used the search terms (“intima-media thickness” [all
fields] OR “IMT” [all fields] OR “intima media thickness”
[all fields] AND “plaque” [all fields] AND “incident” [all
fields] OR “prospective” [all fields]) in PubMed and
TS=(“intima-media thickness” OR “IMT” OR ‘“intima
media thickness”) AND TS=(“plaque” AND [“incident”
OR “prospective”]) in Web of Science.

Ascertainment of CCA-IMT and Carotid
Plaque

Details on the study-specific definitions of CCA-IMT
and carotid plaque are provided in Table S2 and have
been described previously.3® In quantifying CCA-IMT,
we gave preference to mean CCA-IMT values or, alter-
natively, used maximum CCA-IMT. When studies pro-
vided cIMT measurements at several locations of the
CCA (ie, near and far wall, left and right side, and dif-
ferent insonation angles), we used the arithmetic mean
of all available values. When measuring cIMT, most
studies focused on a 10-mm long segment at the dis-
tal part of the CCA (Table S2 and Figure S1). Incident
carotid plague was defined as the development of first-
ever plaque during follow-up in any segment of the ca-
rotid artery (ie, left or right CCA, carotid bifurcation, or
internal carotid artery). Fourteen studies (70%) defined
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carotid plaque as focal thickening, and some others
relied on different thresholds of cIMT (Table S2).

Statistical Analysis

Statistical analyses were conducted according to a pre-
defined analysis plan. We calculated odds ratios (ORs)
for incident plaque using a 2-stage approach. We first
estimated ORs within each study separately, and then
combined study-specific ORs using random-effects
meta-analysis using the method of moments procedure
of DerSimonian and Laird. Between-studies hetero-
geneity was quantified with the /° statistics.>* We con-
ducted complete-case analyses, if not stated otherwise.

In the primary analysis, we used logistic regression
models to estimate ORs for incident plaque per SD
higher level of CCA-IMT, defining the SD of CCA-IMT
within each study separately. The CCA-IMT distribu-
tion was checked for normality by visually inspecting
quantile-quantile plots. We report ORs (1) adjusted for
age, sex, and trial arm; and (2) further adjusted progres-
sively for ethnicity, smoking, history of diabetes, body
mass index, systolic blood pressure, low-density lipo-
protein cholesterol, high-density lipoprotein cholesterol,
lipid-lowering medication, antinypertensive medication,
estimated glomerular filtration rate, and hs-CRP (high-
sensitivity C-reactive protein). We also conducted anal-
yses that expressed ORs per 0.1-mm higher level of
baseline CCA-IMT. To inspect the shape of association
between baseline CCA-IMT and incident plaque, we cal-
culated ORs across study-specific CCA-IMT quintiles,
pooled them using multivariate random-effects meta-
analysis,®® plotted them against the mean CCA-IMT
value within each quintile, and added the best-fitting line
through the OR estimates. We evaluated log linearity of
the association between baseline CCA-IMT and inci-
dent carotid plague by visually inspecting whether OR
estimates lie on the corresponding best-fitting lines. In
this analysis, we used floating absolute risks®® to calcu-
late 95% Cls for quintile groups (including the reference
group), thereby enabling head-to-head comparisons
between effect sizes of any 2 of the quintiles.

We also investigated effect modification with formal
tests of interaction across clinically relevant predefined
variables (ie, age, sex, lipid-lowering medication, and
low-density lipoprotein cholesterol at baseline and de-
velopment of CVD during follow-up). We used meta-
regression®’ to test for differences by selected study-level
characteristics (ie, study type and type of CCA-IMT mea-
surement). In subgroup analyses, we applied Bonferroni
correction® to account for multiple testing (ie, P values
<0.0071 [0.05/7 tests] were deemed as statistically sig-
nificant). In addition, we investigated whether ORs varied
by median duration of follow-up using meta-regression.®’
Moreover, we conducted sex-specific analyses and esti-
mated pooled ORs separately for women and men.
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Finally, we conducted sensitivity analyses that: (1)
took into account the time to plaque development by
use of Cox regression (after ensuring that the propor-
tional hazards assumption was met on the basis of
Schoenfeld residuals and the graphical inspection of
log[-log] plots), estimating the date of carotid plaque
development as the visit at which carotid plaque had
first been detected or, alternatively, as the midpoint be-
tween this and the preceding visit; (2) used long-term
average CCA-IMT values (“usual levels”) estimated with
regression calibration®® on the basis of repeated CCA-
IMT measurements over time; (3) used within-study
multiple imputation of missing values suggested by
Burgess et al*° (ie, imputed sporadically missing values
in each study separately [80 data sets] before applying
the Rubin rule and then combining study-specific ef-
fect sizes with random-effects meta-analysis); (4) omit-
ted participants with a large CCA-IMT value (>1.5mm),
which could be indicative of undetected carotid plaque;
and (5) omitted studies that had defined carotid plaque
as CCA-IMT above a specific threshold rather than as
focal thickening. We additionally conducted a separate
sensitivity analysis that compared the association of
baseline CCA-IMT with carotid plaque development
at the same side of the neck (ie, right CCA-IMT with
right carotid plaque and left CCA-IMT with left carotid
plague) and at the opposite side of the neck (ie, right
CCA-IMT with left carotid plaque and left CCA-IMT
with right carotid plaque).

In addition, we meta-analyzed the results of the
studies from the Proof-ATHERO consortium with the
studies we found in the literature for which we were
not able to obtain individual participant data. We fo-
cused on the Proof-ATHERO studies included in our
multivariable-adjusted meta-analysis to enhance the
comparability to the studies from the literature. Again,
we meta-analyzed ORs for incident carotid plaque per
SD higher baseline CCA-IMT using random-effects
meta-analysis.

All statistical tests were 2-sided, and we deemed
P<0.05 as statistically significant, unless specified
otherwise. Statistical analyses were conducted using
Stata version 15.1 (StataCorp).

RESULTS

Contributing Data and Study
Characteristics

The derivation of the study sample contributing to the
present study is outlined in Figure 1. Of the 74 stud-
ies involved in the Proof-ATHERO consortium, we ex-
cluded 48 that did not record incident carotid plaque.
After further excluding participants who did not meet
the prespecified inclusion criteria and excluding stud-
ies that recorded <20 incident carotid plaque events,
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a total of 20 studies involving 21494 participants re-
mained for analysis.!®#1-5¢

Table 1 and Table S3 summarize key characteristics
of the studies and participants we analyzed. Twelve
studies recruited participants from the general popula-
tion, 6 recruited participants from high-risk populations
(ie, individuals with baseline coronary atherosclerosis,
renal disease, or other vascular risk factors), and 2
were clinical trials (involving individuals on hemodial-
ysis and with heterozygous familial hypercholesterol-
emia). The pooled mean age at baseline was 56years
(SD, 9years); 55% of the participants were women.
The overall mean of baseline CCA-IMT values was
0.71mm (SD, 0.17 mm), with 15 studies reporting mean
CCA-IMT values and 5 studies reporting maximum
CCA-IMT values. Over a median follow-up of 5.9years
(5th—95th percentile, 1.9-19.0years), 8278 participants
(39%) developed first-ever carotid plaque.

Relationship Between CCA-IMT and
Development of Carotid Plaque
Figure 2 depicts development of carotid plaque across
quintiles of baseline CCA-IMT. In the first, second, third,
fourth, and fifth quintile, 1293 (28.9%), 1419 (33.1%),
1614 (36.8%), 1737 (41.7%), and 2215 (53.0%) individu-
als developed incident carotid plaque, respectively.
The odds appeared to increase log-linearly across
CCA-IMT quintiles when adjusting for age, sex, and
trial arm as well as in the multivariable-adjusted model.
The pooled OR for first-ever carotid plaque devel-
opment, adjusted for age, sex, and trial arm, was 1.40
(95% Cl, 1.31-1.50; P=63.9%) per SD higher level of
baseline CCA-IMT (for study-specific estimates, see
Figure S2). The corresponding OR per 0.1-mm higher
baseline level of CCA-IMT was 1.30 (95% Cl, 1.23-1.38;
P=71.8%). As shown in Table 2, the association was
slightly weakened when the OR was further adjusted
for potential confounding variables. In a model further
adjusted for ethnicity, smoking, diabetes, body mass
index, systolic blood pressure, low- and high-density
lipoprotein cholesterol, and lipid-lowering and antihy-
pertensive medication, the OR per SD higher base-
line CCA-IMT was 1.34 (95% Cl, 1.24-1.45; [°=59.4%;
14 studies; 16297 participants; 6381 incident carotid
plaques). The ORs were virtually identical when fur-
ther adjusted for estimated glomerular filtration rate or
log-transformed hs-CRP values. In subgroup analyses
(Figure 3), there was no evidence for effect modification
by age, sex, intake of lipid-lowering medication, low-
density lipoprotein cholesterol, development of CVD
during follow-up, type of study, and type of CCA-IMT
measure, when we considered a multiplicity-adjusted
threshold for statistical significance (all P>0.0071). In ad-
dition, we found no statistically significant difference in
ORs by median duration of follow-up, as demonstrated
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74 studies in the
Proof-ATHERO consortium
as of June 2021

;} 48 studies without data on incident carotid plaque

A 4
26 studies with 69,726
participants

A 4

48,163 participants excluded, for reasons*:
- missing data on carotid plaque (n=8,636)
- pre-existing carotid plaque at baseline (n=29,854)
- history of CVD at baseline (n=1,968)
- missing data on incident carotid plaque (n=6,830)
- missing data on baseline CCA-IMT (n=875)

A 4
23 studies with 21,563
participants

A 4

. | 3 studies with 69 participants reported <20 incident
"| carotid plaque events

20 studies with 21,494
participants included
in the analysis

Figure 1. Flow diagram.

*Exclusions were made hierarchically; 3 studies were omitted at this step because all participants of these
studies had to be excluded. CCA-IMT indicates common carotid artery intima-media thickness; CVD,
cardiovascular disease; and Proof-ATHERO, Prospective Studies of Atherosclerosis.

in Figure S3 (P=0.804). As shown in Table S4, results
were also similar in sex-specific analyses. The age- and
trial arm-adjusted OR for incident carotid plaque per
SD higher baseline CCA-IMT was 1.38 (95% Cl, 1.24-
1.53; P=69.0%; 18 studies; 11756 participants; 4228
incident carotid plaques) in women and 1.39 (95% Cl,
1.31-1.46; P=10.8%; 18 studies; 8980 participants;
3611 incident carotid plaques) in men.

Sensitivity Analyses

In sensitivity analyses, we observed similar ORs
when we multiplied imputed missing values, excluded
individuals with CCA-IMT values >1.5mm, or restricted
analyses to studies that defined carotid plaque as focal
thickening (Figure 4A). Stronger associations were
observed when we considered long-term averages
(“usual levels”) of CCA-IMT values, which we estimated
on the basis of repeated CCA-IMT measurements
taken at a median of 2 occasions (range, 2-9 occa-
sions). Median time between 2 consecutive CCA-IMT
measurements was 3.0years (interquartile range, 2.3—
5.4years). The OR per SD higher “usual” CCA-IMT was
1.71 (95% Cl, 1.54-1.89; ’=63.9%) when adjusted for
age, sex, and trial arm and 1.65 (95% ClI, 1.44-1.88;
P=59.4%) in the multivariable-adjusted model. When
we used Cox regression and estimated the dates of
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plaque development as the visit at which plaque had
first been detected, the hazard ratio (HR) for incident
plaque per SD higher baseline CCA-IMT was 1.24 (95%
Cl, 117-1.30; P=74.4%) when adjusted for age, sex,
and trial arm and 1.16 (95% Cl, 1.09-1.24; °=74.8%)
in the multivariable-adjusted model. When we esti-
mated dates of plague development as the midpoint
between the visit at which plaque had first been de-
tected and the preceding visit, HRs for incident plaque
per SD higher baseline CCA-IMT were 1.28 (95% ClI,
1.22-1.33; [°=64.8%) when adjusted for age, sex, and
trial arm and 1.22 (95% ClI, 1.16-1.29; [°’=65.7%) in the
multivariable-adjusted model. Finally, side-specific
analyses revealed somewhat stronger associations for
an ipsilateral development than a contralateral devel-
opment of carotid plaque (Figure 4B).

Combined Meta-Analysis With
Aggregated Data

We identified 5 studies from the literature to supple-
ment our multivariable individual participant data meta-
analysis (Figure $4).'417:27-2° The pooled OR for carotid
plague per SD higher baseline CCA-IMT based on
data from these 5 studies was 1.28 (95% Cl, 1.14-1.43;
PP=20.1%; 5 studies; 3736 participants). When meta-
analyzing ORs of the studies from the Proof-ATHERO



Carotid Intima-Media Thickness and Incident Plaque

Tschiderer et al

‘papiodai 10U ‘YN PUE ‘SS8UNIU} BIpaW-BLINUL ‘| | ‘AJaLie PROJED UOWWOD S8eDIpUl YOO |,ON, SOIEDIPUI o PUE ,SBA, SO1EIPUI e ¢ 'Alsnolrald paysiignd usag erey saweu Apnis (N4

(06161 6'S 8.28 (Zro) 120 (6) 95 (58) 952 11 ¥6Y 12 [eloL
(Fz-g0)0C ° 6 uea (r1:0) 99°0 6) or (8v) v62 019 scFONVHNI
(0e-0¢)0¢e YN jord ueay 8ro) 120 (w4 v (09) 02 s 2sAdNLS 393

S[eU} [oIUID
(re-zHee o g9l WNWIXEN (Qro 620 (e1) 61 (/1) ee2 867 1,sONIZNOW-YAHVYNOIN
(0s-zHoe . €9 wnwixep (71'0) 690 (6) €5 (N3N 861+ 9gOUo8pUET]
(L1-670) V'L ° 99 uea €ro ¥90 € g9 (0e) 62 16 PRI
(9z—zcHse o /8¢ uesiy (80°0) 020 (6) €9 (79) 112 L0kt v INOGdINI

(Lor-zhee o 165 wnuwixe|y| (r10) €60 (6) 7S (ev) ev. ELLL esNSO

(8'9-9'0) ¥'L . ze uesiy (Sro)eLo (6) 85 (8€) 28 €le 2sAHLSI93H Mg

suolreindod ysu-yBiH

Co-t9 vy ° 192 uea (Lro 20 ) cs (6¢) 9g¢ 116 1cdIHdVS
-9 v'9 ° 6.5 uesiy (LFO) 120 Q) v9 (99) 908 Leeh 0sNVag3 L 10y
8-12) 09 ° €0e ues (€ro e90 (h) ¥S (19) 08 Slek 6+0Id
(€5-09) I's ° 4] ueay (r10) /80 () oz (89) 8el ove 2vSNAId
(F8-62) 98 ° sel uea (80°0)0£0 (8) 99 (19) 69k 8/¢c 1LSFANI-SYINON
(ro1-8'8) ¥'6 ° 060} WNWIXeN (Qro) 180 (6) 85 (99) 291+ Ko]¥4 9y VSAN
(6'02-9'01) 08k . cle ues €ro) 2o 9 61 o 2ss 5raHIM
(Fv-02)6€ . gLl uesiy (010590 €) g9 (€9) 581 69/ qVAd
(G619 ¥'s . £2¢ uea (l2'0) 890 (8) 89 (29) sev 572 wONINIFE-SOND

(06-82)0€ . V.. WNWIXeN (r0) €6°0 (©) 12 (12) 059 /16 &SHO

(L€2-872 09 ° ve.2 ues|y (€ro) 190 (9 es (09) 2287 789/ 201V
(F6-1e) 88 ° 9zl uesiy cro 80 (1 8s o 902 eIV

uolendod [eseuan

sisfAjeuy ay} 0} BuipnguIu0) SAIPN]S JO SolIsudloeIRYD) | 3]qeL

Downloaded from http://ahajournals.org by on July 27, 2023

J Am Heart Assoc. 2023;12:e027657. DOI: 10.1161/JAHA.122.027657



€20z /2 AIn uo Ag Bio'sfeulnofeye//:dny wouy papeojumoq

Tschiderer et al

Carotid Intima-Media Thickness and Incident Plaque

A Analysis of 20 studies with 21,494
participants and 8,278 incident plaques

B Analysis of 14 studies with 16,297
participants and 6,381 incident plaques
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Figure 2. Odds ratios (ORs) for incident carotid plaque across quintiles of baseline common
carotid artery intima-media thickness (CCA-IMT) in participants with complete data on age, sex,
and trial arm (A) and variables used for multivariable adjustment* (B).

The dashed lines indicate the best-fitting lines through the odds ratio estimates. *Adjusted for age at
baseline, sex, trial arm, ethnicity, smoking status at baseline, history of diabetes at baseline, systolic
blood pressure at baseline, body mass index at baseline, low-density lipoprotein cholesterol at baseline,
high-density lipoprotein cholesterol at baseline, intake of lipid-lowering medication at baseline, and intake

of antihypertensive medication at baseline.

consortium that were included in the multivariable-
adjusted meta-analysis with aggregated data of these
5 studies, the pooled OR for incident carotid plaque
per SD higher baseline CCA-IMT was 1.33 (95% ClI,
1.24-1.42; P=54.1%; 18 studies; 19295 participants).

DISCUSSION

In the present individual participant data meta-analysis
embedded in the Proof-ATHERO consortium, we in-
vestigated the association of CCA-IMT values with
the development of incident first-ever carotid plaque
during follow-up. We observed an OR for plaque de-
velopment of 1.40 (95% ClI, 1.31-1.50) per SD higher
level of baseline CCA-IMT, which was reduced slightly
in a multivariable adjustment model. We also demon-
strated that odds increased approximately log-linearly
across quintiles of baseline CCA-IMT. Finally, associa-
tions were robust in several sensitivity analyses and
across a range of clinically relevant participant charac-
teristics (eg, traditional risk factors and intake of medi-
cation) and study methods (eg, in assessing CCA-IMT).

J Am Heart Assoc. 2023;12:e027657. DOI: 10.1161/JAHA.122.027657

Comparison With Previous Findings

We have previously investigated the relationship be-
tween CCA-IMT and development of carotid plagque in
a literature-based meta-analysis that considered 7 gen-
eral population studies with a total of 9341 participants
and 1288 events of carotid plagque.® In this analysis pre-
ceding the current study, we had observed a pooled
relative risk for incident carotid plaque of 1.78 (95% ClI,
1.53-2.07), when comparing individuals in the top quar-
tile of baseline CCA-IMT with individuals in the bottom
quartile. Although this effect size is comparable to the
effect size in the current study (see results across quin-
tiles in Figure 2), a key strength of the current analysis
is that it included 6 times more incident outcomes and
could therefore quantify the association more precisely
(in addition to other advantages related to the individual
participant data access). We were also able to include
hitherto unpublished findings from 15 studies and ex-
tended the analysis to high-risk populations and clinical
trials. When meta-analyzing the studies contributing to
the Proof-ATHERO consortium with the aggregated data
of the additional studies we found in the literature,'"27-2
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Table 2. Association Between Baseline CCA-IMT and Incident Carotid Plaque Progressively Adjusted for Traditional and

Emerging Cardiovascular Risk Factors

Carotid Intima-Media Thickness and Incident Plaque

Level of adjustment

OR (95% CI) for incident carotid plaque per
SD higher baseline CCA-IMT

P value (x?)

12 (95% Cl), %

Primary analysis

20 Studies; 21494 participants; 8278 incident plaques

Adjusted for age, sex, and trial arm 1.40 (1.31-1.50) <0.001 (102.4) 63.9 (41.8-77.6)

Progressive adjustment* 14 Studies; 16297 participants; 6381 incident plagues

Adjusted for age, sex, and trial arm 1.40 (1.29-1.51) <0.001 (66.2) 65.8 (39.9-80.6)
Above+ethnicity 1.40 (1.29-1.52) <0.001 (65.8) 66.1 (40.4-80.7)
Above+smoking status 1.39 (1.28-1.51) <0.001 (61.9) 66.2 (40.6-80.8)
Above+history of diabetes 1.38 (1.28-1.50) <0.001 (60.6) 65.8 (39.9-80.6)
Above+body mass index 1.39 (1.28-1.51) <0.001 (61.3) 65.2 (38.6-80.3)
Above+systolic blood pressure 1.36 (1.26-1.47) <0.001 (60.1) 60.6 (29.4-78.1)
Above+LDL cholesterol 1.35 (1.25-1.46) <0.001 (56.5) 59.7 (27.5-77.6)
Above+HDL cholesterol 1.34 (1.24-1.45) <0.001 (56.2) 58.9 (25.8-77.2)
Above-+lipid-lowering medication 1.34 (1.24-1.45) <0.001 (565.5) 59.4 (26.9-77.5)
Above+antihypertensive medication 1.34 (1.24-1.45) <0.001 (55.0) 59.4 (26.8-77.4)

Further adjustment for eGFR* 10 Studies; 12487 participants; 5274 incident plaques

Multivariable adjusted® 1.30 (1.17-1.44) <0.001 (25.4) 61.6 (23.5-80.7)
Above+eGFR 1.30 (1.17-1.44) <0.001 (28.5) 63.4 (27.5-81.5)

Further adjustment for hs-CRP* 12 Studies; 6987 participants; 2636 incident plaques

Multivariable adjusted’ 1.39 (1.30-1.48) <0.001 (106.3) 0.0 (0.0-58.3)
Above+log hs-CRP 1.39 (1.30-1.47) <0.001 (104.3) 0.0 (0.0-58.3)

CCA indicates common carotid artery; eGFR, estimated glomerular filtration rate; HDL, high-density lipoprotein; hs-CRP, high-sensitivity C-reactive protein;

IMT, intima-media thickness; LDL, low-density lipoprotein; and OR, odds ratio.

*Restricted to individuals having information on all variables included in the model.
TAdjusted for age at baseline, sex, trial arm, ethnicity, smoking status at baseline, history of diabetes at baseline, systolic blood pressure at baseline, body
mass index at baseline, low-density lipoprotein cholesterol at baseline, high-density lipoprotein cholesterol at baseline, intake of lipid-lowering medication at

baseline, and intake of antihypertensive treatment at baseline.

we identified a multivariable-adjusted OR for incident ca-
rotid plaque of 1.33 (95% Cl, 1.24-1.42; P=54.1%) per SD
higher CCA-IMT, which is nearly the same result as in the
present multivariable-adjusted primary analysis. Our find-
ings are also in line with results from other studies in the
literature that analyzed the association of CCA-IMT with
carotid plaque differently. The Tromsa study, for instance,
observed a positive association between baseline cIMT
and a higher number of plaques at follow-up.'® The SHIP
(Study of Health in Pomerania) reported that individuals
with elevated CCA-IMT had a higher risk for developing
additional plagues in previously unaffected arterial seg-
ments.”® In contrast to these studies and our report, the
Reykjavik Risk Evaluation for Infarct Estimates study found
no statistically significant association between CCA-IMT
and formation of a new plaque.°

Ultrasound Methods Used in the
Contributing Studies

Measurement of cIMT and carotid plaque is generally
performed noninvasively with high-resolution B-mode
ultrasound. cIMT is defined as the so-called double-
line pattern, representing the distance between the

J Am Heart Assoc. 2023;12:e027657. DOI: 10.1161/JAHA.122.027657

lumen-intima and the media-adventitia interfaces.®°
The 2011 Mannheim cIMT and plaque consensus
recommends cIMT to be measured at the far wall of
the CCA in an area free of carotid plaque.t! In 2008,
the American Society of Echocardiography also rec-
ommended measuring CCA-IMT at the far wall of the
carotid artery in their Consensus Statement but, con-
trarily, to include sections with carotid plaque.®? In the
studies contributing to the present report, there were
some differences in how CCA-IMT was assessed
(Table S2 and Figure S1). cIMT was often measured
at different sections of the CCA, at the left and/or right
side of the neck, and at the near and/or far wall of the
CCA. To reduce variability and include a broad range
of information from the entire CCA, we averaged all
the available measurements to obtain an overall CCA-
IMT value. Moreover, in a meta-regression analysis
(Figure 3), we observed that the association was simi-
larly strong in studies reporting mean CCA-IMT and
studies reporting maximum CCA-IMT.

Besides different definitions of CCA-IMT, studies
also varied in terms of carotid plague assessment
(Table S2). The Mannheim cIMT and plaque con-
sensus defines carotid plaque as focal thickening
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Subgroup No. of studies /
participants /
incident plaques
Age
Lower third 19/ 7,646/ 2,356
Middle third 19/ 6,982/ 2,718
Upper third 19/ 6,626/ 3,052
Sex
Male 18/ 8,980/ 3,611
Female 18 /11,756 | 4,228

Lipid-lowering medication
Other
Current

LDL cholesterol

15/15,910/ 6,242
15/ 1,578/ 623

Lower third 19/ 6,483/ 2,211

Middle third 19/ 6,423/ 2,427

Upper third 19/ 6,377/ 2,705
CVD during follow-up

No 17/19,945/ 7,577

Yes 17/ 837/ 447
Study type

12/16,941/ 6,896
6/ 3,826/ 1,310

General population
High-risk populations

Clinical trial 2/ 7271 72
CCA-IMT type
Mean 15/16,067 / 5,589

Maximum 5/ 5,427/ 2,689

OR (95% CI) for incident plaque P value*
per SD higher baseline CCA-IMT
—— 1.46 (1.33, 1.61)
—— 1.49 (1.35, 1.64) 0.020
—— 1.39 (1.27,1.52) |
—— 1.37 (1.29, 1.46) |
—— 140 (1.28,1.53) | 0587
— 1.38 (1.28,1.49) | 0.951
——— 138(121,157) |
—— 1.41 (1.30, 1.53) |
—— 1.34 (1.23, 1.46) 0.452
—— 1.41(1.28,1.55) |
—— 1.41(1.33,1.50) |
——————  149(121,184) | 0582
—— 1.38 (1.27, 1.49) ]|
—— 1.37 (1.21,1.57) 0.067
————211(1.53,2.92) |
—— 1.48 (1.37,1.60) |
—— 124 (1.10,1.40) | 0.026
T T 1
125 15 175 2

Figure 3. Comparison of the strength of association between baseline common carotid artery intima-media thickness
(CCA-IMT) and incident carotid plaque across various subgroups.

The models are additionally adjusted for age, sex, and trial arm, if appropriate. *P values from interaction for categorical participant-
level variables (ie, sex, lipid-lowering medication, and cardiovascular disease [CVD] during follow-up) and continuous participant-level
variables (ie, age and low-density lipoprotein [LDL] cholesterol) and P values from meta-regression for study-level variables (ie, study
type and CCA-IMT type). After correcting for multiple testing, P<0.0071 (0.05/7) was deemed statistically significant. Participant-level
subgroup analyses include only studies that contribute data to all levels of a subgroup. OR indicates odds ratio.

of at least 0.5mm or 50% of its surrounding area or
as cIMT >1.5mm.%" Similarly, the American Society
of Echocardiography recommends defining carotid
plaque as “(1) any focal thickening thought to be ath-
erosclerotic in origin and encroaching into the lumen
of any segment of the carotid artery (protuberant-type
plague) or (2) in the case of diffuse vessel wall athero-
sclerosis, when carotid intima-media thickness mea-
sures >1.5mm in any segment of the carotid artery
(diffuse-type plaque).”®® Although most of the studies
contributing to our analysis defined carotid plague as
focal structure, some others defined it as cIMT above
a predefined threshold. The latter may be problematic
in the present analysis because cIMT is assumed to

J Am Heart Assoc. 2023;12:e027657. DOI: 10.1161/JAHA.122.027657

thicken progressively over time, and a direct associ-
ation between elevated baseline cIMT and carotid
plague development in those studies would therefore
be a logical consequence. Reassuringly, though, when
we excluded these studies in a sensitivity analysis, the
effect size pooled across the remaining studies was
similar as in the primary analysis (OR, 1.38 [95% ClI,
1.29-1.47]). Another potential challenge is that early
stage of plaque development may sometimes be mis-
classified as elevated cIMT.8" Therefore, we conducted
a sensitivity analysis that omitted individuals with CCA-
IMT >1.5mm, which could be indicative for carotid
plague. Again, this analysis yielded results comparable
to the primary analysis, with an overall OR for carotid
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No. of studies / Effect size (95% CIl) for incident plaque P (%)
participants / per SD higher baseline CCA-IMT
incident plaques
A Sensitivity analyses
Odds ratio (95% Cl)
Adjusted for age, sex, and trial arm ! I
Primary analysis 20/21,494 /8,278 e 1.40 (1.31, 1.50) 63.9
Using repeat measurements 20/21,494 /8,278 —e—  1.71(1.54, 1.89) 63.9
Multiply imputing missing values* 20/22,369 /8,574 e 1.40 (1.31, 1.50) 65.2
Omitting CCA-IMT >1.5 mm 20/21,485/ 8,271 e 1.41 (1.32, 1.50) 58.7
Using studies with focal plaque definition 14 /17,352 /1 6,991 — 1.38 (1.29, 1.47) 571
Multivariable adjustedt
Primary analysis 14 /16,297 / 6,381 —— 1.34 (1.24, 1.45) 59.4
Using repeat measurements 14/ 16,297 / 6,381 ——— 1.65(1.44,1.88) 59.4
Multiply imputing missing values* 14 /17,887 / 6,660 e 1.35 (1.25, 1.45) 59.5
Omitting CCA-IMT >1.5 mm 14 /16,288 /6,374 e 1.35 (1.26, 1.45) 493
Using studies with focal plaque definition 12/15,289 /6,044 e 1.31 (1.22, 1.41) 50.0
T T T 1
Hazard ratio (95% CI)
Adjusted for age, sex, and trial arm I I
Using Cox regression (method 1%) 20/21,494 /8,278 e (1.17, 1.30) 74.4
Using Cox regression (method 2§) 20/21,494 /8,278 —— (1.22,1.33) 64.8
Multivariable adjustedt
Using Cox regression (method 1%) 14 /16,297 / 6,381 —— (1.09, 1.24) 74.8
Using Cox regression (method 2§) 14/ 16,297 / 6,381 e (1.16, 1.29) 65.7
f T T T 1
Side-specific analyses
Odds ratio (95% Cl)
Ipsilateral comparison|| I I
Right CCA-IMT vs. right plaque 15/19,619/3,873 —— 1.32 (1.19, 1.46) 83.0
Left CCA-IMT vs. left plaque 15/20,534 /4,033 e 1.32 (1.21, 1.45) 81.0
Contralateral comparison||
Left CCA-IMT vs. right plaque 15/20,449 /3,871 —— 1.23 (1.16, 1.31) 57.7
Right CCA-IMT vs. left plaque 15/19,728 / 4,057 — 1.25 (1.15, 1.36) 77.8
f T T T 1
1 125 15 1.75 2

Figure 4. Sensitivity analyses (A) and side-specific analyses (B) of the association between baseline common carotid
artery intima-media thickness (CCA-IMT) and incident carotid plaque.

Odds ratios were obtained from logistic regression analysis, and hazard ratios were obtained from Cox regression analysis. *Imputed
variables (percentage of missing values that were imputed): CCA-IMT (3.9%), ethnicity (0.1%), smoking status (3.4%), history of diabetes
(4.5%), systolic blood pressure (1.5%), body mass index (1.1%), low-density lipoprotein cholesterol (4.8%), high-density lipoprotein
cholesterol (3.6%), lipid-lowering medication (2.2%), and antihypertensive medication (1.7%). TAdjusted for age at baseline, sex, trial
arm, ethnicity, smoking status at baseline, history of diabetes at baseline, systolic blood pressure at baseline, body mass index at
baseline, low-density lipoprotein cholesterol at baseline, high-density lipoprotein cholesterol at baseline, intake of lipid-lowering
medication at baseline, and intake of antihypertensive medication at baseline. ¥In this model, date of carotid plaque development
was estimated as the visit at which carotid plaque had first been detected. SIn this model, date of carotid plaque development was
estimated as the midpoint between the visit at which carotid plaque had first been detected and the preceding visit. |Adjusted for age
at baseline, sex, and trial arm.

plaque development of 1.41 (95% ClI, 1.32-1.50) per SD
higher level of baseline CCA-IMT. Although we did not
observe significant effect modification by differences
in ultrasound protocols, discrepancies in definitions
of cIMT and carotid plaque are suboptimal and stan-
dardizations of measurement techniques would be an
essential approach to obtain adequate comparisons.®’

J Am Heart Assoc. 2023;12:e027657. DOI: 10.1161/JAHA.122.027657

Clinical Implications

As atherosclerosis often develops over years without
symptoms or detection, early identification of vulnera-
ble individuals is the key to prevent its clinical sequelae.
Current evidence shows that increased cIMT relates to
unfavorable levels of risk factors,®4-%¢ presence of ath-
erosclerosis elsewhere in the arterial system,* and the
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risk of future CVD events.®” We have previously shown
in an analysis of 119 clinical trials that different types of
interventions reduce progression of cIMT and that the
greater reductions in cIMT progression are associated
with greater reductions in CVD risk, endorsing its use-
fulness as a surrogate marker.%” Leading on from this,
we now provide further evidence for the role of cIMT
as a risk marker for atherosclerotic disease, which
may help to identify individuals at risk of developing
advanced atherosclerotic lesions earlier.

Strengths and Limitations

The present analysis has several strengths. First, we
analyzed data of the Proof-ATHERO consortium, the
worldwide largest consortium with data on repeated
assessments of atherosclerosis and CVD, and in-
cluded 20 different studies with >21 000 individuals.
Thus, a major strength of the current analysis is its
large sample size, which allows estimating effect sizes
with adequate precision. Second, we included data
from studies in a variety of clinical settings, thereby
enhancing the generalizability of our findings to vari-
ous populations. Third, we excluded individuals with a
history of CVD, reducing the potential influence of sub-
sequent drug treatments or frequent medical checks
on the development of carotid plaques. Fourth, access
to individual participant data allowed us to harmonize
outcomes, exposures, and levels of adjustment, and
perform various participant-level sensitivity analyses.
Fifth, in a sensitivity analysis, we capitalized on the se-
rial CCA-IMT measurements available in our studies
and estimated ORs for incident carotid plague based
on long-term averages of CCA-IMT rather than a sin-
gle baseline measurement, thereby taking into account
within-person variation of CCA-IMT during follow-up.
Sixth, because we had access to participant-level
data, we were able to study the shape of association
between CCA-IMT and development of carotid plaque
across fifths of baseline CCA-IMT. Seventh, compared
with our previous literature-based meta-analysis, indi-
vidual participant data meta-analysis enabled a sophis-
ticated analysis of effect sizes across participant-level
subgroups. Our study also has limitations. First, there
were differences in how the individual studies defined
and measured CCA-IMT and carotid plaque. Second,
because carotid plaque status was only available at the
study visits and not in between, there was uncertainty
about the exact time point of plaque development. For
this reason, we prespecified to use logistic regression
in our primary analysis. When we used Cox regression
based on the estimated time to plaque development,
HRs were highly significant, although numerically lower
than ORs, as expected when the rare disease assump-
tion is not met (39% developed the outcome plaque).
Third, because the present meta-analysis focused on
plaque status, we cannot draw any conclusions about

J Am Heart Assoc. 2023;12:e027657. DOI: 10.1161/JAHA.122.027657
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the relationship of CCA-IMT with plaque quality, size,
or architecture, which are more detailed measures
to quantify and characterize carotid plaque.® Fourth,
our analysis includes long-term follow-up studies, with
baseline examinations typically taking place in 1990s
to early 2000s,%® and ultrasound devices have im-
proved significantly since then. Consequently, it can be
assumed that it would nowadays be possible to obtain
ultrasound images with higher resolution, which would
also enable us to identify plaques of smaller dimension.
Furthermore, although recent guidelines also suggest
measuring 3-dimensional carotid plaque by applying
modern ultrasound techniques,®® we were only able
to analyze 2-dimensional carotid plaque data because
of the unavailability in our long-term follow-up studies.
Also, we only investigated ultrasound-based markers
measured in the carotid arteries. Further research is
needed on whether our results also hold for other vas-
cular beds (eg, the femoral arteries).® Finally, plaque
data on specific carotid arterial segments (ie, CCA,
carotid bifurcation, and internal carotid artery) were
sparse and could not be considered in our analysis,
which prevented us from investigating the association
between CCA-IMT and segment-specific development
of carotid plaque.

CONCLUSIONS

In this large-scale meta-analysis based on participant-
level data, CCA-IMT was associated with the long-term
risk of developing first-ever carotid plaque, independ-
ent of traditional cardiovascular risk factors. The as-
sociation was robust across sensitivity analyses and
similarly strong for women and men and for individuals
at different ages.
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Table S1. PRISMA-IPD Checklist.

PRISMA-IPD Item | Checklist item Reported
Section/topic No on page
Title
Title 1 | Identify the report as a systematic review and meta-analysis of individual participant data. 1
Abstract
Structured 2 Provide a structured summary including as applicable: 5-6
summary Background: state research question and main objectives, with information on participants, interventions, comparators and
outcomes.
Methods: report eligibility criteria; data sources including dates of last bibliographic search or elicitation, noting that IPD were
sought; methods of assessing risk of bias.
Results: provide number and type of studies and participants identified and number (%) obtained; summary effect estimates for
main outcomes (benefits and harms) with confidence intervals and measures of statistical heterogeneity. Describe the direction and
size of summary effects in terms meaningful to those who would put findings into practice.
Discussion: state main strengths and limitations of the evidence, general interpretation of the results and any important implications.
Other: report primary funding source, registration number and registry name for the systematic review and IPD meta-analysis.
Introduction
Rationale 3 Describe the rationale for the review in the context of what is already known. 9
Obijectives 4 Provide an explicit statement of the questions being addressed with reference, as applicable, to participants, interventions, | 10
comparisons, outcomes and study design (PICQOS). Include any hypotheses that relate to particular types of participant-level
subgroups.
Methods
Protocol and 5 Indicate if a protocol exists and where it can be accessed. If available, provide registration information including registration | 10
registration number and registry name. Provide publication details, if applicable.
Eligibility 6 Specify inclusion and exclusion criteria including those relating to participants, interventions, comparisons, outcomes, study design | 10-11
criteria and characteristics (e.g. years when conducted, required minimum follow-up). Note whether these were applied at the study or
individual level i.e. whether eligible participants were included (and ineligible participants excluded) from a study that included a
wider population than specified by the review inclusion criteria. The rationale for criteria should be stated.
Identifying 7 Describe all methods of identifying published and unpublished studies including, as applicable: which bibliographic databases were | 10-11
studies — searched with dates of coverage; details of any hand searching including of conference proceedings; use of study registers and
information agency or company databases; contact with the original research team and experts in the field; open adverts and surveys. Give the
sources date of last search or elicitation.
Identifying 8 Present the full electronic search strategy for at least one database, including any limits used, such that it could be repeated. 11

studies — search
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Study selection 9 State the process for determining which studies were eligible for inclusion. 10-11

processes

Data collection 10 | Describe how IPD were requested, collected and managed, including any processes for querying and confirming data with | 10,  doi:

processes investigators. If IPD were not sought from any eligible study, the reason for this should be stated (for each such study). 10.1159/00
If applicable, describe how any studies for which IPD were not available were dealt with. This should include whether, how and | 0508498
what aggregate data were sought or extracted from study reports and publications (such as extracting data independently in
duplicate) and any processes for obtaining and confirming these data with investigators.

Data items 11 Describe how the information and variables to be collected were chosen. List and define all study level and participant level data | 10-13
that were sought, including baseline and follow-up information. If applicable, describe methods of 2tandardizing or translating
variables within the IPD datasets to ensure common scales or measurements across studies.

IPD integrity Al Describe what aspects of IPD were subject to data checking (such as sequence generation, data consistency and completeness, | 10-13
baseline imbalance) and how this was done.

Risk of bias 12 Describe methods used to assess risk of bias in the individual studies and whether this was applied separately for each outcome. If | 11-13

assessment in applicable, describe how findings of IPD checking were used to inform the assessment. Report if and how risk of bias assessment

individual was used in any data synthesis.

studies.

Specification of 13 | State all treatment comparisons of interests. State all outcomes addressed and define them in detail. State whether they were pre- | 11-12

outcomes and specified for the review and, if applicable, whether they were primary/main or secondary/additional outcomes. Give the principal

effect measures measures of effect (such as risk ratio, hazard ratio, difference in means) used for each outcome.

Synthesis 14 Describe the meta-analysis methods used to synthesise IPD. Specify any statistical methods and models used. Issues should include | 11-14

methods (but are not restricted to):

e  Use of a one-stage or two-stage approach.

e How effect estimates were generated separately within each study and combined across studies (where applicable).

e Specification of one-stage models (where applicable) including how clustering of patients within studies was accounted for.
e Use of fixed or random effects models and any other model assumptions, such as proportional hazards.

e How (summary) survival curves were generated (where applicable).

e Methods for quantifying statistical heterogeneity (such as 12 and t?).

e How studies providing IPD and not providing IPD were analysed together (where applicable).

o How missing data within the IPD were dealt with (where applicable).

Exploration of A2 If applicable, describe any methods used to explore variation in effects by study or participant level characteristics (such as | 11-13

variation in estimation of interactions between effect and covariates). State all participant-level characteristics that were analysed as potential

effects effect modifiers, and whether these were pre-specified.

Risk of bias 15 Specify any assessment of risk of bias relating to the accumulated body of evidence, including any pertaining to not obtaining IPD | 11-13

across studies for particular studies, outcomes or other variables.

Additional 16 Describe methods of any additional analyses, including sensitivity analyses. State which of these were pre-specified. 12-13

analyses
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Results

Study selection | 17 Give numbers of studies screened, assessed for eligibility, and included in the systematic review with reasons for exclusions at each | Figure 1,
and IPD stage. Indicate the number of studies and participants for which IPD were sought and for which IPD were obtained. For those | Figure S4
obtained studies where IPD were not available, give the numbers of studies and participants for which aggregate data were available. Report
reasons for non-availability of IPD. Include a flow diagram.
Study 18 For each study, present information on key study and participant characteristics (such as description of interventions, numbers of | Table 1,
characteristics participants, demographic data, unavailability of outcomes, funding source, and if applicable duration of follow-up). Provide (main) | Table S2
citations for each study. Where applicable, also report similar study characteristics for any studies not providing IPD.
IPD integrity A3 Report any important issues identified in checking IPD or state that there were none. 10
Risk of bias 19 Present data on risk of bias assessments. If applicable, describe whether data checking led to the up-weighting or down-weighting | 14-16
within studies of these assessments. Consider how any potential bias impacts on the robustness of meta-analysis conclusions.
Results of 20 For each comparison and for each main outcome (benefit or harm), for each individual study report the number of eligible | Figure S2
individual participants for which data were obtained and show simple summary data for each intervention group (including, where applicable,
studies the number of events), effect estimates and confidence intervals. These may be tabulated or included on a forest plot.
Results of 21 Present summary effects for each meta-analysis undertaken, including confidence intervals and measures of statistical | 15-17,
syntheses heterogeneity. State whether the analysis was pre-specified, and report the numbers of studies and participants and, where | Figure 2,
applicable, the number of events on which it is based. Figure 3,
When exploring variation in effects due to patient or study characteristics, present summary interaction estimates for each | Figure S2,
characteristic examined, including confidence intervals and measures of statistical heterogeneity. State whether the analysis was
pre-specified. State whether any interaction is consistent across trials.
Provide a description of the direction and size of effect in terms meaningful to those who would put findings into practice.
Risk of bias 22 Present results of any assessment of risk of bias relating to the accumulated body of evidence, including any pertaining to the | 15-17
across studies availability and representativeness of available studies, outcomes or other variables.
Additional 23 Give results of any additional analyses (e.g. sensitivity analyses). If applicable, this should also include any analyses that incorporate | 15-17,
analyses aggregate data for studies that do not have IPD. If applicable, summarise the main meta-analysis results following the inclusion or | Table 2,
exclusion of studies for which IPD were not available. Figure 4,
Table S4,
Figure S3
Discussion
Summary of 24 Summarise the main findings, including the strength of evidence for each main outcome. 17
evidence
Strengths and 25 Discuss any important strengths and limitations of the evidence including the benefits of access to IPD and any limitations arising | 21-22
limitations from IPD that were not available.
Conclusions 26 Provide a general interpretation of the findings in the context of other evidence. 18
Implications A4 Consider relevance to key groups (such as policy makers, service providers and service users). Consider implications for future | 18-19

research.
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Funding

Funding

27

Describe sources of funding and other support (such as supply of IPD), and the role in the systematic review of those providing
such support.

23
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Table S2. Assessment of CCA-IMT and carotid plaque.

Study
acronym or
first author

Location of CCA-IMT
measurement

Carotid plaque

General population

AIR 10 mm segment from beginning of
bulbar widening

ARIC Distal 10 mm defined by BIF origin

CHS Distal 10 mm of CCA, distal end of

CCA defined as beginning of
dilatation of bulb with loss of
parallel configuration of near and
far walls of CCA or as 8 mm
proximal to tip of flow divider

CMCs- NR

BENING

EVA NR

KIHD 10-15 mm section of CCA below
bulb

MESA Length of 10 mm starting 5-10 mm
below bulb

NOMAS- 10-20 mm proximal to tip of flow

INVEST divider

PIVUS 10-20 mm proximal to bulb

PLIC 5, 10, 20, 25, and 30 mm from bulb

ROTTERDAM 10 mm long segment from
beginning of dilatation

SAPHIR 8 mm proximal to tip of flow
divider

Distinct area with a cIMT >50% thicker than that of neighbouring sites

If two of three conditions are met: (1) wall shape (protrusion into the
lumen, loss of alignment, rough boundary), (2) wall texture (brighter
echoes than adjacent boundaries), and (3) wall thickness (cIMT >1.5
mm)

Definition based on the greatest wall protrusion (i.e. cIMT) and grading
based on lesion surface, echogenicity, and texture characteristics as (1)
no plaque (i.e. smooth surface and normal density and morphology), (2)
high-risk plaque (i.e. irregular/ulcerated surface, echolucent, or
heterogeneous texture), and (3) intermediate-risk plaque (i.e. any other
combinations of lesion characteristics)

cIMT >1.3 mm or focal structure encroaching into arterial lumen of >0.5
mm or >50% of surrounding cIMT

Localised echo structures encroaching into the vessel lumen with a
distance >1 mm between media-adventitia interface and lesion surface
facing the lumen

Distinct area either with mineralisation (bright echo, often producing a
typical echogenic shadow) or with focal protrusion into the lumen
Discrete, focal thickening >1.5 mm or >50% greater than the
surrounding cIMT

Focal wall thickening or protrusion into the lumen >50% greater than the
surrounding thickness

Local thickening of the intima-media by >50% vs. surrounding cIMT
Focal plaque >1.3 mm in longitudinal resolution, lateral, or medial angle
Focal widening relative to adjacent segments, with protrusion into the
lumen with calcified deposits or both calcified and non-calcified material
Grading as (1) normal, (2) vessel wall thickening <1 mm, (3) one
minimal plaque <2 mm, (4) two moderate plaques <3 mm, (5) severe
plagque >3 mm, and (6) completely obstructed lumen

High-risk populations

BK 10 mm proximal to bulb Focal structure encroaching into arterial lumen by >50% of surrounding
REGISTRY cIMT or thickness >1.2 mm
CSN Distal 10 mm cIMT >1.5 mm
IMPROVE Entire length cIMT >1.5 mm
Kato Sections of ca. 20-30 mm of CCA  cIMT >1 mm
just below BIF
Landecho 10 mm proximal to bulb Echogenic structures encroaching on the vessel’s lumen with a distinct
area 50% greater than the cIMT of neighbouring sites
NIGUARDA- Last distal 10 mm of CCA and cIMT >1.5 mm
MONZINO CCA in entire length
Clinical trials
EGE STUDY  Distal 10 mm proximal to bulb and NR
bulb
ENHANCE 10 mm proximal to dilatation cIMT >1.3 mm

Abbreviations: BIF, carotid bifurcation; CCA, common-carotid artery; CCA-IMT, common-carotid artery intima-
media thickness cIMT, carotid intima-media thickness; NR, not reported.
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Table S3. Additional characteristics of studies contributing to the analysis.

Anti-

Sudyasronmorfist  Etwiety | SMI SBF | BEENNS ol ool mediation (nomi *8ERT iy ook
(current) (mmol/L) (mmol/L) (current) 1.73 m?) (yes)
General population
AIR 206 (100) 26 (4) 120 (16) 1(0) 3.97(0.98) 1.28(0.38) 0 (0.0 75 (9) 0.10 (1.23) 0 (0.0 43 (21)
ARIC 5,796 (75) 27(5) 119(17) 1,853 (24) 3.48 (0.99)  1.37 (0.45) 171 (2.2) 70 (12) 0.91 (1.18) 716 (9.3) 1,852 (24)
CHS 800 (87) 26 (4) 131 (20) 301 (33) 3.22(0.84) 1.52(0.42) 31(3.4) 69 (15) 1.16 (1.21) 88 (9.6) 72 (8)
CMCS-BENING 0(0) 25(3) 128 (18) 196 (26) 3.33(0.82) 1.40(0.31) 76 (10.3) - -0.21 (1.15) 42 (5.7) 82 (11)
EVA 769 (100) 25 (4) 130 (17) 193 (25) 4.18(0.92)  1.66 (0.44) 158 (20.5) - 0.20 (0.80) 45 (5.9) 59 (8)
KIHD 552 (100) 26 (3) 131 (15) 50 (9) 3.78 (0.94)  1.31(0.29) 0(0.0) 86 (14) 0.15 (0.99) 12 (2.2) 136 (25)
MESA 752 (36) 28(5) 122 (19) 622 (30) 3.01(0.77)  1.33(0.39) 252 (12.0) 83 (15) 0.53 (1.16) 124 (6.4) 256 (12)
NOMAS-INVEST 35 (13) 28 (4) 139 (18) 50 (35) 3.31(0.80) 1.22(0.37) 16 (15.5) 79 (14) 0.63 (1.28) 31 (21.4) 11 (9)
PIVUS 240 (100) 27 (4) 146 (23) 59 (25) 3.36(0.85)  1.55(0.43) 22 (9.2) 77 (14) 0.24 (0.91) 10 (4.2) 14 (6)
PLIC 1,315 (100) 26 (4) 131 (17) 294 (22) 3.68 (0.95) 1.44(0.39) 118 (9.0) - 0.30 (1.39) 35(2.7) 263 (20)
ROTTERDAM 1,193 (99) 26 (3) 131 (20) 235(19) - 1.41 (0.35) 8(0.7) 76 (12) 0.31 (0.99) 53 (4.3) 209 (18)
SAPHIR 917 (100) 27(4) 137 (17) 109 (12) 3.70(0.92)  1.58 (0.41) 28 (3.1) 95 (12) -1.85 (1.00) 19 (2.1) 175 (19)
High-risk populations
BK REGISTRY 0(0) 25(3) 121 (15) 191 (90) 2.89 (0.75)  1.09 (0.27) 111 (52.4) 80 (17) 0.18 (1.24) 48 (22.5) 58 (27)
CSN 1,713 (100)  28(4) 137 (14) 1,360 (81) 3.24(0.79)  1.33(0.33) - 82 (16) -0.40 (1.39) 116 (11.3) 221 (19)
IMPROVE 1,091 (99) 27(4) 137 (17) 567 (61) 3.64 (1.05)  1.31(0.38) 548 (58.9) - - 232(21.0)  125(11)
Kato 0(0) 21 (3) - 34 (35) 2.40 (0.73)  1.27 (0.40) 4 (4.) 4(2) -0.15 (1.56) - 16 (16)
Landecho 198 (100) 28 (4) 126 (19) 48 (24) 3.84(0.85) 1.27(0.32) 25 (12.6) 86 (15) 1.19 (0.93) 14 (7.1) 51 (26)
NIGUARDA-MONZINO 498 (100) 24(3) 124 (14) - 438(1.32)  1.39(0.44) - - - 14 (2.8) 121 (24)
Clinical trials
EGE STUDY 117 (100) 25(4) 122 (15) 15 (14) 2.88(0.84)  1.02(0.32) 10 (9.3) 5 (1) -0.72 (1.33) 19 (16.2) 21 (18)
ENHANCE - 27(5) 123 (13) - 8.06 (1.76)  1.21(0.30) 0(0.0) 79 (13) 0.56 (1.14) 8(1.3) 174 (29)
Total 16,192 (78)  27(5) 126 (19) 6,178 (31) 3.62(1.30) 1.38(0.41)  1,578(8.4) 75 (17) 0.10 (1.33) 1,626 (8.0) 3,959 (19)

Continuous variables are expressed as mean (standard deviation) and categorical variables as number (percentage). -, not provided. Abbreviations: BMI, body mass index; eGFR,
estimated glomerular filtration rate; HDL, high-density lipoprotein; hsCRP, high-sensitivity C-reactive protein; LDL, low-density lipoprotein; SBP, systolic blood pressure.



Table S4. Sex-specific association between baseline CCA-IMT and incident carotid plaque progressively adjusted for traditional and
emerging cardiovascular risk factors.

Women Men

OR (95% ClI) for incident
carotid plaque per SD higher
baseline CCA-IMT

OR (95% ClI) for incident
carotid plaque per SD higher
baseline CCA-IMT

Level of adjustment

P value (3% 12 (%) P value (%) 12 (%)

Primary analysis
Adjusted for age, sex, and trial arm

18 studies; 11,756 participants; 4,228 incident plaques

1.38 (1.24, 1.53)

<0.001 (36.6)

69.0

18 studies; 8,980 participants; 3,611 incident plaques

1.39 (1.31, 1.46)

<0.001 (132.7)

10.8

Progressive adjustment*

13 studies; 9,096 participants; 3,304 incident plaques

13 studies; 6,496 participants; 2,668 incident plaques

Adjusted for age, sex, and trial arm 1.38 (1.21, 1.56) <0.001 (25.1) 67.1 1.35(1.28, 1.42) <0.001 (119.3) 0.0
above + ethnicity 1.38 (1.21, 1.57) <0.001 (23.9) 68.6 1.36 (1.29, 1.44) <0.001 (126.6) 0.0
above + smoking status 1.38 (1.21, 1.57) <0.001 (23.1) 69.4 1.36 (1.28, 1.43) <0.001 (121.5) 0.0
above + history of diabetes 1.38 (1.20, 1.57) <0.001 (22.2) 69.8 1.35(1.28, 1.42) <0.001 (116.7) 0.0
above + body mass index 1.38 (1.20, 1.58) <0.001 (21.2) 70.6 1.37 (1.29, 1.44) <0.001 (120.3) 0.0
above + systolic blood pressure 1.34 (1.19, 1.52) <0.001 (21.6) 63.5 1.35(1.27,1.42) <0.001 (108.1) 0.0
above + LDL cholesterol 1.32 (1.16, 1.50) <0.001 (18.7) 64.2 1.33(1.26, 1.41) <0.001 (98.8) 0.0
above + HDL cholesterol 1.31 (1.16, 1.48) <0.001 (18.0) 62.6 1.33(1.26, 1.41) <0.001 (97.5) 0.0
above + lipid-lowering medication 1.31(1.15, 1.48) <0.001 (17.5) 62.5 1.33 (1.25, 1.40) <0.001 (96.3) 0.0
above + antihypertensive medication 1.30 (1.14, 1.47) <0.001 (16.1) 63.3 1.33 (1.25, 1.40) <0.001 (95.6) 0.0

Further adjustment for eGFR* 9 studies; 6,788 participants; 2,701 incident plaques 9 studies; 5,071 participants; 2,204 incident plaques

Multivariable adjustedt 1.22 (1.02, 1.46) 0.033 (4.6) 65.5 1.31 (1.23, 1.40) <0.001 (70.6) 0.0
above + eGFR 1.21 (1.01, 1.46) 0.041 (4.2) 65.8 1.31 (1.23, 1.40) <0.001 (69.8) 0.0

Further adjustment for hsSCRP* 10 studies; 3,426 participants; 1,156 incident plaques 11 studies; 2,836 participants; 1,069 incident plaques

Multivariable adjustedt 1.31(1.14,1.51) <0.001 (15.0) 33.2 1.41 (1.28, 1.55) <0.001 (50.5) 0.0
above + log hsCRP 1.32 (1.16, 1.51) <0.001 (16.9) 28.8 1.40 (1.27,1.54) <0.001 (47.6) 0.0
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Analyses for women and men are restricted to the same studies. *Restricted to individuals having information on all variables included in the model. +Adjusted for age at baseline,
sex, trial arm, ethnicity, smoking status at baseline, history of diabetes mellitus at baseline, systolic blood pressure at baseline, body mass index at baseline, low-density lipoprotein
cholesterol at baseline, high-density lipoprotein cholesterol at baseline, intake of lipid-lowering medication at baseline, and intake of antihypertensive treatment at baseline.
Abbreviations: CCA-IMT, common-carotid artery intima-media thickness; CI, confidence interval; eGFR, estimated glomerular filtration rate; HDL, high-density lipoprotein;
hsCRP, high-sensitivity C-reactive protein; LDL, low-density lipoprotein; OR, odds ratio; SD, standard deviation.
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Figure S1. Location of CCA-IMT measurement.

Study acronym or cm from bulbar widening wall side
first author 0 05 1 15 2 25 3 near far left right
General population

AIR X v v Vv
ARIC v v Vv Vv
CHS v v v Vv
CMCS-BEIJING v v v Y
EVA X v v
KIHD X v v
MESA v v v Vv
NOMAS-INVEST v v Vv Vv
PIVUS v v v Vv
PLIC | X v v v
ROTTERDAM v v Vv Vv
SAPHIR v v v Y
High-risk populations

BK REGISTRY X v v
CSN v v v Vv
IMPROVE X v v
Kato X v v Vv
Landecho v v v
NIGUARDA-MONZINO v v Vv Vv
Clinical trials

EGE STUDY X v v Vv
ENHANCE X v v

Abbreviations: BIF, carotid bifurcation; CCA, common-carotid artery; CCA-IMT, common-carotid artery intima-
media thickness; ECA, external carotid artery; ICA, internal carotid artery.



€202 /2 AInr uo Ag Bio'sfeulnofeye//:dny wouy papeojumoq

Figure S2. Study-specific and overall association between baseline CCA-IMT and

incidence of carotid plaque.

Study acronym No. of OR (95% CI) for incident plaque Weight (%)
or first author incident plaques per SD higher baseline CCA-IMT

Kato 66 1.63 (0.82, 3.23) 0.84
EGE STUDY 23 2.55 (1.30, 5.00) 0.86
BK REGISTRY 32 R e — 1.51 (1.04, 2.20) 2.36
Landecho 63 - 1.24 (0.89, 1.73) 2.83
AIR 126 —_— 1.59 (1.15, 2.18) 3.01
ENHANCE 49 —_— 2.01(1.49, 2.70) 3.30
PIVUS 152 1.23 (0.93, 1.62) 3.65
NOMAS-INVEST 125 —— 1.39 (1.08, 1.80) 3.95
NIGUARDA-MONZINO 165 — 1.05 (0.84, 1.30) 4.85
KIHD 313 —r— 1.52 (1.24, 1.87) 5.02
EVA 116 —— 1.32 (1.08, 1.60) 5.33
CHS 774 — 0.99 (0.83, 1.19) 5.62
CMCS-BEIJING 323 - 1.58 (1.32, 1.88) 5.80
SAPHIR 261 —— 1.67 (1.43, 1.97) 6.28
PLIC 303 —— 1.40 (1.20, 1.63) 6.50
IMPROVE 387 —— 1.58 (1.38, 1.81) 7.03
ROTTERDAM 579 1.42 (1.25, 1.62) 7.30
CSN 597 f 1.42 (1.27, 1.59) 7.78
MESA 1,090 1.39 (1.26, 1.54) 8.17
ARIC 2,734 - 1.27 (1.21,1.34) 9.52
Overall < 1.40 (1.31, 1.50) 100.00

[ I 1
0.5 1 2 4

The model has been adjusted for age at baseline, sex, and trial arm. Abbreviations: CCA-IMT, common-carotid
artery intima-media thickness; CI, confidence interval; OR, odds ratio; SD, standard deviation.
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Figure S3. Subgroup analysis of association between baseline CCA-IMT and incidence of

carotid plaque by median duration of follow-up.

Median follow-up duration (years)
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The P value is derived from meta-regression. Each bubble depicts a study. The centres of the bubbles indicate
point estimates for odds ratios for development of carotid plaque per standard deviation higher level of baseline
common-carotid artery carotid intima-media thickness plotted against median durations of follow-up for each
study. Odds ratios are adjusted for age at baseline, sex, and trial arm. The sizes of the bubbles are proportional to
the inverse variances of the estimates. Abbreviations: OR, odds ratio.



Figure S4. Flow diagram literature search.

928* articles identified
through database
searching

20 studies with 21,494
participants included
in the IPD meta-analysis

6 studies and 5,197 participants excluded
because missing data on the variables
in the multivariable adjustmentt

A 4

Y

651 articles after
duplicates removed

Y

14 studies with 16,297
participants

544 articles excluded

EY

A4

7 studies eligible for
inclusion

1 study with 738 participants excluded
because part of a combined analysis
we found in the literature}

Y

2 studies excluded because part of Proof-
ATHERO consortium with data on the
variables in the multivariable adjustmentt

A

Y L}

5 studies with 3,736
participants included in
combined meta-analysis

13 studies with 15,559
participants included in
combined meta-analysis
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A 4
18 studies with 19,295

participants included in
combined meta-analysis

*472 from PubMed and 456 from Web of Science. +The multivariable adjustment included the variables age at baseline, sex, trial arm, ethnicity, smoking status at baseline, history
of diabetes mellitus at baseline, systolic blood pressure at baseline, body mass index at baseline, low-density lipoprotein cholesterol at baseline, high-density lipoprotein cholesterol
at baseline, intake of lipid-lowering medication at baseline, and intake of antihypertensive medication at baseline. {The CMCS-BEIJING study was excluded from the individual-
participant-data meta-analysis since we used aggregated data of both the CMCS and People’s Republic of China-United States Collaborative Study in Cardiovascular and
Cardiopulmonary Epidemiology study. Abbreviations: IPD, individual-participant-data; Proof-ATHERO, Prospective Studies of Atherosclerosis.
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