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a b s t r a c t

Objective: We found previously that the measurement of plasma levels of protein-conjugated acrolein (PC-
Acro) together with IL-6 and CRP can be used to identify silent brain infarction (SBI) with high sensitivity
and specificity. The aim of this study was to clarify how three biochemical markers are correlated to SBI,
carotid atherosclerosis (CA) and white matter hyperintensity (WMH).
Methods: The levels of PC-Acro, IL-6 and CRP in plasma were measured by ELISA. SBI and WMH were
evaluated by MRI, and CA was evaluated by duplex carotid ultrasonography.
Results: A total of 790 apparently healthy volunteers were classified into 260 control, 214 SBI, 263 CA
and 245 WMH subjects, which included 187 subjects with two or three pathologies. When the combined
measurements of PC-Acro, IL-6 and CRP were evaluated together with age, using a receiver operating char-
acteristic curve and artificial neural networks, the relative risk value (RRV), an indicator of tissue damage,
Carotid atherosclerosis
White matter hyperintensity

was in the order SBI with CA (0.90) > SBI (0.80) > CA (0.76) > WMH with CA (0.65) > WMH (0.46) > control
(0.14). RRV was also correlated with severity in each group of SBI, CA and WMH.
Conclusion: The RRV supports
SBI > CA > WMH.

Abbreviations: PC-Acro, protein-conjugated acrolein; SBI, silent brain infrac-
tion; CA, carotid atherosclerosis; IMT, intima-medial thickness; WMH, white matter
hyperintensity; DSWMH, deep and subcortical white matter hyperintensity; PVH,
periventicular hyperintensity; RRV, relative risk value; IL-6, interleukin-6; CRP,
C-reactive protein; MRI, magnetic resonance imaging; FLAIR, fluid-attenuated inver-
sion recovery; ELISA, enzyme-linked immunosorbent assay; ROC, receiver operating
characteristic; PPV and NPV, positive- and negative-predictive values; LR+ and LR−,
positive- and negative-likelihood.
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the idea that the degree of risk to develop a stroke is in the order
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1. Introduction

Polyamines (putrescine, spermidine and spermine) are essen-
tial for normal cell growth and are present in cells at millimolar
concentrations [1]. However, when cells are damaged, the toxic
compounds acrolein (CH2 CHCHO) and H2O2 are produced from
polyamines, in particular from spermine, by polyamine oxidases
(PAO, spermine oxidase and acetylpolyamine oxidase) [2]. When
the toxicities of acrolein and H2O2 were compared in a cell-
culture system, the major toxic factor produced from polyamines

was acrolein [3]. We examined whether the levels of PAO and
protein-conjugated acrolein (PC-Acro) in plasma are correlated
with pathologies that involve tissue damage, and found that levels
of PAO and PC-Acro in plasma are well correlated with the severity
of chronic renal failure [4] and stroke [2]. The size of stroke was
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Table 1
Distribution of subjects as control, SBI, CA and WMH as a function of age.

Age (years) Number of subjects Control (%) SBI (%) CA (%) WMH (%)

40–49 105 69.5 7.6 6.7 16.2
50–59 250 47.6 11.6 22.4 31.2
60–69 256 23.4 31.3 37.5 36.3
≥70 179 4.5 54.2 58.1 31.8
76 M. Yoshida et al. / Athero

early paralleled with the multiplied value of PC-Acro by PAO [2].
t was also shown that the induction of brain infarction in model

ice was well correlated with the increase in PC-Acro at the locus
f infarction and in plasma [5].

There are reports that silent brain infarction (SBI) increases the
isk of subsequent stroke [6–8], dementia [8] and mild cognitive
mpairment [9]. It is, therefore, valuable to estimate SBI at an early
eriod by biochemical markers, because measurement of biochem-

cal markers in blood is common and economical compared to
iagnostic imaging such as magnetic resonance imaging (MRI) and
omputed tomography. We have reported that measurement of PC-
cro together with interleukin-6 (IL-6) and C-reactive protein (CRP)
akes it possible to identify SBI with high sensitivity and specificity

10]. It has been also reported that carotid atherosclerosis (CA) is
risk factor for stroke and SBI [11,12], and that SBI and marked
hite matter hyperintensity (WMH) are risk factors of stroke [13].

hus, we tested how these biochemical markers are correlated with
BI, WMH and CA as determined by imaging, and whether these
arkers can evaluate the severity of CA and WMH in addition to

BI.

. Materials and methods

.1. Subjects and collection of blood

We examined 790 elderly volunteers (330 women and 460
en, age 61.0 ± 7.0 years, range 40–88 years). All participants were

ealthy volunteers, living independently at home without appar-
nt history of stroke or dementia. Informed consent was given by
ach participant, and our study protocol was approved by the Ethics
ommittees of Chiba University Hospital. Experiments were con-
ucted in accordance with the Declaration of Helsinki principles.
lood containing 3 U/mL heparin was centrifuged at 1500 × g for
0 min at 4 ◦C.

.2. Measurement of PC-Acro, IL-6 and CRP in plasma

PC-Acro [N�-(3-formyl-3,4-dehydropiperidino)-lysine (FDP-
ysine) in protein] was determined by the method of Uchida et
l. [14] using ACR-LYSINE ADDUCT ELISA SYSTEM (NOF Corpo-
ation) and 0.01 mL plasma. IL-6 and CRP were measured using
ndogen Human IL-6 ELISA kit (Pierce Biotechnology, Inc.) and
uman CRP ELISA kit (Alpha Diagnostic), respectively, according
o the manufacturer’s protocol. After the reaction was terminated,
bsorbance at 450 nm was measured by a microplate reader
itachi MTP-800APC. All biochemical markers of each subject
ere measured by an investigator blind to the results of the
RI.

.3. Imaging

All 790 subjects underwent T1- and T2-weighted MRI and FLAIR
n parallel with the collection of blood samples. MRI was per-
ormed as described previously [10]. The diagnosis of SBI was made
s follows: (1) spotty areas ≥3 mm in diameter showing in high
ntensity in the T2 and FLAIR images and low intensity in the T1
mage, (2) lack of neurological signs and/or symptoms that can be
xplained by the MRI lesions, and (3) no medical history of clin-
cal stroke [6,15]. The subjects with WMH [deep and subcortical

hite matter hyperintensity (DSWMH) and periventricular hyper-

ntensity (PVH)] were defined as subjects with spots showing in
igh intensity in the T2 and FLAIR images without any consistent
nding in the T1 image [16], and subjects who lack neurologi-
al signs and/or symptoms. Carotid ultrasound examination was
erformed using a LOGIQ S6 (GE Healthcare) or a LOGIQ 500 MD
Since the association of SBI with CA, SBI with WMH and WMH with CA increased
with age, total percentage at age 40–49, 50–59, 60–69 and ≥70 became 100%, 112.8%,
128.5% and 148.6%, respectively.

(GE Yokogawa Medical Systems) scanner equipped with a 7.5-
MHz linear array imaging probe [17,18]. Intima-medial thickness
(IMT) was measured as the distance between the luminal–intimal
interface and the medial–adventitial interface. The IMT value was
measured in three points for each right and left side (observation-
possible areas of common carotid artery, carotid bifurcation, and
internal carotid artery), and the largest value (max-IMT) in each
side was used for analysis. Control subjects were defined as sub-
jects with no spotty areas and CA and no neurological signs
and/or symptoms. Through this diagnosis, 790 subjects were clas-
sified into 260 control subjects (108 women and 152 men, aged
54.0 ± 6.0 years), 214 SBI subjects (88 women and 126 men, aged
68.0 ± 7.0 years), 263 CA subjects (105 women and 158 men, aged
66.0 ± 6.0 years) and 245 WMH subjects (105 women and 140
men, aged 61.0 ± 5.8 years). There were 187 subjects with two
or three pathologies, and of those, 88 subjects had SBI and CA,
9 subjects SBI and WMH, 85 subjects CA and WMH, and 5 sub-
jects SBI, CA and WMH. Accordingly, subjects with SBI and CA,
or with WMH and CA consisted of 93 and 90 subjects, respec-
tively.

2.4. Statistics

Statistical calculations were performed with GraphPad
Prism® Software (GraphPad Software). Values are indicated
as median ± interquartile deviation. Groups were compared using
Wilcoxon rank sum test or Kruskal–Wallis test. Relative risk
value (RRV) was calculated with artificial neural networks by
back propagation method using NEUROSIM/L software version 4
(Fujitsu) [19]. Age and three biochemical markers of 260 control
and 214 SBI subjects were used as prediction output values 0 and
1, respectively, and the rules to build RRV were obtained. Then,
RRV (0–1) for control, SBI with CA, SBI, CA, WMH with CA and
WMH subjects was calculated according to the rules. Sensitivity
and specificity for SBI subjects vs. control subjects were evaluated
using a receiver operating characteristic (ROC) curve [20]. Sen-
sitivity, specificity, positive- and negative-predictive values (PPV
and NPV), and positive- and negative-likelihood (LR+ and LR−)
were calculated with the standard method [21]. Cutoff value was
set up as the closest point on ROC curve from the P point, that is
sensitivity = 1 and 1 − specificity = 0.

3. Results

3.1. Relationship between biochemical markers (PC-Acro, IL-6
and CRP) and SBI, CA and WMH determined by imaging

The distribution of subjects as control (260), SBI (214), CA (263)
and WMH (245) was classified as a function of age. As shown in
Table 1, the incidence of SBI and CA increased with age, but the

incidence of WMH was observed at younger ages (40th) and was
similar at ages above 50 years. The association of SBI with CA, SBI
with WMH and WMH with CA was approximately 40%, 6% and 37%,
respectively (Fig. 1S). The results indicate that the association of SBI
with WMH is small. The incidence of SBI, CA and WMH was age-
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ig. 1. Comparison of age and level of PC-Acro, IL-6 and CRP in the plasma of control, S
ine). Experiments were performed twice and results were reproducible. The p value
ompared with control subjects.

elated, in the order SBI > CA > WMH > control (Fig. 1). PC-Acro, IL-6
nd CRP were significantly higher in SBI and CA compared to control
Fig. 1). In WMH, levels of PC-Acro, IL-6 and CRP were slightly higher
han control (Fig. 1). PC-Acro was most strongly associated with CA,
nd IL-6 and CRP were with SBI. Thus, it is thought that CA is the
rst tissue damage related to stroke, in which acrolein is produced.
BI, CA and WMH were often associated with hypertension and
yperlipidemia, but not with hyperuricemia and hyperglycemia
Table 1S).

The ROC curve for the detection of SBI by age, with measure-
ent of PC-Acro plus IL-6 and CRP is shown in Fig. 2A, and these

ata are consistent with previously published results [10]. Sensitiv-
ty and specificity were 84.1% and 83.5%, respectively, which were
lightly lower than the previous values [10]. This is probably due to
he lowering in the average age of control subjects, because age is
factor for the calculation of ROC curve with artificial neural net-
orks. Relative risk value (RRV) was then calculated for SBI, CA and
MH. A value of 1 is the highest value, and 0 is the lowest value

s an index of the degree of tissue damage. The median RRV for SBI
ith CA (93 subjects), SBI (214 subjects), CA (263 subjects), WMH
ith CA (90 subjects), WMH (245 subjects) and control (260 sub-

ects) was 0.90, 0.80, 0.76, 0.65, 0.46 and 0.14, respectively (Fig. 2B).
n this case, SBI (214 subjects), CA (263 subjects) and WMH (245
ubjects) include subjects with single, double and triple patholo-
ies.

In a previous report [10], we have shown that the level of LDH
as high, and that of platelets was low in SBI. Various biochem-

cal markers in blood of control, SBI, CA and WMH subjects were

lso measured (Table 2S). A decrease in platelets was observed in
he order SBI ≈ CA > WMH, and significant increase of LDH in SBI.
urthermore, eGFR (estimated glomerular filtration rate) [22] was
ecreased in the order SBI ≈ CA > WMH, and urea nitrogen in serum
as increased in the order SBI > CA ≈ WMH.
and WMH subjects. Age, PC-Acro, IL-6 and CRP were shown with median (horizontal
alculated using Wilcoxon rank sum test. *p < 0.05; **p < 0.01; ***p < 0.001; ns, p ≥ 0.05

3.2. Correlation between RRV and severity of CA and WMH

We next studied whether the median RRV is correlated with the
severity of CA. The severity of CA was evaluated by the additive
value of max-IMT in both right and left carotid arteries. Defini-
tions of “mild” and “severe” are max-IMT values of 1.1–2.9 mm and
≥3 mm, respectively. Age and PC-Acro were significantly increased,
and IL-6 and CRP were slightly higher in subjects with severe CA
than those in mild CA (Fig. 3A). Accordingly, the median RRV of 175
mild subjects and 88 severe subjects was 0.67 and 0.90, respec-
tively (Fig. 3A). With an increase in severity, from mild to severe, the
association with SBI increased from 30% to 45% (data not shown).

The correlation between the severity of WMH and the median
RRV was also studied. WMH was sub-classified into 166 subjects
with a single PVH or DSWMH and 79 subjects with both PVH and
DSWMH. Age and PC-Acro were significantly higher in subjects
with both PVH and DSWMH than in subjects with a single PVH
or DSWMH (Fig. 3B). Difference of IL-6 and CRP was not signifi-
cant between two groups. Thus, RRV for the subjects with PVH or
DSWMH and with both PVH and DSWMH was 0.34 and 0.55, respec-
tively (Fig. 3B). With an increased severity of WMH, the association
with SBI increased from 3.6% to 10% (data not shown).

4. Discussion

It has been reported that SBI increases the risk of subsequent
stroke, dementia and mild cognitive impairment [6–9]. There are
also reports that CA is a risk factor for stroke and SBI [11,12], and

that SBI and marked WMH for stroke [13]. In addition, it has been
reported that WMH is a modest risk factor of SBI [23]. Thus, we
compared biochemical markers (PC-Acro, IL-6 and CRP) among SBI,
CA and WMH to determine whether these markers are useful to
gauge the severity of SBI, CA and WMH. RRV obtained from age, PC-
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ig. 2. ROC curve of age/PC-Acro/IL-6/CRP for SBI vs. control subjects (A) and relat
s described in Section 2. AUC, area under curve. (B) RRV of control, SBI with CA,
horizontal line). ***p < 0.001 compared with control subjects.

cro, IL-6 and CRP was used for this assessment. The RRV was in the
rder SBI with CA > SBI > CA > WMH with CA > WMH. Furthermore,
he severity of CA and WMH was parallel with RRV. The size of
rain infarction was also correlated with RRV [2,10]. Thus, these
iochemical markers together with age provide a good index of the
everity of tissue damage related to stroke.

It has been reported that increased levels of PC-Acro [10], IL-6
10,15] and CRP [10,15,24] were observed in SBI, and an increase
n CRP was observed in CA [17]. The results obtained in this study
rovide additional data showing increased levels of PC-Acro and

L-6 in CA, and a slight increase of PC-Acro, IL-6 and CRP in WMH.
hus, the combined measurement of PC-Acro, IL-6 and CRP makes
t possible to detect SBI and CA with high sensitivity and speci-
city. Since RRV was high with severe WMH (see Fig. 3B), severe
MH can be also detected by measuring these biochemical mark-

rs. RRV is the first reliable marker to evaluate the severity of SBI,

A and WMH. SBI was not well associated with WMH (see Fig. 1B).
ome subjects with severe WMH may directly progress to a stroke
ithout an intermediate SBI [6].

ig. 3. Relationship between severity of CA (A) and WMH (B), and various markers. (A and
sing Kruskal–Wallis test. *p < 0.05; **p < 0.01; ***p < 0.001; ns, p ≥ 0.05.
ip between RRV and SBI, CA and WMH (B). (A) ROC curve analysis was performed
A, CA with WMH and WMH calculated from ROC curve was shown with median

Although PC-Acro, IL-6 and CRP are not, by themselves, specific
for brain infarction, the early stages of brain infarction could be
detected with high specificity by measuring these three biochemi-
cal markers. This may reflect, in part, the effective production of IL-6
by astrocytes [25]. Biomarkers specific for brain infarction did not
change significantly at the early stage of brain infarction [10,26]. PC-
Acro was most strongly associated with CA. This may be explained
by the finding that foam cells included at the locus of atheroscle-
rosis contained high levels of PC-Acro and a portion of the PC-Acro
releases from them (unpublished results). Data were also analyzed
by a multivariable regression analysis. Results were essentially the
same as those obtained with artificial neural networks.

Although PC-Acro was shown as the level of FDP-lysine in
Figs. 1 and 3, it has been recently found that MP-lysine [N�-
(3-methylpyridinium)lysine] rather than FDP-lysine is a major
product in plasma of SBI and control subjects [27]. Since the anti-

body used to measure PC-Acro recognizes both MP-lysine and
FDP-lysine [28], the level of PC-Acro is correctly presented although
the unit is presented as FDP-lysine.

B) Each value was shown with median (horizontal line). The p value was calculated
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