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Abstract
Objectives To assess the longitudinal changes of microvascular function in different myocardial regions after myocardial infarc-
tion (MI) using myocardial blood flow derived by dynamic CT perfusion (CTP-MBF), and compare CTP-MBF with the results
of cardiac magnetic resonance (CMR) and histopathology.
Methods The CTP scanningwas performed in aMI porcine model 1 day (n = 15), 7 days (n = 10), and 3months (n = 5) following
induction surgery. CTP-MBF was measured in the infarcted myocardium, penumbra, and remote myocardium, respectively.
CMR perfusion and histopathology were performed for validation.
Results From baseline to follow-up scans, CTP-MBF presented a stepwise increase in the infarcted myocardium (68.51 ± 11.04 vs.
86.73 ± 13.32 vs. 109.53 ± 26.64ml/100ml/min, p = 0.001) and the penumbra (104.92 ± 29.29 vs. 120.32 ± 24.74 vs. 183.01 ± 57.98
ml/100 ml/min, p = 0.008), but not in the remote myocardium (150.05 ± 35.70 vs. 166.66 ± 38.17 vs. 195.36 ± 49.64ml/100 ml/min,
p = 0.120). The CTP-MBF correlated with max slope (r = 0.584, p < 0.001), max signal intensity (r = 0.357, p < 0.001), and time to
max (r = − 0.378, p < 0.001) by CMR perfusion. Moreover, CTP-MBF defined the infarcted myocardium on triphenyl tetrazolium
chloride staining (AUC: 0.810, p < 0.001) and correlated with microvascular density on CD31 staining (r = 0.561, p = 0.002).
Conclusion CTP-MBF could quantify the longitudinal changes of microvascular function in different regions of the post-MI
myocardium, which demonstrates good agreement with contemporary CMR and histopathological findings.
Key Points
• The CT perfusion–based myocardial blood flow (CTP-MBF) could quantify the microvascular impairment in different myo-
cardial regions after myocardial infarction (MI) and track its recovery over time.

• The assessment of CTP-MBF is in good agreement with contemporary cardiac MRI and histopathological findings, which
potentially facilitates a rapid approach for pathophysiological insights following MI.
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Abbreviations
CAD Coronary artery disease
CMR Cardiac magnetic resonance
CTA CT angiography
CTP CT perfusion
H&E Hematoxylin-eosin
LGE Late gadolinium enhancement
MBF Myocardial blood flow
MI Myocardial infarction
ROI Region of interest
SI Signal intensity
SPECT Single-photon emission computed tomography
TTC Triphenyl tetrazolium chloride
TTM Time to maximum signal intensity

Introduction

Following myocardial infarction (MI), microvascular impair-
ment is associated with poor long-term recovery and outcomes
[1, 2]. Therefore, it is vital to assess microvascular function to
identify the risk stratification and subsequent intervention effi-
ciency [3, 4]. Currently, single-photon emission computed to-
mography (SPECT), positron emission tomography, and cardi-
ac magnetic resonance (CMR) comprise the conventional mo-
dalities for myocardial perfusion assessment [3–7]. However,
CT perfusion (CTP) has been recently proposed as an alterna-
tive imaging modality [8, 9]. Compared with other imaging
modalities, CTP offers the distinct advantages of fast acquisi-
tion speed and high patient acceptability, and it is especially
suitable for patients who are incapable of undergoing long-term
examinations [10, 11]. It should also be mentioned that the
combination of CT angiography (CTA) and CTP allows simul-
taneous evaluation of coronary artery anatomy and myocardial
perfusion in a one-shot examination [8, 12].

Extensively applied in the diagnosis of coronary artery dis-
ease (CAD), CTP provides a high diagnostic accuracy for myo-
cardial ischemia and adds incremental prognostic value over
CTA [5, 12–15]. Moreover, the myocardial blood flow derived
by dynamic CTP (CTP-MBF) potentially allows the quantita-
tive assessment of microvascular dysfunction [8, 9]. Previous
published study demonstrated that CTP-MBF could efficiently
detect perfusion abnormalities in patients with suspected CAD
and further differentiate myocardial infarction from myocardial
ischemia [16]. These findings suggest that CTP-MBFmay be a
potential biomarker for myocardial viability following MI that
can reflect microvascular impairment severity, thus benefiting
to the individual cardioprotective management.

Therefore, this study sought to investigate (1) the micro-
vascular function of different regions of the post-MI

myocardium over time by CTP-MBF and (2) the correlation
of CTP-MBF with contemporary CMR and histological find-
ings in a MI porcine model.

Methods

Animal preparation

The animal protocols were approved by the Institutional
Animal Care and Use Committee of our hospital. A total of
18 Bama miniature pigs were used in this experiment. While
preparing for the operation, the animals were placed under
anesthesia and their venous channels were established via an
ear vein. The electrocardiogram, heart rate, blood pressure,
and blood oxygen saturation data were monitored throughout
the surgery. MI was induced by ligating the left anterior de-
scending artery via thoracotomy and was subsequently con-
firmed by the elevation of ST segment on the electrocardio-
gram [17]. Three pigs died because of arrhythmia during the
surgery, despite resuscitation efforts.

Imaging scans were serially performed in the surviving
pigs 1 day (acute scan, n = 15), 7 days (sub-acute scan, n =
10), and 3 months (chronic scan, n = 5) following the surgery,
respectively. CMR was performed before CTP and the inter-
val between CMR and CTP scans was within 2 h.

Dynamic CT image acquisition

CTP examinations were performed using a Revolution CT
Scanner (GE Healthcare), in combination with a 16-cm-wide
coverage, 0.23-mmspatial resolution, 0.28-s gantry rotation time,
intracycle motion-correction algorithm, and last-generation itera-
tive reconstruction. The scanning parameters were as follows:
tube voltage, 80 kV; tube current, 199 mA; slice thickness,
1.25 mm; R-R interval, 45%. The iodinated contrast agent (2
ml/kg, 2 ml/s flow [iopamidol, 370 mg iodine/ml, Bayer
Yakuhin, Ltd.]) was infused with electrocardiogram monitoring
(Stellant Dual Flow) and followed by 10 ml saline solution chas-
er at a rate of 2ml/s. Prior to the CTP examination, a test bolus of
5-ml contrast agent was acquired as a baseline to calculate the
acquisition delay for CTP [18].

CMR image acquisition

TheCMR examinations were performed using a 3.0-TMR scan-
ner (MAGNETOM Skyra, Siemens) with an 18-channel body
coil combined with a spine coil (12 of 36 channels used). The
CMR protocol included cardiac cine, first-pass perfusion, and
late gadolinium enhancement (LGE) imaging. All images were
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acquired under electrocardiograph gating. Cine imaging used a
balanced steady-state free-precession pulse sequence (echo time
(TE) = 1.48msec; repetition time (TR) = 43.94msec; flip angle =
46°; slice thickness 5 mm; matrix = 142 × 142 pixels; field of
view (FOV) = 213 × 213mm2). For perfusion imaging, a dose of
0.2 ml/kg gadobenate dimeglumine (MultiHance) was adminis-
tered using an automated injector (Stellant, MEDRAD) at a flow
rate of 2 ml/s, followed by a 10ml saline flush at a rate of 2 ml/s.
The perfusion images were acquired in three standard short-axis
slices (apical, middle, and basal) and in one slice of the 4-
chamber view using an inversion-recovery prepared echo-
planar imaging sequence (TE = 1.26 msec; TR = 287.48 msec;
flip angle = 10°; matrix = 123 × 123; slice thickness = 6mm;
FOV = 160 mm × 160 mm). Each set of first-pass perfusion
images was completed in 80 cardiac cycles. LGE image was
acquired 15min post-contrast (TE = 1.24msec; TR = 456msec;
flip angle = 55°; slice thickness = 6 mm; matrix = 262 × 262
pixels; FOV = 340 × 234 mm).

Image analysis

The images were analyzed by two radiologists who had a min-
imum of 3 years’ experience. The CMR image analysis was
performed using the image software (Cvi42; Circle
Cardiovascular Imaging, Inc.). The infarcted myocardium was
defined as five SD above the mean intensity of normal myocar-
dium reference on LGE [19, 20]. The left ventricular functional
parameters following ligation were analyzed as previously de-
scribed [21]. The CMRperfusion quantitative parameters includ-
ing max slope, max signal intensity (max SI), and time to max-
imum signal intensity (TTM)were obtained from themyocardial
signal intensity-time curve [22]. Two types of analysis were con-
ducted on one short-axis slice with the largest infarct size of each
animal. To measure the perfusion parameters of different regions
of the post-MI myocardium, the region of interest (ROI) mea-
surement was manually drawn in the infarcted zone (five SD
above mean intensity of normal myocardium on LGE) [4, 20,
23], penumbra (the myocardium adjacent to infarcted zone) [24,
25], and remote myocardium (the myocardium 180° from the
infarcted zone). To reflect the severity of myocardial injury fol-
lowing MI, the segmental measurement of infarct transmurality
on LGE and the CMR perfusion parameters were calculated by
dividing the myocardium into six distinct segments. According
to the LGE images, the segments with enhanced myocardium
(infarcted myocardium) were defined as infarcted segments,
while those without enhanced myocardium were defined as
non-infarcted segments [16].

The acquired CTP images were then analyzed at the image
processing workstation (Ziostation2). The CTP-MBF color
image of the myocardium was calculated using the maximum
slope method. The ROI-based and segment-based CTP-MBF
was then measured on short-axis images and subsequently
correlated with MR image analysis. Images containing

artifacts which undermined the reliable assessment were ex-
cluded both in CMR and CT analysis.

Histology and immunohistochemistry

Following imaging scans, randomized euthanasia was imme-
diately performed using potassium chloride in pigs at 1 day
(n = 5), 7 days (n = 5), and 3 months (n = 5) followingMI. The
euthanasia of animals was performed without knowing the
imaging findings in order to avoid any selection bias. The
extracted hearts were rinsed in the saline solution and then
cut into 6-mm slices, with each slice corresponding to the
short-axis images of CMR and CTP.

For triphenyl tetrazolium chloride (TTC) staining, the
slices were submerged in 2% 2,3,5-TTC solution (Sigma,
T8877) for 15 min in a warm bath at 37 °C, to determine
myocardial viability. The TTC-stained heart tissues were then
put onto a blue sheet of paper and photographed with a digital
camera. The slices were then divided into six segments ac-
cording to the segment-based image analysis. The segments
that had poorly stained myocardium (infarcted myocardium)
were defined as the infarcted segments [17]. The infarct
transmurality per segment was measured using Image-Pro
Plus 6.0 software (Media Cybernetics).

For microscopical examination of the myocardium, the slices
were fixed in 10% formalin and processed by dehydrating the
tissue in increasing concentrations of ethanol. Samples were then
cleared in xylene, embedded in paraffin wax, and cut into 5-μm
sections. For histopathological analysis, sections were stained
with hematoxylin and eosin (H&E) (Servicebio, G1005). For
immunohistochemical analysis, the sections were deparaffinized
and antigen unmasking was performed with citrate buffer at pH
6. Before incubation with primary antibodies, endogenous per-
oxidase was blocked by incubation with H2O2 for 5 min and
endogenous antigens were blocked with normal rabbit serum
for 30 min. The primary antibodies were anti-CD31 (Abcam,
Ab28364) as it could detect microvessels. Bound antibody was
revealed by staining with diaminobenzidine (Servicebio, G1211)
and nuclei were counterstained with hematoxylin (Servicebio,
G1004). The histologic results were observed at a high-power
lens (magnification, × 200) using a microscope (Leica,
DMI4000B). The microvascular density of infarcted myocardi-
um, penumbra, and remote myocardium was measured in the
corresponding area on immunoreactive CD31 staining [26, 27].

Statistical analysis

Data were analyzed using the SPSS software for Windows
(version 23.0; SPSS Inc.). Categorical or enumeration data
were expressed as numbers (percentages). As for continuous
variables, the normally distributed parameters were expressed
as the mean ± standard deviation, whereas the non-normally
distributed parameters were expressed as the median
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(interquartile range). Furthermore, the comparison of CTP-
MBF of different myocardial regions in different settings was
tested by the analysis of variance. Bivariate correlations were
analyzed using Pearson’s or Spearman’s method, as appropri-
ate. ROC analysis was used to test the diagnostic performance
of CTP-MBF to differentiate between the infarcted segments
and the non-infarcted segments, which were confirmed by LGE
and TTC staining, respectively. Finally, the inter- and intra-
observer variability of CTP-MBF measurements were tested
by the intraclass correlation coefficient. All tests were 2-tailed,
and p values < 0.05 were considered significant.

Results

Baseline characteristics of experimental animals

A total of 15 pigs survived the surgery. Consequently, CTP and
CMR were performed in the acute (1 day after MI), sub-acute
(7 days after MI), and chronic (3 months after MI) settings. For
the histological examination, the pigs were immediately eutha-
nized following acute (n = 5/15, 33.33%), sub-acute (n = 5/10,
50%), and chronic (n = 5/5, 100%) scans. The baseline charac-
teristics of the pigs are described in Table 1 and the imaging
indexes are summarized in Table 2. The variation of myocar-
dial perfusion is shown in Fig. 1 and Fig. S1.

Longitudinal changes of CTP-MBF in different regions
following MI

There was a stepwise increase in CTP-MBF among infarcted
myocardium, penumbra, and remote myocardium in acute

settings (68.51 ± 11.04 vs. 104.92 ± 29.29 vs. 150.05 ±
35.70 ml/100 ml/min, p < 0.001). A similar trend was also
identified in the sub-acute setting (86.73 ± 13.32 vs. 120.32 ±
24.74 vs. 166.66 ± 38.17 ml/100 ml/min, p < 0.001). On the
other hand, there was an increase of CTP-MBF in the chronic
setting in infarcted myocardium (68.51 ± 11.04 vs. 86.73 ±
13.32 vs. 109.53 ± 26.64 ml/100 ml/min, p = 0.001) and
penumbra (104.92 ± 29.29 vs. 120.32 ± 24.74 vs. 183.01 ±
57.98 ml/100 ml/min, p = 0.008), but not in remote myocar-
dium (150.05 ± 35.70 vs. 166.66 ± 38.17 vs. 195.36 ± 49.64
ml/100 ml/min, p = 0.120). However, the improvement in the
penumbra was significantly more pronounced compared with
that in the infarcted one (Fig. 1).

Comparison between CTP-MBF and CMR indexes

The CTP-MBF color map and CMR images of one exemplar
case are shown in Fig. 2. A ROI analysis was performed in 15
pigs with acute MI (ROI = 15*3), 10 with sub-acute MI (ROI =
10*3), and five with chronic MI (ROI = 5*3). ROI-based CTP-
MBF provided best associations with the max slope (acute set-
ting: r = 0.787, p < 0.001; sub-acute setting: r = 0.741, p < 0.001;
chronic setting: r = 0.848, p < 0.001; all settings: r = 0.784,
p < 0.001). CTP-MBF also correlated withmax SI (acute setting:
r = 0.541, p < 0.001; sub-acute setting: r = 0.648, p < 0.001;
chronic setting: r = 0.796, p = 0.003; all settings: r = 0.564,
p < 0.001) and TTM ( acute setting: r = − 0.464, p = 0.001;
sub-acute setting: r = − 0.412, p = 0.024; chronic setting: r =
− 0.604, p = 0.017; all settings: r = − 0.417, p < 0.001) (Table 3).

A total of 90 myocardial segments in acute setting, 58
segments in sub-acute setting (two segments were excluded
for artifacts), and 30 segments in chronic setting were

Table 1 The baseline
characteristics of animals Acute setting (n = 15) Sub-acute setting (n = 10) Chronic setting (n = 5)

Weight, kg 7.70 ± 1.74 6.96 ± 1.23 19.78 ± 3.57

Heart rate, bmp 104.85 ± 30.84 115.89 ± 17.34 124.15 ± 8.90

Post-MI, days 1 (0 to 1) 7 (6 to 8.5) 95 (84 to 97)

Histology examination, n (%) 5 (33.33%) 5 (50%) 5 (100%)

LV function based on CMR

LVEDV, ml/m2 16.28 ± 5.12 13.27 ± 2.47 25.73 ± 6.85

LVESV, ml/m2 10.09 ± 3.00 8.53 ± 2.30 11.22 ± 4.20

LVSV, ml/m2 6.18 ± 2.77 4.75 ± 1.42 14.52 ± 3.20

LVEF, % 36.98 ± 10.04 35.94 ± 9.86 57.46 ± 8.53

CT radiation dose

CTDvol, mGy 18.46 ± 1.27 18.41 ± 0.96 18.12 ± 0.47

DLP, mGy cm 221.52 ± 15.23 220.92 ± 11.56 217.42 ± 5.64

ED, mSv 3.10 ± 0.21 3.09 ± 0.16 3.04 ± 0.08

MI, myocardial infarction; CMR, cardiac magnetic resonance; LV, left ventricular; LVEDV, left ventricular end-
diastolic volume; LVESV, left ventricular end-systolic volume; LVSV, left ventricular stroke volume; LVEF, left
ventricular eject fraction; CTDvol, volume CT dose index; DLP, dose length product; ED, effective dose
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included in the segment analysis. CTP-MBF was positively
correlated with the max slope ( acute setting: r = 0.599,
p < 0.001; sub-acute setting: r = 0.627, p < 0.001; chronic
setting: r = 0.680, p < 0.001; all settings: r = 0.584, p < 0.001)
and with the max SI ( acute setting: r = 0.422, p < 0.001; sub-
acute setting: r = 0.309, p = 0.021; chronic setting: r = 0.567,
p = 0.002; all settings: r = 0.357, p < 0.001), and negatively
correlated with the MMT ( acute setting: r = − 0.345, p =
0.001; sub-acute setting: r = − 0.436, p = 0.001; chronic set-
ting: r = − 0.587, p = 0.020; all settings: r = − 0.378,
p < 0.001) (Table 3). Additionally, CTP-MBF could

differentiate between infarcted segments and non-infarcted
segments (area under curve: 0.786, p < 0.001) and was
associated with infarct transmurality per segment (r =
− 0.653, p < 0.001) based on LGE (Table 2).

Correlation between CTP-MBF and histologic findings

The area with decreased CTP-MBF coincided with the infarct-
ed area on TTC staining (Fig. 3). The segmental CTP-MBF
also showed the ability to identify infarcted segments (area
under curve: 0.810, p < 0.001) and correlated with infarct

Table 2 The indexes of CTP and
CMR Acute setting Sub-acute setting Chronic setting

CTP indexes

MBFinfarct, ml/100 ml/min 68.51 ± 11.04 86.73 ± 13.32* 109.53 ± 26.64*&

MBFpenumbra, ml/100 ml/min 104.92 ± 29.29 120.32 ± 24.74 183.01 ± 57.98*&

MBFremote, ml/100 ml/min 150.05 ± 35.70 166.66 ± 38.17 195.36 ± 49.64

CMR perfusion indexes

Max slopeinfarct 2.10 ± 0.65 2.23 ± 0.88 4.42 ± 1.82*&

Max slopepenumbra 3.28 ± 1.09 3.34 ± 1.30 5.48 ± 1.62*&

Max sloperemote 5.59 ± 2.18 4.76 ± 2.21 6.49 ± 1.69

Max SIinfarct 34.07 ± 17.35 34.02 ± 9.49 40.24 ± 4.95

Max SIpenumbra 46.52 ± 14.90 46.02 ± 6.22 49.12 ± 12.76

Max SIremote 55.80 ± 20.51 58.03 ± 13.13 61.60 ± 8.11

TTMinfarct, s 17.59 ± 5.44 21.25 ± 6.34 16.24 ± 0.75

TTMpenumbra, s 15.93 ± 5.79 19.46 ± 6.24 14.58 ± 0.86

TTMremote, s 14.23 ± 6.13 17.70 ± 5.31 14.20 ± 1.58

CMR LGE indexes

Infarct size, % 10.42 ± 3.87 8.65 ± 4.47 8.43 ± 4.77

Infarct transmurality, % 0 (0 to 49.82) 0 (0 to 46.31) 0 (0 to 27.52)

LGE SIinfarct 2505 ± 229.2 2309 ± 231.2 2449 ± 165.4

LGE SIpenumbra 2203 ± 168.6 2106 ± 277.6 2312 ± 160.8

LGE SIremote 2062 ± 167.7 1935 ± 234.7 2035 ± 175.1

CTP, CT perfusion; MBF, myocardial blood flow; SI, signal intensity; TTM, time to maximum signal intensity;
LGE, late gadolinium enhancement and other abbreviations as in Table 1. *Statistically significant vs. acute
setting. & Statistically significant vs. sub-acute setting

Fig. 1 The changes of CTP-MBF
in infarcted myocardium, penum-
bra, and remote myocardium
from the acute to chronic settings.
CTP, CT perfusion; MBF, myo-
cardial blood flow. *Statistically
significant vs. acute setting.
&Statistically significant vs. sub-
acute setting
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transmurality per segment (r = − 0.564, p = 0.003) by TTC
staining.

Microscopically, H&E and CD31 staining exhibited myo-
cardial injury and microvessels in various regions of the post-
MI myocardium, respectively (Figs. 4 and 5). Similar to the
histological variation, CTP-MBF also highlighted the differ-
ent degrees of microvascular function impairment in infarcted
myocardium and penumbra and its recovery during follow-up.
The ROI-based CTP-MBF also exhibited a positive correla-
tion with the myocardial microvascular density on CD31
staining (r = 0.561, p = 0.002).

Reproducibility of CTP-MBF measurement

The intra-observer and inter-observer variability for ROI mea-
surement of CTP-MBF were 0.962 (95% CI: 0.939 to 0.977)
and 0.930 (95% CI: 0.890 to 0.956), respectively. As for seg-
mental measurement of CTP-MBF, the intra-observer and
inter-observer variabilities were 0.935 (95% CI: 0.897 to
0.959) and 0.897 (95% CI: 0.856 to 0.915), respectively.

Fig. 2 The CTP-MBF color map and CMR images of one exemplar case.
The infarcted myocardium is depicted as the perfusion defect (yellow arrow)
on CTP-MBF color map (a) and CMR perfusion (b), and the enhancement
(yellow arrow) on CMR LGE (c). d Shows the diagnostic performance of

CTP-MBF to identify infarcted segments. e Demonstrates the correlation of
CTP-MBF with infarct transmurality on LGE. CMR, cardiac magnetic reso-
nance; LGE, late gadolinium enhancement; ROC, receiver operating charac-
teristic; AUC, area under curve and other abbreviations as in Fig. 1

Table 3 The correlation of CTP-MBF with CMR perfusion indexes

ROI correlation Segment correlation

R p value R p value

Acute setting
Max slope 0.787 p < 0.001* 0.599 p < 0.001*
Max SI 0.541 p < 0.001* 0.422 p < 0.001*
TTM − 0.464 p = 0.001* − 0.345 p = 0.001*
Sub-acute setting
Max slope 0.741 p < 0.001* 0.627 p < 0.001*
Max SI 0.648 p < 0.001* 0.309 p = 0.021*
TTM − 0.412 p = 0.024* − 0.436 p = 0.001*
Chronic setting
Max slope 0.848 p < 0.001* 0.680 p < 0.001*
Max SI 0.796 p = 0.003* 0.567 p = 0.002*
TTM − 0.604 p = 0.017* − 0.587 p = 0.020*
All settings
Max slope 0.784 p < 0.001* 0.584 p < 0.001*
Max SI 0.564 p < 0.001* 0.357 p < 0.001*
TTM − 0.417 p < 0.001* − 0.378 p < 0.001*

CTP-MBF, myocardial blood flow derived by CT perfusion; ROI, region
of interest and other abbreviations as in Table 2. * p value < 0.05,
significant
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Discussion

This experimental study investigated the microvascular func-
tion of different regions of the post-MI myocardium over time
using CTP-MBF.We also evaluated the accuracy of CTP-MBF
against contemporary CMR and then conducted histological
validation. The main findings of this study are as follows: (1)
the microvascular impairment by CTP-MBF was associated
with the myocardial injury severity following MI; (2) severe
microvascular impairment in acute setting caused poor recov-
ery of the microvascular function during follow-up; (3) CTP-
MBF provided a reliable assessment of microvascular function
that was subsequently validated by histological findings and in
good agreement with the respective CMR indexes. CTP-MBF
could be a promising biomarker that facilitates effective risk
stratification of patients following MI and enhances treatment
efficacy evaluation during follow-up.

Themicrocirculation followingMI plays a key role inmyo-
cardial injury healing. More specifically, the assessment of

microvascular function provides an in-depth understanding
of the underlying pathophysiological mechanisms and it can
evaluate the efficacy of cardioprotective interventions, such as
ischemic post-conditioning and N-acetylcysteine with nitrate
therapy [3, 28]. With the development of techniques, CTP has
become the potential modality for the early risk stratification
and long-term follow-up assessment following MI. As previ-
ous studies demonstrated, CTP achieved the similar diagnos-
tic value for myocardial ischemia or myocardial infarction
when compared with SPECT and MRI [16, 29] and had the
distinct advantage of fast acquisition.

Following acute MI, the compromised myocardium may
have different degrees of injury and a wide range of myocar-
dial microcirculation [3, 4]. Our results showed the microvas-
cular impairment is closely associated with myocardial injury
severity, and CTP-MBF has the capacity to reflect the de-
creased perfusion gradient from the remote to the infarcted
myocardium. Borlotti A et al highlight that microvascular im-
pairment followingMI is reversible [3]. The present study also

Fig. 3 The CTP-MBF color maps and TTC staining of representative
cases in acute (a), sub-acute (b), and chronic (c) setting. The CTP-MBF
of infarcted myocardium (white arrow) is evidently decreased on CTP-
MBF color maps, and the corresponding area demonstrates the poor-
stained area (yellow arrow) on TTC staining. c Shows the diagnostic

performance of CTP-MBF to identify infarcted segments. d
Demonstrates the correlation of CTP-MBF with infarct transmurality on
TTC staining. TTC, triphenyl tetrazolium chloride and other abbrevia-
tions as in Fig. 2
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verified the observed increase of CTP-MBF both in the in-
farcted myocardium and the penumbra during follow-up.
Compared with the penumbra, a less pronounced recovery
of microvascular function was observed in the infarcted myo-
cardium which underwent more severe microvascular dys-
function in acute settings. Identification of the microvascular
impairment severity could facilitate the early stratification of
high-risk patients who need to undergo more intensive
interventions.

As a widely accepted modality in clinical practice, CMR
first-pass perfusion demonstrates the diagnostic accuracy for
myocardial ischemia, which was confirmed by coronary

angiography [30, 31]. CMR perfusion is radiation-free and
facilitates the quantitative assessment of microvascular func-
tion in different cardiac disorders [3, 4, 22, 32]. However, the
duration of CMR is relatively long and has the need of multi-
ple breath-hold which is a challenging task in some patients
with poor cooperation or in unstable status [20]. CTP could
act as a time-saving approach in this situation and its combi-
nation of CTA further propels the evaluation of coronary ar-
tery anatomy and myocardial perfusion in a one-shot exami-
nation [8, 9, 11, 12]. To determine the accuracy of CTP-MBF
for quantitative assessment of microvascular function follow-
ing MI, we explored the correlation of CTP-MBF with

Fig. 5 Immunoreactive CD31
staining shows the microvessels
of different regions of the post-MI
myocardium. Microvessel forma-
tion is observed in both the in-
farcted myocardium and penum-
bra during follow-up, and it is
more pronounced in the penum-
bra. Abbreviations are as in Fig. 4

Fig. 4 H&E staining
demonstrates the injury severity
of different regions of the post-MI
myocardium. The degree of
myocardial injury becomes more
serious from the remote myocar-
dium to the infarcted one. H&E,
hematoxylin-eosin; MI, myocar-
dial infarction
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contemporary indexes of CMR perfusion and LGE. Although
several previous studies have already performed a comparison
between CTP-MBF and CMR [16, 18], they have mainly
focused on the diagnostic efficiency of CTP-MBF to detect
the manifested abnormality on CMR. The present study fur-
ther demonstrates a good agreement between CTP-MBF and
CMR regarding the infarct extent and the ischemic severity.

Several published studies have shown that quantitative
CTP is a sensitive tool for myocardial perfusion [33] and
could distinguish myocardial ischemia both in the ex vivo
and in vivo CAD animal models [34–39], which achieved
good correlation with microsphere perfusion [36–39].
However, the histology examination was not conducted, pos-
sibly for the reason that myocardial damage was not severe in
transiently induced CAD models. As for MI models, the pre-
vious studies measured the changes of CTP-MBF in infarcted
and normal myocardium over time and showed the approxi-
mate coincidence of CTP-MBF decreased area with the in-
farcted zone on TTC staining [40, 41]. Based on these find-
ings, our study further explored the change of CTP-MBF in
different myocardial regions (including penumbra) following
MI in a longer period. The results demonstrated the diagnostic
performance of CTP for myocardial viability on TTC staining.
More importantly, the variation of CTP-MBF was consistent
with the microscopical findings of CD31 staining, indicating
the ability of CTP-MBF to quantify microvascular function
impairments and reflect its recovery during follow-up.

Continuous advances in technology have led to a growing
usage of CTP in clinical practice. Different strategies and post-
processing are introduced to reduce the radiation dose during
the examination and to improve image quality for perfusion
analysis [42–44]. However, it should be acknowledged that
heterogeneity in various tracer kinetic models for MBF still
requires attentions [45]. Future exploration is needed to com-
pare the respective robustness of different models and to es-
tablish the standard reference for normal perfusion based on
large databases.

Our study also had several limitations. First, the differences
in the CTP-MBF absolute value can be expected for different
vendors, scan protocols, and post-processing software.
Although this is a proof-of-concept study for microvascular
function assessment using CTP-MBF, a suitable and well-
defined reference standard for CTP-MBF should be
established in future clinical studies. Secondly, stress perfu-
sion was not performed. It may provide more appropriate in-
dicators of microvascular function and obstruction. Thirdly,
this was an animal study with ideal laboratory settings; clinical
results may vary. But our findings provided experimental ev-
idence for clinical studies. Finally, the fully quantitative MR
perfusion method was recently developed to assess MBF, but
it was not implemented in this experimental setting [46]. The
application of this technique in MI needs to be further inves-
tigated in future studies.

In conclusion, CTP-MBF allows the quantitative assessment
of the microvascular function after MI and demonstrates the
capacity to track its variations over time. Moreover, CTP-
MBF shows good agreement with contemporary CMR and
histologic findings. Thus, the present study provides experi-
mental evidence for the effective application of CTP-MBF in
microvascular function evaluation following MI. Further clini-
cal studies should be performed in order to verify our findings.
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