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Effects of intermittent cold-exposure on culprit
plaque morphology in ST-segment elevation
myocardial infarction patients: a retrospective study
based on optical coherence tomography
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Abstract

Objective: Present study aimed to explore the effects of intermittent
cold-exposure (ICE) on culprit plague morphology in patients with ST-
segment elevation myocardial infarction (STEMI) in frigid zone.
Methods: Totally 848 STEMI patients with plaque rupture (N = 637)
or plaque erosion (N = 211) were enrolled consecutively according to
optical coherence tomography imaging. Data on the changes of outdoor
air temperature corresponding to 24 solar terms were collected. Patients
were divided into different groups according to 24 solar terms and the
number of days with indoor central heating. Imaging data were measured
and analyzed qualitatively and quantitatively. Statistical analysis was
conducted to elucidate the possible association of the STEMI patients of
different groups with plaque morphology of culprit vessel with alterations
of ambient temperature.

Results: The incidence of both plaque rupture and plaque erosion
presented trough in summer. The incidence of plaque rupture reached
a peak value in early winter when outdoor air temperature dropped
below 0°C and declined with supply of central heating. Persistent cold
exposure in early winter was positively and significantly associated with
plaque rupture. The incidence of plaque erosion presented a peak in
severe winter with outdoor air temperature dropping below -20°C and
steady supply of central heating. ICE in severe winter was positively
and significantly associated with plaque with intact intima, especially in
aged male or current smoking patients. The positive correlation of cold
exposure with lipid size in culprit plaque in winter weakened with central
heating.

Conclusion: ICE resulted from switching staying in between outdoor
cold environment and indoor warm temperature with central heating
in severe winter changed culprit plague morphology in STEMI. Plaque
rupture decreased whereas plaque erosion increased impacted by ICE.
The effect of ICE on the transformation of plaque morphology might be
explained by reduced lipid deposition.
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1 Introduction

Acute myocardial infarction (AMI) is the primary life-threatening
disease worldwide, which is mainly caused by plaque rupture
(PR) and plaque erosion (PE)!". Different from PE, PR has
distinctive vulnerable demographic®, histology and morphologic
characteristics!"®. It posts greater demands for stent-
implantation and results in worse outcomes®. Thus, more
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research as well as clinical efforts are needed in combating
PR. Optical coherence tomography (OCT) provides a near-
pathological diagnosis for identifying and distinguishing PR and
PE. OCT can aid to get deeper insight into PR with its capability

for accurate morphologic characteristics of plaques®.

Despite that cold exposure accounts for the high incidence
rate of AMI”® and excess winter mortality in wintertime of in
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frigid zone®®'?

, no guideline on how to prevent and reduce cold
exposure-induced AMI has been thus far published®. While
outdoor air temperature or outdoor ambient temperature (OAT)
falls down to 4°C to 0°C, cold exposure is associated with PR,
The possible association of intermittent cold exposure (ICE) with
PR while OAT in wintertime stays below -20°C remains unclear.
The effects of ICE on culprit plaque morphology in patients with
ST-segment elevated myocardial infarction (STEMI) in frigid
zone remains unknown either. In frigid zone of north-east China,
ICE is often the case for people who are frequently alternating
their staying in between outdoor cold environment and indoor
cozy environment supplied with central heating in the cold
seasons. We therefore performed the present study employing
OCT technique to explore the association between ICE and
culprit plague morphology in STEMI patients.

2 Methods
2.1 Design and Population

A total of 858 patients were enrolled in the present study, who
were hospitalized within 24h of symptom onset in the intensive
cardiology care unit of the Second Affiliate Hospital of Harbin
Medical University between April 2015 and March 2017. The
patients all received coronary angiography (CAG) and OCT, of
which 10 were excluded because of their fuzzy OCT images.
The rest of the patients was then divided into the PR group (N =
637) and the PE group (N = 211), according to the diagnosis
based on OCT imaging. Determination of STEMI and the culprit
lesion has been described previously™, and discrimination
between PE and PR was done according to the established OCT
diagnostic criteria”. Thus, PR was defined and categorized as
fibrous cap disruption and the presence of thrombus, and PE
was defined and categorized as intact intima and the presence
of thrombus overlapping culprit lesion. Optimal medical therapy
was administered individually based on the current guidelines.

The present study is a retrospective analysis, and the study
cohort was selected from the previous EROSION study carried
out in our center. It was approved by the Ethics Committee of the
Second Affiliated Hospital of Harbin Medical University (approval
reference number, KY2017-249), and all patients provided
written informed consent prior to their inclusion in the study
and the investigation conformed to the principles outlined in the
Declaration of Helsinki.

2.2 Data collection

The demographic characteristics of patients including age,
gender, hypertension history, diabetes mellitus history,
smoking state, and AMI history, lab data including blood cells,
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admission glucose, hs-CRP, CTnl, creatinine, and lipid profile,
and imaging data (CAG and OCT) were collected. In addition,
the corresponding OAT data based on 24 solar terms (STs)
were also collected by searching the website (http: //www.
tiangihoubao.com/lishi/haerbin.html).

Quantitative coronary angiography (QCA) was analyzed with
the Cardiovascular Angiography Analysis System (CAAS, 5.10,
Pie Medical Imaging B.V., Maastricht, the Netherlands). Culprit
vessels and lesion sites were identified, and the length of culprit
lesion, reference vessel diameter, minimal lesion diameter, and
degree of diameter stenosis were measured (Fig. 1A, B).

OCT data were recorded and analyzed using the C7-XR
OCT intravascular imaging system (OCT C7 Dragonfly,
St. Jude Medical, St. Paul, MN, USA). Quantitative and
qualitative analyses of underlying plaques were carried out
by two independent operators as described previously®. Any
discordance was settled by consensus with a third reviewer.
Different types of the plague and thrombus were identified
(Fig. 1C, D), along with the identification of microchannels (Fig.
1Ea), spotty calcification (Fig. 1Eb), macrophages (Fig. 1Ec),
cholesterol crystals (Fig. 1F), and thin-cap fibroatheroma (TCFA)
(Fig. 1G), based on the established diagnostic criteria’®. The
lesion length, minimal lumen area, minimal thickness of the
fibrotic cap, length of the lipid core (LLC), largest arc of the lipid
core (LLA) (Fig. 1H), average arc of the lipid core (ALA), and the
length of the residual thrombus were measured as described

previously®.

2.3 Statistical analysis

Dichotomous variables are presented as N (%). Continuous
SD or median (P25,
P75), and the normality of variables was determined by the

+

variables are presented as mean

Kolmogorov—Smirnov test. For categorical data, chi-squared or
Fisher’s exact test was applied, and comparisons of continuous
data were done by Student’s t test for normal variables or the
Mann-Whitney test for non-Gaussian variables, as appropriate.
Inter-observer reliability and intra-observer reliability were
assessed by Kappa statistics. A two-tailed P-value <0.05
denoted statistical significance.

OAT-related variables involving central heating (Table 1) were
grouped according to 24 STs (Fig. 2A): summer (7th-12th STs);
intense summer (in-summer; 10-12th STs), winter (19-24th STs),
OAT below freezing point 0°C (ATBFP; 18th STs -6th STs in next
year); OAT below -20°C in severe winter (ATSW, 22-24th STs),
and OAT around freezing point (ATAFP) including ATAFP in late
spring (ATLS; 4-6th STs), and ATAFP in late autumn (ATLA; 17-
19th STs).
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Fig. 1 Typical images of patients

(A) A typical CAG image of a patient with STEMI and PE; (B) A typical image of a patient with STEMI and PR; (C) A typical OCT image of a patient with STEMI and PE characterized
by intact and rough intima attached by small white thrombus. (D) A typical OCT image of a patient with STEMI and PR characterized by ruptured intima (arrow) backed with a big
cavity (pound sign). (E) Representative OCT images, including micro-channel (left arrow), macrophage accumulation (arrow below), and spotty calcification (arrow above); (F)
Representative OCT images of cholesterol crystal; (G) Representative OCT images of TCFA; (H) Lipid core determined based on the lipid arc. The asterisk marks the position of

the OCT guide wire. CAG, coronary angiography; STEMI, ST-segment elevated myocardial infarction; PE, plaque erosion; OCT, optical coherence tomography; PR, plaque rupture;

TCFA, thin-cap fibroatheroma;

Table 1 Weather variables between plaque rupture and plaque erosion

Plaque rupture

Plaque erosion

Risk weather ST period (N =637) (N=211) P-value

Summer 7-12 150 (23.5%) 43 (20.4%) 0.341
Intense summer 10-12 71 (11.1%) 19(9%) 0.381
ATBFP 18-5 330 (51.8%) 119 (56.4%) 0.247
Winter 10-24 157 (24.6%) 62 (29.4%) 0.173
ATSW 22-24 69 (10.8%) 36 (17.1%) 0.017
ATAFP 4-6 and 17-19 190(29.8%) 40(19.0) 0.002
ATLA 17-19 115(18.1%) 22 (10.4%) 0.009
ATLS 4-6 75 (11.8%) 18 (8.5%) 0.191

Data are presented as N (%). Abbreviation: ATAFP, air temperature around freezing point; ATBFP, air temperature below freezing point; ATLA, air temperature around freezing point in late
autumn; ATLS, air temperature arround freezing point in late spring; ATSW, air temperature in severe winter; ST, solar term.

Univariate and multivariate logistic regression analyses were
used to screen the OAT groups which were significantly
associated with culprit plaque type. A P < 0.05 was considered
statistically significant. ROC curve analysis was applied
to evaluate the predictive ability of the OAT variables.
Subsequently, the variables associated significantly with culprit
plaque type were included in a differential diagnostic model
to evaluate their diagnosis value. Furthermore, the correlation
between the OAT predictive factors and plaque morphology
was analyzed with spearman correlation. The analyses were
produced by SPSS 20.0 Software.

3 Results

Central heating began supplying when OAT fell to about 0°C,
usually from 15 October (in ATLA) to 15 April (in ATLS) the
following year to keep indoor temperature about 25°C. During
either ATLA or ATLS, PR incidence increased gradually until
reaching a summit. It declined in ATLA after central heating units
began operating but increased in ATLS after central heating
ceased supplying till OAT climbing up above 0°C. There was a
bottom PR incidence and a peak of PE incidence during ATSW
while central heating was supplied constantly (Fig. 2).
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Fig. 2 Air temperature and culprit plaque model proportion corresponding to solar terms in a whole year

Differences in OAT-related variables between PR and PE are
summarized in Table 1. For example, ATAFP (P = 0.002) and
ATSW (P = 0.017) were significantly different between PR
and PE. Yet, stratification analysis pointed to only ATLA with
significant inter-group difference (P = 0.009), and no significant
inter-group difference was found in summer and intense
summer, nor in ATBFP and winter.

Logistic regression analysis revealed significant association of
ATAFP and ATSW with culprit plaque type. PR was positively and
significantly associated with ATAFP, whereas PE was positively
and significantly associated with ATSW. No significant PR-PE
differences were associated with other OAT-related variables.
The association of PR and PE with their respective OAT-related
variables remained even after adjustment for the risk factors
associated with plaque, including age, gender, DM history,
HTN history, and current smoking. Intriguingly, with serum LDL-C,
creatinine and ARPG being taken into consideration for adjustment,
the significant association between PR and ATAFP remained while
that between PE and ATSW disappeared. Adjustment to culprit
vessel and multivessel lesion did not change the association of
PR with ATAFP. Stratification analysis confirmed the significant
difference between PR and ATLA, but not between PR and ATLS,
no matter whether being adjusted or not (Fig. 3A).

The association between PE and ATSW within subgroups
was then analysed (Fig. 3B). Logistic regression analysis
showed positive and significant association of PE with ATSW
only in patients >50 years old, female, or current smokers. No
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significant association was identified among the STEMI patients
whether or not with DM or HTN history. After adjusting for the
risk factors associated with plaque model, the association was
weakened but reserved in patients who were female or age over
50 years but was broken in current smokers.

Subsequently, we quantified the diagnostic accuracy of ATLA for
PR and ATSW for PE using the receiver operating characteristic
curve (ROC). The results indicated that the area under curve
(AUC) was not sufficiently large to determine its diagnostic
power. However, when ATLA or ATSW was combined with
various risk factors (age, gender, smoking, DM, hypertension,
creatine, admission glucose and LDL-C) to establish combined
predictive models for culprit plaque morphology, the area under
curve (AUC) was significantly increased. Moreover, when culprit
vessel and multivessel lesion were added to the combinations,
the AUCs for both ATLA and ATSW exceeded 70% (AUC=0.706
for ATLA and 0.704 for ATSW) (Fig. 4).

Furthermore, the correlations between temperature-related
variables and imaging data of the STEMI patients were analyzed
by Spearman’s correlation analysis. The results uncovered a
negative correlation of summer and ATLS with the size of lipid
arc, minimal FCT and TCFA. ATBFP including ATSW presented
positive and weak correlation with the size of lipid arc, minimal
FCT and TCFA. Subgroup analysis showed that ATLS was
negatively and weakly correlated with the size of lipid arc, minimal
FCT and TCFA, while ATEW had positive correlations with these
factors (Fig. 5).
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Fig. 3 Logistic regression of air temperature (AT) variables between PR and PE groups
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(A) Logistic regression analysis of the association between AT variables and PR risk; (B) Logistic regression analysis of the association between AT variables and PR risk in
subgroups. Abbreviations: AT, air temperature; ATAFP, AT around freezing point; ATBFP, AT below freezing point; ATLS, ATAFP in early spring; ATLA, ATAFP in early winter; ATSW, AT
below -20°C in severe winter; Cl, confidence interval; CS, current smoker; DM, diabetes mellitus; HTN, hypertension; NCS, not current smoker; NDM, not diabetes mellitus; NHTN,

not hypertension; OR, odds ratio; ST, solar terms. Adjust model | adjusted for: age, male gender, current smoker, diabetes mellitus, and hypertension history. Adjust model Il adjusted

for: age, male gender, current smoker, hypertension history, LDL-C level, and admission random plasma glucose level. Adjust model Il adjusted for: age, male gender, current

smoker, hypertension history, LDL-C level, admission random plasma glucose level, culprit vessel and multivessel lesion.

4 Discussion

The present study is the first to explore the association between
ICE and culprit plaque morphology in STEMI patients based
on OCT imaging analyses. The major findings include: (1)
PR incidence showed a peak value during ATLA and declined
gradually in winter, which was affected by ICE. Persistent cold
exposure in ATLA was an independent predictor for PR in STEMI
patients. (2)PE incidence peaked in the coldest days during
ATSW with constant central heating supply. ICE in ATSW was an
independent predictor for PE in STEMI patients > 50 years old,
female, or non-current smoker. (3)The effect of ICE on offender
plaque morphology was attributable to interruption of cold
exposure and thus reduced the lipid size and TCFA in culprit
vessel in STEMI patients.

Different from the published data'™, our results showed that PR
incidence did not peak in the coldest days in ATEW; instead,
it peaked during ATLA and ATLS. PR incidence declined
gradually in ATLA following the supply of central heating and
climbed up in ATLA after ceasing of central heating supply.The
association between PR and cold OAT in ATSW dissipated with
constant supply of central heating. Our data support that persistent
cold exposure was the major cause of PR, and ICE contributed to
preventing vulnerable patients from PR. ICE was established with
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the introduction of central heating unit that broke persistent cold
exposure and might reduce PR by preventing vulnerable patients from
psychological distress!"”, arterial pressure rise™, blood coagulation™,
and respiratory infections®™ imposed by cold exposure. Cold exposure
is a risk factor for the development of atherosclerotic plaque®”, the
main cause of STEMI. This implies that reducing PR due to ICE could
well minimize excess winter mortality associated with cold exposure®?

and insufficient protection®2?,

Different from PR, PE incidence increased and reached a peak
value during ATSW when OAT dropped below -20°C, even
with reduced time or interruption of cold-exposure with central
heating. The decline of PR might lead to a relative increase
of PE, but it could not explain why PE presented the highest
annual incidence in ATSW. A published study suggested that PR
might transform to PE when damage persists and plaque repair
surpasses damage®. It appears that the culprit plaque model
in STEMI patients might undergo transformation from PR to PE
with ICE. We therefore postulated that the peak of PE incidence
in severe winter might partly be ascribed to an imbalance of
damage-repair of the vulnerable plaque. Staying outdoor with
cold-exposure to -20°C or below during ATSW in frigid zone can
damage the vulnerable plaques; in contrast, staying indoor with
temperature kept constantly at around 25°C by central heating
helps repair the vulnerable plaques. With ICE, vulnerable
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Fig. 4 ROC curves to evaluate the predictive ability of risk factors and some models

(A) ROC curves for single traditional risk factor respectively, (B) ROC curves for single air AT variables respectively, (C) ROC curves for ATSW combined with different traditional risk
factors. Model ATSW, combined ATSW with traditional risk factors including age, male gender, current smoker, hypertension history, LDL-C level, admission random plasma glucose
level, culprit vessel and multivessel lesion. (D) ROC curves for ATLA combined with different traditional risk factors, respectively, to evaluate their predictive value for plaque rupture.
Model ATLA, combined ATLA and the traditional risk factors model ATSW applied. Abbreviations: AT, air temperature; ATAFP, AT around freezing point; ATLA, AT around freezing point

in late autumn; ATSW, AT below -20°C in severe winter; CH, center heating.
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Fig. 5 A heat-map of correlation between AT-related variables and OCT morphologic characteristics of culprit vessel

Expression levels for each row are color-coded according to the legend shown on the right of the map. Abbreviation: PR, plaque rupture; LL, length of culprit lesion; MLA, minimal
lumen area; PRA, proximal referential lumen area; DRA, distal referential lumen area, LCL, length of lipid core; ALA, average arc of lipid core; LLA, maximal arc of lipid core; FCT,
minimal thickness of fibrotic cap; OCT, optical coherence tomography; TL, length of residual thrombus; TCFA: thin fibrous cap atheroma; CholC, cholesterol crystal; MicC, micro-
channel; ThL, thrombus length; ThT, thrombus type; AT, air temperature; ATBFP, AT below freezing point; ATSW, AT below -20°C in severe winter; In-summer, AT above 28°C in
intense summer; ATAFP, AT around freezing point; ATLS, ATAFP in late spring; ATLA, ATAFP in late autumn.
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plaques undergo repeated damages and repairs. Such a process
stimulates the transformation of PR to PE progressively and
imperceptibly. Yet, this hypothesis and the pathophysiological
mechanisms behand the postulated process require rigorous
scrutinization and examination in future studies.

The present study represents the first to unravel that cold
weather was positively correlated with lipid size and TCFA in
culprit vessel reported by OCT images. Lipid deposition is a
characteristic lesion of PR and TCFAP*?" which is correlated
well with the retention and accumulation of oxidation of LDL, a
causal factor for the development of vulnerable plagues in the
culprit vessel of STEMI patients®?. Given that cold exposure is
associated with the increase of plasma cholesterol concentration
as a key contributor to thrombosis'®, ICE might change the
culprit plaque model via decreasing lipid size and TCFA in
culprit vessel. The culprit plaque differentiation of AMI caused
by ICE may partly benefited from its role in improving glucose
homeostasis®”. Our findings lay the groundwork for further
studies on the pathogenesis of PR and PE.

Our findings might also help stratifying STEMI patients, selecting
the treatment strategy, and improving the prognosis of them
in winter. The results also address that the duration of central
heating supply with OAT below 0°C is not long enough to prevent
or minimize the peak of PR. It should be prolonged to cover the
whole ATAFP, and better protective measures should be applied
to the vulnerable patients during the period. The vulnerable
patients, who are over 50 years old, female, or current smokers,
are the population in need of more close attention in order to be
better protected from adverse events. Lipid-rich plaque, TCFA
and PR" are positively associated with higher adverse clinical
outcomes®". Thus, enhanced lipid-regulating therapy should
be seriously implemented for residents living in frigid zones,
particularly the vulnerable patients with possible cold exposure.

We fully recognized the limitations of the present study. First,
it was a single center observational study based on retrospective
design. Aiming to explore the relationship between OAT-related
variables and culprit plaque morphology of STEMI, two-year
qualified population was recruited consecutively based on the
qualitative and quantitative analysis of CAG and OCT images.
Second, 10 patients were excluded because of the poor quality of
OCT image, making the sample size therefore not all patients with
STEMI caused by PR and PE were succeeding to be included.

5 Conclusion

In conclusion, the present study first demonstrated that ICE was
associated with PR incidence reduction and the transformation
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from PR to PE in STEMI patients in winter. Persistent cold
exposure in ATLA was an independent predictor for PR, and ICE
in ATSW for PE in STEMI patients in residential areas equipped
with central heating in cold winter. ICE might impact the culprit
model of STEMI via reducing lipid accumulation and developing
TCFA. Prolonging central heating properly and strengthen
protective measure might reduce the occurrence of STEMI
caused by either PR or PE in severe cold residential area.
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