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Abstract Circulating leukocyte subtypes and mono-
cyte subsets are independent predictors of cardiovascular
events. We hypothesized that an increased leukocyte sub-
type would predict severe coronary stenosis and extensive
plaque involvement. We retrospectively analyzed clinical,
laboratory, and coronary CT data in a total of 588 asymp-
tomatic adults (69% men; mean age, 57 +9 years) undergo-
ing a general health check-up. Intermediate CD14**CD16"
monocyte count had the strongest association with mixed
and calcified plaque scores, whereas the numbers of neu-
trophils and classical CD14**CD16~ monocytes were
significantly associated with non-calcified plaque score.
Only high CD14**CD16" monocyte count (>12 cells/pL)
significantly predicted extensive plaque involvement [odds
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ratio 3.16 (95% confidence interval 1.84-5.43), P<0.001;
quartile 4 vs. 1-3] and severe coronary stenosis [3.67
(1.84-7.33), P<0.001; quartile 4 vs. 1-3] after adjust-
ments for Framingham Risk Score (FRS), metabolic syn-
drome, and C-reactive protein. The CD14**CD16* mono-
cyte count, when added to FRS, significantly reclassified
30.4 and 26.7% of the overall and 50.2 and 36.2% of the
intermediate-risk population (FRS 6-20%) for predicting
extensive plaque involvement and severe coronary stenosis,
respectively. Thus, in asymptomatic individuals, intermedi-
ate CD147*CD16* monocyte could independently predict
severe CAD and improve risk stratification.

Keywords Coronary artery disease - Coronary CT
angiography - Coronary plaque - Leukocyte subtypes -
Monocyte subsets

Introduction

Coronary artery disease (CAD) is a manifestation of
complex interactions between circulating leukocytes and
the vascular wall [1]. High leukocyte count, monocyte
count, neutrophil count, and neutrophil-to-lymphocyte
ratio predict increased cardiovascular risk [2-5]. Moreo-
ver, monocytes are subdivided into 3 subsets based on
the expression of the CD14 and CD16 receptors: classical
CD14**CD167, intermediate CD14"*CD16%, and non-
classical CD147CD16** subsets [6]. They constitute the
population of monocytes around 85, 5, and 10%, respec-
tively, in healthy conditions. A preferential increase in cer-
tain monocyte subsets, specifically classical or intermedi-
ate monocytes [7, 8], also predicts a poor cardiovascular
outcome. Despite these associations of leukocyte subtypes
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with cardiovascular risk, little evidence has been reported
about which subtype impact CAD most [3, 9].

Coronary atherosclerosis precedes major coronary
events. Coronary computed tomography (CT) angiography
can reliably show the manifestations of coronary athero-
sclerosis, including coronary plaque stenosis, composition,
and extent [10]. At the same extent and stenotic sever-
ity of coronary plaques, a greater proportion of segments
with non-calcified and mixed plaque confer an independ-
ent risk above and beyond stenotic severity alone [11]. A
few evidence has suggested that coronary non-calcified
plaque is associated with CD14¥CD16% monocytes, neu-
trophils, and the neutrophil-to-lymphocyte ratio in CAD
patients [12, 13]. Nevertheless, previous studies were per-
formed in smaller sample sizes, and the associations had
not been adjusted for clinical risk factors and other inflam-
matory markers, such as C-reactive protein (CRP), thus
not providing conclusive results. Moreover, most previous
studies have investigated the relationship between a single
leukocyte subtype and the non-calcified coronary plaque. A
broader investigation of the association between coronary
plaque subtypes and leukocyte subtypes is warranted. Fur-
thermore, clinical studies investigating the features of cir-
culating monocytes in advanced coronary lesions are lack-
ing. Therefore, in the present study, we aimed to explore
the relationships between leukocyte subtypes and coronary
plaque composition, extent, and stenosis, and to assess
which leukocyte subtype is best associated with severe ste-
nosis and extensive involvement independent of clinical
risk factors and inflammatory parameter.

Methods
Study participants

Study participants were consecutively enrolled after under-
going coronary CT angiography as part of a general health
check-up protocol at National Taiwan University Hospital
from January 2011 to June 2012. Our Ethics Committee
approved the study protocol, and informed consent was
obtained from all individual participants included in the
study. A medical history and a physical examination were
taken by a physician in all subjects. The major exclusion cri-
teria were a history of arrhythmia, typical angina or known
CAD, serum creatinine level >2.0 mg/dL, known hyper-
sensitivity to iodine-based contrast agents, and evidence
for an overt inflammatory disease. Structured question-
naires on family history, lifestyle habits, and medical his-
tory were administered, and anthropometric measurements,
such as body weight, body height, and waist circumference,
were recorded. Hypertension was defined as blood pres-
sure >140/90 mmHg and/or a history of antihypertensive
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medication. Diabetes mellitus was defined as a history of
diabetes, current medical treatment, or fasting plasma glu-
cose >126 mg/dL. Smoking history was classified as cur-
rent smoker or not. A current smoker was defined as having
regularly smoked cigarettes in the year prior to the exami-
nation. The definition of metabolic syndrome (MS) was
modified according to the National Cholesterol Education
Program’s Adult Treatment Panel III criteria, which clas-
sifies abdominal obesity as a waistline of 90 cm for men
and 80 cm for women. The Framingham Risk Score (FRS)
is based on data from a sample of the Framingham Heart
studies. The defining risk factors are age, cigarette smok-
ing, blood pressure, total cholesterol, high-density lipopro-
tein cholesterol, and diabetes. A FRS value <6, 6-20, or
>20% indicates a low, intermediate, or high 10-year risk for
coronary events [14]. All the biochemical measurements,
including glucose, total cholesterol, total triglycerides, low-
density lipoprotein cholesterol, and high-density lipopro-
tein cholesterol, were measured using a Hitachi 7450 auto-
mated analyzer (Hitachi, Tokyo, Japan). Hemoglobin Alc
levels were measured using a DCA 2000 analyzer (Bayer
Diagnostics, Elkhart, IN). Plasma CRP levels were deter-
mined using a high-sensitivity immunoturbidimetric assay
(Denka Seiken, Tokyo, Japan) on a Hitachi 911 analyzer
(Roche Diagnostics, Indianapolis, IN). The coefficients of
variation of these measurements were approximately 5%.

Leukocyte subtype analysis

For the leukocyte subtypes studies, 2.7 mL of peripheral
venous blood was drawn into ethylenediaminetetraac-
etate (EDTA) tubes at 8 A.M. after an overnight fast and
immediately analyzed. Leukocyte and subtype counts were
determined using an automated cell counter (Sysmex XE-
5000-Hematology-Analyzer, Tokyo, Japan). For the mono-
cyte subpopulation analysis, 100 uL. of EDTA anti-coag-
ulated blood was incubated with monoclonal antibodies
against CD14 (fluorescein isothiocyanate-conjugated; BD
Bioscience, San Jose, CA, USA) and CD16 (phycoeryth-
rin-Cy5-conjugated; BD Bioscience) for 15 min at room
temperature in the dark. Matched isotype antibodies (BD
Bioscience) were used as negative controls. Lysing solu-
tion (1 mL; BD FACS Lyse, Lysing Solution; Becton Dick-
inson Germany) was used to lyse the erythrocytes and fix
the leukocytes. Cytometric analyses were performed using
a flow cytometer (FACSCalibur™; BD Bioscience, Frank-
lin Lakes, NJ, USA), and the results were analyzed using
Cell Quest software (BD Bioscience). Monocytes were first
gated in a forward scatter/side scatter dot plot. The percent-
age of CD14TCD16* monocytes was then measured by the
2-color mean fluorescence intensity within the monocyte
gate. CD14**CD16~ cells were defined as monocytes that
expressed CD14 but not CD16. CD16% cells were defined
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as monocytes that expressed CD16 and either high or low
levels of CD14. Thus, CD14**CD16* and CD14*CD16™*
cells were analyzed separately (Fig. 1). Monocyte subset
counts were calculated by multiplying percentages of gated
monocyte subsets with absolute monocyte count obtained
from the automated cell counter. The coefficient of varia-
tion for absolute monocyte count is 1.9%, and for surface
CD14 and CD16 markers are <5%.

Coronary plaque analysis

Subjects without contraindications received propranolol or
diltiazem to target a heart rate of <65 bpm and 0.4 mg of
nitroglycerin sublingually before image acquisition. Car-
diac CT angiography was performed using a 256-slice scan-
ner (Brilliance iCT, Philips, Eindhoven, The Netherlands).
Initial unenhanced axial CT imaging of the heart was
obtained with a prospective ECG trigger for the purpose of
coronary artery calcium scoring (Agatston Method). Then,
nonionic contrast media (iopromide; 370 mg/mL Ultravist,
Bayer HealthCare) was injected using a dual-barrel injec-
tor (Stellant D, Medrad). Contrast-enhanced CT imaging
was performed to obtain images from the mid-ascending
aorta to the diaphragm. When the heart rate was <65/min,
prospective ECG triggering was used, and images were
obtained at 70, 75 and 80% of the cardiac cycle. When
the heart rate was >65/min, retrospective ECG gating was
used, and images were reconstructed at 40, 45, 55, 70, 75
and 80% of the cardiac cycle. Scanning parameters are
128 X 0.625 mm collimation, 0.27 s tube-rotation time, and
100-120 kV tube-voltage adjusted based on subjects’ BMI.
The median radiation dose was 3.0 mSv (interquartile range
2.3-3.7) with the use of prospective ECG triggering and
6.3 mSv (interquartile range 4.2-9.7) with the use of retro-
spective ECG gating, using the product of the dose-length
product and a conversion factor (0.0140 mSv/mGy cm).

Fig. 1 a Flow cytometry dot (A)

plots show monocytes were ' e
gated based on forward and
side scatter. b Three mono-
cyte subsets were identified:
CD14**CD16~ (upper left
quadrant), CD147*CD16*
(upper right quadrant), and
CD14*CD16*" (lower right
quadrant)

Sideward scatter

Forward scatter

The CT angiography imaging analysis was performed by
a cardiac radiologist (Lee WJ) who was blinded to the sub-
jects’ clinical information and followed the recommended
quantitative stenosis grading in the SCCT Guidelines for
the interpretation and reporting of coronary computed
tomographic angiography [15]. A 17-segment model of
the coronary artery was used for the evaluation and visual
semi-quantification of coronary artery plaque. In each coro-
nary artery segment, coronary atherosclerosis was defined
as tissue structures >1 mm? that existed either as (1) cal-
cified plaques with high density compared to the contrast-
enhanced vessel lumen, (2) non-calcified plaques with
lower density, or (3) mixed plaques (calcified and non-cal-
cified morphologies) [16]. Then, we adopted the segment-
involvement score constructed by Min et al. [11] to assess
the extent of coronary plaques. The score was calculated
as the total number of coronary artery segments exhibiting
plaque irrespective of the degree of luminal stenosis within
each segment (minimum=0; maximum=17). The same
method was used to sum segments according to plaque type
(isolated calcified plaque, isolated non-calcified plaque, and
mixed plaque). The presence of one or more stenoses with
a >70% reduction in luminal diameter in at least one major
epicardial coronary artery or its branches was defined as
severe stenosis. The sensitivity, specificity, and accuracy of
CT angiography analyzed by Dr. Lee WJ were 85, 100, and
92%, respectively, to detect significantly stenotic lesions
(>50% diameter stenosis), using invasive coronary angiog-
raphy as the standard of reference for per-segment analysis
[17].

Statistical analysis
Sample size was calculated to detect an odds ratio of 2.0
in severe CAD among the two leukocyte subtype groups:

lower (quartile 1-3) and higher (quartile 4). Power analy-
sis revealed a minimum of 414 participants in the lower
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group and 138 in the higher group (total 552) with power
80% at a significance level <0.05 for a two-sided test.
Data are presented as the mean + standard deviation or the
median (25-75th percentile), and frequencies are presented
as counts (%). The data were tested for normal distribution
prior to their utilization in the parametric analysis. The dis-
tribution of cardiovascular risk factors was assessed, and
differences in group means or proportions were evaluated
using Student’s ¢ test or Pearson’s Chi square test, as appro-
priate. In non-normally distributed variables, differences in
group medians were assessed using a nonparametric test.
Unadjusted and adjusted partial Spearman’s rank correla-
tions were determined for leukocyte subtypes and coronary
plaque scores after adjusting for age and sex (model 1) and
FRS, MS, and CRP (model 2). Multivariate logistic regres-
sion with Bonferroni correction were used to examine the
association between solely leukocyte subtype and the pres-
ence of extensive plaque involvement plaque or severe ste-
nosis. Plaques were analyzed on a per-patient level, and
initial analysis was unadjusted, and then adjusted for age
and sex (model 1), and finally adjusted for FRS, MS, and
CRP (model 2). As seven multivariate models were created
in this study, using a P value of 0.05, a Bonferroni-adjusted
threshold of 0.007 was considered to be significant. Area
under the receiver-operating characteristic curve (AUC)
analysis, integrated discrimination improvement (IDI)
value, and net reclassification improvement (NRI) were
used to assess the extent to the leukocyte subtype increased
the discriminative performance of CAD prediction. All cal-
culations were performed with SPSS statistical software
(SPSS 18.0 version for windows, SPSS, Chicago, IL, USA)
and Stata (version 13.1; StataCorp, College Station, TX).

Results
Baseline characteristics

The study population comprised 588 individuals (404 men,
69%) with a mean age of 57 +9 years. After the exclusion
of 33 (0.3%) coronary segments with insufficient image
quality, plaque of any type was shown in 1026 (10%) seg-
ments. At least one coronary plaque was identified in 320
subjects (54.4%); 77 subjects (13.1%) had extensive plaque
involvement (SIS >4); 42 subjects (7.1%) had at least one
severe coronary stenosis (>70%). Table 1 summarizes the
participants’ characteristics according to coronary plaque,
extensive plaque involvement, or severe coronary steno-
sis. All the coronary heart disease risk factors were sig-
nificantly different between subjects with and without coro-
nary plaque (P<0.05). Nearly all the leukocyte subtypes
were positively correlated with obesity, blood pressure,
smoking, C-reactive protein and Framingham risk score,
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and negatively correlated with HDL cholesterol (Supple-
mentary Table S1). Specifically, the neutrophil count cor-
related better with high glucose level, whereas the mono-
cyte count correlated better with low HDL cholesterol. The
leukocyte, neutrophil, and monocyte counts as well as the
monocyte subset populations were increased in subjects
with any coronary plaque. However, the proportions of
the monocyte subsets were similar between subjects with
and without any coronary plaque. Among the subjects with
any coronary plaque, those with extensive involvement or
severe stenosis had a worse profile in terms of age, diabe-
tes mellitus, hypertension, MS, FRS, and CRP. Those with
extensive involvement or severe stenosis had a higher pro-
portion and number of intermediate CD147*CD16™ mono-
cytes. On the other hand, the leukocyte, neutrophil, and
monocyte counts as well as classical CD14"*CD16~ and
non-classical CD14*CD16** monocyte subset populations
were similar between subjects with and without extensive
involvement or severe stenosis.

Coronary plaque types, extent, and stenosis

Figure 2 illustrates the three coronary plaque types and the
stenosis severity analyzed in our study. The total number of
subjects in the cohort with <50, 50-69, and >70% steno-
sis were 214 (36.4%), 64 (10.9%), and 42 (7.1%), respec-
tively. A total of 1026 coronary plaques were found and the
most common plaque type was calcified plaque, followed
by mixed plaque and then non-calcified plaque (62, 26,
and 12%, respectively). Similarly, a total of 530 coronary
plaques were found in 77 subjects with extensive plaque
involvement and the most common plaque type was calci-
fied plaque, followed by mixed plaque and then non-calci-
fied plaque (60, 30, and 10%, respectively). Besides, a total
of 46 coronary plaques with severe stenosis were found in
42 subjects and the most common plaque type was mixed
plaque, followed by calcified plaque and then non-calcified
plaque (72, 15, and 13%, respectively). Among the subjects
with coronary plaques, those with extensive involvement
had higher calcium and plaque scores than those without.
Those with severe stenosis had a higher score in terms of
calcium, total plaque, mixed plaque, and calcified plaque
but not non-calcified plaque (Table 1).

Leukocyte subtypes and coronary plaques

Table 2 presents the correlations between leukocyte
subtypes and plaque scores. Calcium score was sig-
nificantly correlated with all the leukocyte subtypes,
especially monocytes and monocyte subsets (Fig. 3).
Specifically, the neutrophil count and the -classical
CDI14™CD16~ monocyte count correlated better with
the non-calcified plaque score, whereas the intermediate
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Fig. 2 Representative images
of coronary CT angiography
demonstrating the plaque sub-
types and stenosis: non-calcified
coronary plaque with >70%
stenosis, mixed-calcified plaque
with 50% stenosis, calcified
coronary plaque with <50%
stenosis, and normal coronary
artery without plaque. The
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CDI14™CD16" monocyte count correlated better with
the calcium score, and the total, mixed plaque score,
and calcified plaque score. After adjustment for age
and sex (model 1), the numbers of neutrophils and
classical CD14**CD16~ monocytes remained corre-
lated with the non-calcified plaque score, and interme-
diate CD14*'*CD16" monocyte remained correlated
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with the calcium score and the total, mixed, and calci-
fied plaque scores. Similar results were obtained after
adjusting for FRS, MS, and CRP (model 2). By contrast,
the neutrophil-to-lymphocyte ratio and non-classical
CD14*CD16™" monocyte showed no correlation with
the calcium score or any plaque score after adjusting for
model 1 or model 2.
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Table 2 Spearman correlation

: Calcium score Total SIS Noncalcified SIS Mixed SIS Calcified SIS
coefficient between leukocyte
subtype counts and coronary Leukocytes (cells/pL)
plaque scores Unadjusted 0.16* 0.24%* 0.19% 0.18* 0.15%
Model 1 0.03 0.15* 0.18* 0.09 0.08
Model 2 —-0.06 0.06 0.15* 0.05 —-0.01
Neutrophils (cells/pL)
Unadjusted 0.15* 0.23* 0.19* 0.15* 0.16*
Model 1 0.04 0.13* 0.16* 0.06 0.07
Model 2 —-0.03 0.05 0.14* 0.03 0.00
Neutrophil-to-lymphocyte ratio
Unadjusted 0.14* 0.16* 0.13* 0.08 0.12*
Model 1 0.06 0.05 0.05 0.00 0.05
Model 2 0.05 0.05 0.04 -0.01 0.06
Monocytes (cells/pL)
Unadjusted 0.26* 0.27* 0.15* 0.22% 0.17*
Model 1 0.05 0.11 0.12* 0.08 0.04
Model 2 0.03 0.10 0.12* 0.08 0.04
CD14**CD16™ monocytes (cells/pL)
Unadjusted 0.25% 0.26* 0.15% 0.21* 0.16*
Model 1 0.04 0.10 0.13* 0.07 0.04
Model 2 0.01 0.10 0.12%* 0.07 0.04
CD14**CD16™ monocytes (cells/pL)
Unadjusted 0.20%* 0.19* 0.04 0.16* 0.15%
Model 1 0.19% 0.17* 0.03 0.15% 0.16*
Model 2 0.19% 0.17* 0.02 0.14%* 0.17*
CD14*CD16*" monocytes (cells/pL)
Unadjusted 0.15% 0.14%* 0.08 0.10 0.09
Model 1 0.01 0.04 0.05 0.06 0.00
Model 2 —-0.01 0.02 0.04 0.05 -0.02

Model 1: Adjusted for age and sex

Model 2: Adjusted for the Framingham Risk Score, metabolic syndrome, and C-reactive protein

SIS segment involvement score

*Bonferroni-adjusted P < 0.007 was used to indicate statistical significance

Predictors of extensive plaque involvement and severe
coronary stenosis

As shown in Table 3, in a univariate analysis, the pres-
ence of extensive plaque involvement was signifi-
cantly associated with neutrophils, monocytes, classical
CD14**CD16~ monocytes, or intermediate CD14**CD16*
monocytes in the upper quartile. After adjustment for age
and sex (model 1) in a multivariate logistic regression anal-
ysis, only intermediate CD14t*CD16™ monocyte count in
the upper quartile (>12 cells/pL) remained an independ-
ent predictor for the presence of extensive plaque involve-
ment. Similar results were obtained after adjusting for FRS,
MS, and CRP (model 2). On the other hand, in a univariate
analysis, the presence of severe coronary stenosis was sig-
nificantly associated with monocytes and their subset popu-
lations in the upper quartile. After adjustment for age and

sex (model 1), only intermediate CD147*CD16* monocyte
count in the upper quartile (>12 cells/pL) remained an
independent predictor for the presence of severe coronary
stenosis. Similar results were obtained after adjusting for
FRS, MS, and CRP (model 2).

Predictive value of intermediate CD147*CD16™
monocyte

Table 4 details the incremental discriminative ability of
intermediate CD14**CD16" monocyte parameter. In
the analysis the area under the receiver operating charac-
teristic curve for the extensive plaque involvement, the
areas under curve for the model with FRS alone was 0.74,
which increased significantly with the addition of inter-
mediate CD14**CD16" monocyte (+0.05; P for improve-
ment=0.016). A similar magnitude of effect was observed

@ Springer



1230

Int J Cardiovasc Imaging (2017) 33:1223-1236

Monocytes
10000+ Spearman correlation coefficient=0.263, p<0.001
1000
2
o
Q
7]
E 1004
3
o
©
3}
104
1_
0_
T T T T T T T
0 200 400 600 800 1000 1200
CellsipL
Intermediate CD14++CD16+ monocytes
10000 Spearman correlation coefficient=0.203, p<0.001
1000
4
o
o
(7}
E 1004
3
L
©
3}
10
1_
0—
T T T T T
0 20 40 60 80 100
CellsipL

Classical CD14++CD16- monocytes

10000 Spearman correlation coefficient=0.248, p<0.001
1000
L
o
[
"
£ 100+
3
o
©
(3]
10—
1_
o_
T T T T T T
0 200 400 600 800 1000
CellsiuL
Non-classical CD14+CD16++ monocytes
10000 Spearman correlation coefficient=0.154, p<0.001
1000
4
o
o
L)
£ 100
3
L
©
(3]
10—
1_
0_
T T T T T
0 50 100 150 200
Cells/pL

Fig. 3 Relationship between calcium score and monocyte subsets. Shown are scatter plots and Spearman correlation coefficient analyses reveal-

ing significant correlations

for the severe coronary stenosis (the area increased from
0.72 to 0.81 after intermediate CD14t*CD16" monocyte
was added to FRS; P <0.001). Overall, the absolute IDI for
the extensive plaque involvement was 0.03 (P for improve-
ment=0.003) and 0.03 (P for improvement=0.018) for
the severe coronary stenosis, with categoryless NRIs of
0.54 and 0.68 for the extensive plaque involvement and
the severe coronary stenosis, respectively (both P <0.001).
Comparing the predicted and observed data, we found non-
significant P values for the Hosmer—Lemeshow statistics in
the multiple variable models. Upon examining the reclas-
sification properties of intermediate CD14**CD16* mono-
cyte, we observed an overall improvement in the net risk
stratification of up to 30.4% for predicting extensive plaque
involvement and 26.7% for predicting severe coronary
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stenosis (P <0.001 for both). For individuals at intermedi-
ate risk (FRS 6-20%), the net reclassification was 50.2%
for predicting extensive plaque involvement and 36.2%
for predicting severe coronary stenosis (P<0.001 for
both) (Tables 5, 6). The improvement was largely driven
by reclassifying non-diseased subjects into a lower risk
category.

Discussion

To the best of our knowledge, this is the first study to
report the relationship among leukocyte subtype, coro-
nary plaque composition, and severe stenosis in a cohort
of apparently healthy individuals. The main findings of
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Table 3 Odds ratio of quartile

i Coronary plaque extent SIS>4 (n=77) Stenosis >70% (n=42)
4 versus quartiles 1-3 leukocyte
subtypes for the presence of QOdds ratio (95% CI) P* QOdds ratio (95% CI) p*
extensive plaques or severe
stenosis Leukocytes >6617 versus <6617 (cells/pL)
Unadjusted 2.01(1.22,3.33) 0.007 1.22(0.61, 2.45) 0.580
Model 1 2.05(1.19, 3.52) 0.010 1.16 (0.56, 2.37) 0.695
Model 2 1.63 (0.94, 2.80) 0.080 0.87 (0.42, 1.84) 0.723
Neutrophils >3909 versus <3909 (cells/pL)
Unadjusted 2.15(1.30, 3.55) 0.003 1.38 (0.70, 2.73) 0.357
Model 1 1.91 (1.12, 3.26) 0.018 1.17 (0.58, 2.37) 0.655
Model 2 1.54 (0.89, 2.65) 0.123 0.87 (0.41, 1.81) 0.701
NLR >2.17 versus <2.17
Unadjusted 1.33 (0.78, 2.25) 0.291 2.18 (1.14, 4.16) 0.018
Model 1 0.92 (0.52, 1.64) 0.781 1.67 (0.85, 3.30) 0.137
Model 2 0.94 (0.52, 1.69) 0.834 1.55(0.77, 3.14) 0.218
Monocytes >369 versus <369 (cells/pL)
Unadjusted 2.08 (1.26, 3.45) 0.005 3.09 (1.64, 5.85) 0.001
Model 1 1.38 (0.80, 2.39) 0.243 2.25(1.15, 4.40) 0.018
Model 2 1.34 (0.76, 2.34) 0.314 2.01 (1.01, 4.02) 0.048
CD14**CD16~ monocytes >324 versus <324 (cells/uL)
Unadjusted 2.08 (1.26, 3.45) 0.005 2.78 (1.47,5.27) 0.002
Model 1 1.44 (0.84,2.49) 0.188 2.07 (1.06, 4.06) 0.034
Model 2 1.53 (0.88, 2.65) 0.135 2.07 (1.04,4.11) 0.038
CD14**CD16" monocytes >12 versus <12 (cells/uL)
Unadjusted 3.43(2.10,5.62) <0.001 4.40 (2.31, 8.36) <0.001
Model 1 2.92(1.73, 4.94) <0.001 3.71(1.92,7.19) <0.001
Model 2 3.16 (1.84,5.43) <0.001 3.67 (1.84,7.33) <0.001
CD14*CD16%* monocytes >33 versus <33 (cells/uL)
Unadjusted 1.73 (1.03, 2.92) 0.039 2.72(1.43,5.18) 0.002
Model 1 1.42 (0.82,2.47) 0.213 2.32(1.19, 4.50) 0.013
Model 2 1.30 (0.73, 2.30) 0.373 1.98 (0.99, 3.98) 0.055

Model 1: Adjusted for age and sex
Model 2: Adjusted for the Framingham Risk Score, metabolic syndrome, and C-reactive protein
NLR neutrophil-to-lymphocyte ratio, SIS segment involvement score

*Bonferroni-adjusted P <0.007 was used to indicate statistical significance

Table 4 Comparison of CAD prediction models with FRS with and without intermediate CD14**CD16% monocytes

SIS>4 (n=77) Stenosis >70% (n=42)
FRS FRS +IM FRS FRS +IM
Discrimination
Area under the curve 0.74 0.79 0.72 0.81
Difference between AUCs +0.05; P=0.016 +0.09; P=0.014
Integrated discrimination index (SE) 0.03 (0.01); P=0.003 0.03 (0.01); P=0.018
Categoryless net reclassification index (SE) 0.54 (0.12); P<0.001 0.68 (0.16); P<0.001
Calibration
Goodness-of-fit y* 7.12 (P=0.52) 9.73 (P=0.29) 5.49 (P=0.70) 6.95 (P=0.54)

AUC area under the curve, FRS Framingham risk score, IM intermediate CD14**CD16™ monocytes, SE standard error, SIS segment involve-
ment score
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Table 5 Framingham risk category of extensive plaque involvement in models with and without CD14**CD16* monocytes

Models with IM Risk reclassification

Models without IM 0 to <6% 6to <10% 10 to <20% >20% Total Higher Lower
0to <6%

Persons included 97 5 17 0 119

No. of SIS >4 1 1 0 2 1 NA

No. of SIS <4 96 5 16 0 117 21 NA
6 to <10%

Persons included 113 32 36 0 181

No. of SIS >4 2 4 7 0 13 7 2

No. of SIS <4 111 28 29 0 168 29 111
10 to <20%

Persons included 0 81 49 47 177

No. of SIS >4 0 8 7 11 26 11 8

No. of SIS <4 0 73 42 36 151 36 73
>20%

Persons included 0 0 36 75 111

No. of SIS >4 0 0 5 31 36 NA 5

No. of SIS <4 0 0 31 44 75 NA 31
Total

Persons included 210 118 138 122 588

No. of SIS >4 3 12 20 42 77 19 15

No. of SIS <4 207 106 118 80 511 86 215
Net reclassification improvement

Overall 30.4% (P<0.001)

Intermediate (FRS 6-20%)

50.2% (P <0.001)

IM intermediate CD14**CD16" monocytes, SIS segment involvement score

this study are as follows. First, all the measured leuko-
cyte subtype counts were higher in subjects with any
coronary plaque than in those without, but intermediate
CDI147*CD16" monocytes were the only leukocyte sub-
type that was increased in subjects with severe stenosis
compared with those with non-severe luminal narrowing.
Second, leukocyte subtypes corresponded to different
coronary plaque compositions. Neutrophils and classical
CD14**CD16~ monocytes correlated better with non-
calcified plaque, whereas intermediate CD14t*CDI16"
monocytes correlated better with mixed plaque and cal-
cified plaque. Third, intermediate CD14**CD16* mono-
cytes were the only leukocyte subtype that was associated
with the presence of extensive involvement or severe ste-
nosis independent of the Framingham Risk Score, meta-
bolic syndrome, and C-reactive protein. In apparently
healthy adults, addition of flow cytometric measurements
of intermediate CD147*CD16" monocyte significantly
improves prediction for severe CAD beyond the predic-
tive ability of a traditional FRS-type risk model. This
improvement is mainly the result of net improvement in
down-classifying risk in participants who did not have
extensive plaque involvement or severe coronary stenosis.

@ Springer

This is particularly important when the relative ease of
obtaining an intermediate CD14**CD16* monocyte is
compared against radiation exposure and the expense
involved in obtaining an individual’s coronary CT
angiography.

In the present study, the relationship between coronary
plaque morphology and stenosis severity was also investi-
gated, and mixed plaque was most associated with moder-
ate or severe stenosis. Indeed, the major cardiac event rate
is significantly higher in patients with noncalcified or mixed
plaque than in patients with calcified plaque [18]. Addition-
ally, compared to histology, coronary CT angiography reli-
ably depicts advanced stage coronary mixed plaque with an
overall good correlation with stenosis degree [19]. Further-
more, the major determinants of coronary plaques in coro-
nary events are a large plaque burden, a small luminal area
and a thin-cap fibroatheroma, which are more frequently
observed in mixed plaques than in other plaque types [20].
These observations support evidence that mixed plaques
are involved in ischemic cardiovascular disease, particu-
larly major events. Among the leukocyte subtypes, interme-
diate CD147*CD16" monocytes correlated best with coro-
nary calcium and mixed plaque severity. This relationship
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Table 6 Framingham risk category of severe coronary stenosis in models with and without CD14**CD16™ monocytes

Models with IM

Risk reclassification

Models without IM 0 to <6% 6to <10% 10 to <20% >20% Total Higher Lower
0to <6%

Persons included 112 5 2 0 119

No. of Stenosis >70% 5 0 0 5 0 NA

No. of Stenosis <70% 107 5 2 0 114 7 NA
6 to <10%

Persons included 85 72 21 3 181

No. of Stenosis >70% 2 2 2 6 2 2

No. of Stenosis <70% 83 70 19 3 175 22 83
10 to <20%

Persons included 0 61 82 34 177

No. of Stenosis >70% 0 1 4 4 9 4 1

No. of Stenosis <70% 0 60 78 30 168 30 60
>20%

Persons included 0 0 23 88 111

No. of Stenosis >70% 0 0 22 24 NA 0

No. of Stenosis <70% 0 0 23 66 89 NA 23
Total

Persons included 197 138 128 125 588

No. of Stenosis >70% 7 3 6 26 42 6 3

No. of Stenosis <70% 190 135 122 99 546 59 166
Net reclassification improvement

Overall 26.7% (P <0.001)

Intermediate (FRS 6-20%) 36.2% (P <0.001)

IM intermediate CD14**CD16% monocytes, NA not applicable, SIS segment involvement score

might translate into better discrimination when predicting
severe coronary stenosis and extensive plaque involvement.

The reasons for the differences between specific coro-
nary plaque compositions regarding the associated leuko-
cyte subtypes are as yet unknown. Clinically, few studies
have performed correlations of leukocyte subtypes with
coronary plaque compositions assessed by coronary CT
angiography. Kashiwagi et al. advocated it for the first time
[12]. They found that an increased level of CD14*CD16"
monocyte subset, but not the total number of monocytes
or CRP, is associated with the presence of non-calcified
plaques in patients with stable angina pectoris. However,
their study described entire CD147CD16% populations
without referring to either intermediate CD14**CD16"
or non-classical CD14*CD16"" monocytes. Then Nils-
son et al. further demonstrated that neutrophil counts are
significantly correlated with non-calcified plaques in CAD
patients [13]. Nonetheless, they did not measure monocyte
subsets, but the lack of association between total number of
monocytes, CRP and the presence of non-calcified plaques
was also found in their study. By contrast, we found that the
monocyte counts and its classical CD14t*CD16~ mono-
cyte counts were also significantly associated with the

non-calcified plaque score, but the correlation coefficients
for these factors were lower than that for the neutrophil
counts. Experimentally, both neutrophils and monocytes-
derived macrophages are present in atherosclerotic plaque
lesions [21]. In mice studies, neutrophils contribute to the
recruitment of classical monocytes to the arterial wall [22],
and neutrophil depletion leads to reduced monocyte/ mac-
rophage counts within aortic wall [23]. Taking together, the
previous studies and our data suggest that neutrophils could
play a greater role than monocytes in the non-calcified
plaque formation.

Our study shows, for the first time, that intermedi-
ate CD14**CD16% monocytes correlated best with the
mixed plaque and calcified plaque scores among the leu-
kocyte subtypes. One assumption is that intermediate
CD14**CD16" monocytes promotes the plaque calcifica-
tion. Indeed, increased numbers of CD14TCD16% mono-
cytes, including intermediate CD14"*CD16% and/or non-
classical CD14TCD16%* subsets, are associated with the
production of tumor necrosis factor (TNF)-alpha [24].
TNF-alpha is known as the potent pro-osteochondrogenic
cytokine in vitro and contributes to vascular calcification
and inflammation [25]. Additionally, CD14" monocytes,
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including classical CD14t*CD16~ and/or intermedi-
ate CD14**CD16% subsets, have a remarkable ability
to change their phenotype in response to a wide range of
stimuli, and these cells could form an osteogenic monocyte
subset [26, 27]. Moreover, activated circulating CD14%
monocytes could induce the osteoblast differentiation of
human mesenchymal stem cells and matrix mineralization
[28]. These observations support the idea that intermedi-
ate CD147*CD16* monocytes play a key role in the plaque
calcification.

Another assumption is that intermediate CD14**CD16"
monocytes repairs the calcified plaques. Intermediate
CD14**CD16™ monocytes are found at low frequency in
blood, but they are reported to be a predominant type of
monocytes expressing Tie-2 (an angiopoietin receptor) and
vascular endothelial growth factor (VEGF) receptors, which
has been implicated in angiogenesis and reparation [6]. In
the advanced human atherosclerotic plaque, microvascu-
lar endothelium displays VEGF and angiopoietin 2 much
more prominently than does that from early lesions [29].
Hence, the increased number of circulating CD14**CD16*
monocytes would appear to provide advanced plaques more
angiogenesis or reparative process to overcome diffusion
limitations on oxygen and nutrient supply. In summary,
our findings correspond with those from previous studies
suggesting that among the leukocyte subtypes, the interme-
diate CD14**CD16* monocyte count might be useful for
evaluating mixed or calcified plaque progression.

Among patients with any coronary plaque, we observed
that an elevated CD14**CD16™ monocyte count may iden-
tify patients at increased risk for extensive plaque involve-
ment or severe coronary stenosis. Of note, Ozaki et al.
found that intermediate CD14**CD16" monocytes acti-
vated more frequently than classical CD14**CD16~ and
non-classical CD14*CD16" monocytes in patients with
plaque rupture and thrombus formation assessed by
frequency-domain optical coherence tomography [30].
Whether specific interventions to decrease CD14t+*CD16%
monocyte count could limit plaque extent and stenosis
severity should be investigated. For example, recent stud-
ies showed that hypertriglyceridemia causes intermedi-
ate CD14**CD16" monocytes adhere to vascular cell
adhesion molecule-1 higher efficiency than other subsets,
especially in patients with myocardial infarction [31, 32].
Furthermore, lower Apo Al and HDL-C levels are associ-
ated with higher intermediate CD14**CD16" monocyte
counts, which predict cardiovascular events in patients with
chronic kidney disease [33]. Additionally, statins would
not only reduce the plaque volume but also modulate the
monocyte counts [34]. Treatment with simvastatin and
atorvastatin reduces the proportion of CD16* monocytes in
peripheral blood mononuclear cells, especially intermedi-
ate CD14**CD16™ monocytes, in HIV-1-infected subjects
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[35]. Based on these findings and our study, in subjects
with intermediate risk, any plaque, or a non-zero calcium
score, an increase in intermediate CD141*CD16" mono-
cytes may prompt a clinician to prescribe statins or more
intensive lifestyle modifications, such as dietary lipids or
regular exercise.

There are several limitations to our study. First, we dem-
onstrated that the relationship between leukocyte subtypes
and coronary plaque type and stenosis is weak and very
limited. Nevertheless, these data have been analyzed with
a Bonferroni-adjusted p value, leading to very conservative
results in most. Second, racial and ethnic differences may
produce altered susceptibilities to various forms of CAD.
Only ethnic Chinese individuals who attended voluntary
cardiovascular health check-ups were enrolled. Whether our
results are applicable to other racial populations is unclear,
and a self-selective bias may have existed for subjects who
voluntarily submitted to health check-ups. Another limita-
tion is only using a basic flow cytometry gating strategy,
we could have missed some CD16% cells that scatter in the
lymphocyte range. Finally, as this was a cross-sectional
study, we could only analyze associations between coro-
nary plaques and leukocyte subtypes at one-time point; we
cannot draw any functional conclusions regarding these
associations during the progression of atherosclerosis in
individuals. Thus, our study does not provide a mechanistic
explanation for the effects of specific monocyte subsets on
the severity of CAD.

Conclusion

Intermediate CD147*CD16* monocytes predicted the pres-
ence of extensive plaque involvement and severe coronary
stenosis in asymptomatic individuals from the general pop-
ulation. Whether the intermediate monocyte subset could
improve risk stratification needs further research.
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