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Abstract
Aims: To evaluate the plaque characteristics that predispose to the slow flow phenomenon during percutane-

ous coronary intervention (PCI). The slow flow phenomenon is a serious complication of PCI and is associ-

ated with poor prognosis. It is difficult to predict this phenomenon from greyscale intravascular ultrasound 

(IVUS) data obtained before PCI. iMap™ is a new software package for assessing plaque composition from 

data obtained by 40 MHz IVUS imaging.

Methods and results: Ninety-five consecutive patients underwent 40 MHz IVUS, including 33 with acute 

coronary syndrome. Plaque volume was calculated by IVUS and plaque components were detected by iMap 

software. Plaques were characterised as fibrotic, lipidic, necrotic, or calcified. Correlations among plaque 

characteristics and the slow flow phenomenon were analysed. Slow flow during PCI was observed in 11 

patients (11.6%). Both the absolute volume and percentage of necrotic plaque were significantly higher in the 

slow flow group than the normal flow group (43.3±33.5 mm3 vs. 20.1±17.2 mm3, p=0.0004, 19.7±5.1% vs. 

14.6±8.3%, p=0.047). Receiver-operating characteristic analysis showed that the necrotic plaque volume and 

necrotic plaque ratio were significantly better predictors of slow flow during PCI compared with total plaque 

volume. The cut-off value of necrotic plaque volume for predicting slow flow was 21.6 mm3 (sensitivity of 

81.8% and specificity of 61.9%).

Conclusions: Characterisation of plaque by IVUS with iMap analysis may predict slow flow during PCI.
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Introduction
Percutaneous coronary intervention (PCI) is a common strategy for 

treating ischaemic heart disease, but it sometimes is complicated by 

the slow flow phenomenon, especially in patients with acute myocar-

dial infarction (AMI)1-3. It is well known that the slow flow phenom-

enon is associated with adverse outcomes4,5. Various mechanisms are 

responsible for this phenomenon and several studies have evaluated 

predictors and treatments for slow flow during PCI6-10.  However, the 

type of plaque associated with slow flow during PCI is unclear. Grey-

scale intravascular ultrasound (IVUS) is widely used to investigate 

coronary artery plaque. Several greyscale IVUS studies have shown 

that findings such as lipid pool-like images and positive remodelling 

are associated with slow flow during PCI11,12. However, conventional 

IVUS has limitations for assessing plaque composition13,14. Spectral 

analysis of IVUS data may be more useful for evaluating plaque 

because it allows detailed assessment of the components. Recently, 

several studies of virtual histology IVUS (VH-IVUS) (Volcano Ther-

apeutics, Inc., Rancho Cordova, CA, USA) have demonstrated a cor-

relation between plaque composition and the slow flow 

phenomenon15,16. However, it remains unclear which plaque compo-

nents detected by VH-IVUS are associated with slow flow. iMap™-

IVUS (iMap; Boston Scientific Corp, Fremont, CA, USA) is a new 

radiofrequency imaging system for tissue characterisation. iMap 

software converts the signal pattern into a frequency spectrum, and 

then compares it with spectra obtained from various tissues at autopsy 

(“data library”) to find the closest match. Since different tissue types 

(fibrotic, lipidic, necrotic and calcified) have distinctive spectra, 

iMap technology can identify tissues from the frequency spectrum 

that most closely resembles the one obtained by examination17. In this 

study, we investigated culprit plaque by iMap and examined whether 

tissue characterisation was effective for predicting the risk of slow 

flow after PCI.

Materials and methods
STUDY POPULATION

In this single-centre study, 95 consecutive patients underwent 

de novo PCI and iMap examination for ischaemic heart disease 

from July 2009 to January 2010. Of these, 33 patients had acute 

coronary syndrome (ACS). Exclusion criteria were tortuous vessels 

that precluded IVUS examination, a history of prior PCI, and other 

patients in whom adequate IVUS images could not be obtained. All 

patients were treated by stent implantation. Written informed con-

sent was given by all patients.

PCI PROCEDURE

The patients received pre-medication with aspirin (200 mg/day) 

plus clopidogrel (75 mg/day) or 300 mg of clopidogrel as a loading 

dose. They also received intravenous unfractionated heparin just 

before PCI to achieve an activated partial thromboplastin time >250 

sec. None of the patients were given glycoprotein IIb/IIIa inhibitors 

because these drugs have not been approved in Japan. If thrombus 

was detected by angiography, percutaneous thrombectomy was per-

formed with an aspiration catheter to minimise the influence of the 

thrombosis on subsequent IVUS examination. If the IVUS catheter 

could not cross the lesion because of severe stenosis, dilatation was 

performed with a small balloon before advancing the catheter. If 

coronary flow was decreased on angiography after PCI, the patient 

was given an intracoronary injection of nicorandil (2-4 mg).

DEFINITIONS

Slow flow was defined as thrombolysis in myocardial infarction 

(TIMI) grade 0, 1 or 2 flow on angiography during the procedure 

with no evidence of spasm or dissection.

IVUS IMAGING AND ANALYSIS

IVUS was performed before stenting and after intracoronary 

administration of 125-250 µg of nitroglycerine. Data were acquired 

with a 40 MHz IVUS catheter (Atlantis SR Pro; Boston Scientific 

Corp, Fremont, CA, USA). The catheter was advanced beyond the 

target lesion, and imaging was performed during automatic pull-

back at a speed of 0.5 mm/sec. The IVUS data were stored on a hard 

disk for off-line analysis, which was performed independently by 

experienced analysts who were unaware of the angiographic find-

ings or the baseline clinical and lesion characteristics. Quantitative 

analysis of greyscale IVUS images was performed according to the 

criteria of the American College of Cardiology Clinical Expert 

Consensus Document on IVUS18. Qualitative analysis of culprit 

lesions was performed with iMap software (QIvus 2.0; Medis medi-

cal imaging systems bv, Leiden, The Netherlands). Manual outlin-

ing of the lumen and the media-adventitia interface was performed 

for each culprit lesion, which was defined as the segment treated by 

PCI after IVUS examination. iMap software-classified plaque into 

four tissue components and produced colour images (green for 

fibrous plaque, yellow for lipidic plaque, red for necrotic plaque 

and blue for calcified plaque). The absolute volume (mm3) and per-

centage of each tissue component were determined. Plaque that was 

unsuitable for analysis because of acoustic shadowing behind calci-

fication or wire artefact was removed automatically.

STATISTICAL ANALYSIS

The Statistical Package for Social Sciences (SPSS) for Windows ver-

sion 15.0 (SPSS Inc., Chicago, IL, USA) was used for all analyses. 

Continuous variables were expressed as the mean ± standard devia-

tion, while discrete variables were presented as numbers and percent-

ages. Differences of mean values between groups were assessed by 

the unpaired Student’s t-test. Receiver-operating characteristics 

(ROC) analysis was employed to determine the optimal cut-off value 

for the percentage or absolute volume of each plaque component that 

predicted angiographic slow flow, with the area under the curve 

(AUC) being calculated as a measure of accuracy. In all analyses, 

p<0.05 was taken to indicate statistical significance.

Results
PATIENT PROFILE

The subjects were divided into two groups, which were patients 

with slow flow and patients with normal flow after PCI. Among the 
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95 patients, slow flow was observed in 11 patients (11.6%). The 

baseline characteristics of the two groups are summarised in 

Table 1. Patients with slow flow had a significantly higher preva-

lence of acute coronary syndrome (72.7% vs.29.8%, p=0.005), and 

significantly lower use of statins (27.3% vs. 65.5%, p=0.016). 

There were no significant differences between the two groups in 

terms of age, gender, and traditional coronary risk factors.

ANGIOGRAPHIC FINDINGS

Coronary angiographic findings are summarised in Table 2. There 

were no significant differences of the vessels involved, culprit 

lesions, and pre-PCI TIMI flow grades. Minimum lesion diameters 

before and after PCI were also similar in both groups. However, the 

reference vessel diameter was significantly larger in the slow flow 

group (3.49±0.6 mm vs. 2.89±0.7 mm, p=0.006).

IVUS FINDINGS

IVUS data are summarised in Table 3. Greyscale IVUS analysis 

showed no significant differences of lesion length, luminal volume, 

and the percent plaque burden. However, the slow flow group had a 

larger vessel volume (281.2±150.7 mm3 vs. 171.77±91.1 mm3, 

p=0.0009) and absolute plaque volume (201.77±112.3 mm3 vs. 

121.89±67.4 mm3, p=0.001) than the normal flow group. iMap 

analysis showed that there were no significant differences between 

the groups with respect to the percentage of fibrous plaque, lipidic 

plaque and calcified plaque. However, the percentage of necrotic 

plaque was significantly larger in the slow flow group than the nor-

Table 1. Baseline characteristics.

Normal flow 

(n=84)

Slow flow 

(n=11)
p-value

Age (years) 67.9±10.9 65.1±14.0 0.44

Male gender (%) 66 (78.6) 10 (90.9) 0.34

Acute coronary syndrome (%) 25 (29.8) 8 (72.7) 0.005

Diabetes mellitus (%) 36 (42.9) 7 (63.6) 0.19

Hypertension (%) 65 (77.4) 8 (72.7) 0.73

Smoking (%) 42 (50.0) 8 (72.7) 0.16

Prior MI (%) 11 (13.1) 1 (9.1) 0.71

Prior CABG (%) 3 (3.6) 0 (0) 0.52

Family history (%) 10 (11.9) 1 (9.1) 0.78

Statin use (%) 55 (65.5) 3 (27.3) 0.016

Ejection fraction (%) 61.24±11.8 53.27±16.7 0.047

Creatinine (mg/dl) 1.37±1.8 0.97±0.33 0.46

Glucose (mg/dl) 120.3±39.8 142.5±59.4 0.10

Haemoglobin A1C (%) 6.44±4.8 6.62±1.5 0.91

Total cholesterol (mg/dl) 174.45±33.6 190.36±30.7 0.14

Triglyceride (mg/dl) 130.63±66.8 149.90±67.0 0.37

LDL-cholesterol (mg/dl) 99.10±29.7 115.64±33.1 0.09

HDL-cholesterol (mg/dl) 50.04±13.6 49.46±10.9 0.89

MI: myocardial infarction; LDL: low density lipoprotein; HDL: high 
density lipoprotein

Table 2. Coronary angiographic findings.

Normal flow 

(n=84)

Slow flow 

(n=11)
p-value

Diseased vessel (%) 0.17

Left main 3 (3.6) 0(0)

Left anterior descending 44 (52.4) 3 (27.3)

Left circumflex 11 (13.1) 4 (36.4)

Right 26 (31.0) 4 (36.4)

Lesion site (%) 0.90

Proximal 41 (48.8) 5 (45.5)

Middle 25 (29.8) 4 (36.4)

Distal 18 (21.4) 2 (18.2)

Pre PCI TIMI flow grade (%) 0.42

0 7 (7.4) 2 (18.2)

1 10 (10.5) 2 (18.2)

2 15 (17.9) 3 (27.3)

3 52 (61.9) 4 (36.4)

Multivessel disease (%) 50 (59.5) 8 (72.7) 0.40

Lesion length (mm) 12.63±5.9 11.75±5.9 0.64

Reference diameter (mm) 2.89±0.7 3.49±0.6 0.006

Pre-MLD (mm) 0.77±0.5 0.66±0.6 0.50

Post-MLD (mm) 2.57±0.5 2.87±0.4 0.06

PCI: percutaneous coronary intervention; TIMI: thrombolysis in 
myocardial infarction; MLD: minimal lesion diameter

Table 3. Intravascular ultrasound findings. 

Normal flow 

(n=84)

Slow flow 

(n=11)
p-value

Greyscale IVUS analysis

Vessel volume (mm3) 171.77±91.1 281.2±150.7 0.0009

Lumen volume (mm3) 50.59±29.9 79.48±40.4 0.048

Plaque volume (mm3) 121.89±67.4 201.77±112.3 0.001

Plaque burden (%) 76.9±55.4 70.4±7.9 0.75

Lesion length (mm) 13.24±8.7 18.41±10.5 0.074

iMap-IVUS analysis

Each plaque component / entire plaque (%)

fibrous 62.11±13.4 55.64±7.7 0.12

lipid 5.71±2.1 6.46±1.3 0.27

necrotic 14.56±8.3 19.73±5.1 0.047

calcified 3.45±2.8 3.09±1.5 0.68

Each plaque component volume (mm3)

fibrous 75.04±41.1 114.43±67.1 0.007

lipid 8.11±5.5 14.12±8.1 0.002

necrotic 20.08±17.2 43.33±33.5 0.0004

calcified 4.76±4.0 6.15±3.2 0.28

IVUS: intravascular ultrasound

mal flow group (19.73±5.1% vs. 14.56±8.3%, p=0.047). In addi-

tion, the slow flow group had a significantly larger absolute necrotic 

plaque volume (43.33±33.5 mm3 vs. 20.08±17.2 mm3, p=0.0004), 



■

343

IVUS and slow flow

E
u
roIn

te
rve

n
tio

n
 2

0
1
1

;7
:3

4
0

-3
4

6
 

fibrotic plaque volume (114.43±67.1 mm3 vs. 75.04±41.1 mm3, 

p=0.007), and lipidic plaque volume (14.12±8.1 mm3 vs. 

8.11±5.5 mm3, p=0.002) than the normal flow group. There was 

also a significant difference of absolute calcified plaque volume 

between the groups. Representative examples of iMap-IVUS 

images in patients with or without slow-flow phenomenon are 

shown in Figure 1.

ROC ANALYSIS

We performed ROC analysis to determine the diagnostic accuracy 

of each plaque component for predicting the slow flow phenome-

non (Figure 2). Table 4 displays the results of ROC analysis of total 

plaque volume, the absolute volume of each plaque component and 

the percentage of each plaque component. Total plaque volume and 

the percentage of necrotic plaque both clearly predicted the occur-

rence of slow flow after PCI. However, the AUC for the percentage 

of necrotic plaque was larger than that for total plaque volume. In 

addition, the AUC for absolute necrotic plaque volume was 0.766 

and was the largest among the variables assessed. The optimum cut-

off value for prediction of slow flow from the absolute necrotic 

plaque volume was 21.6 mm3, showing a sensitivity of 81.8% and a 

specificity of 61.9%.

Discussion
The present study demonstrated that analysis of IVUS data for tis-

sue characterisation with iMap software could predict the slow flow 

phenomenon during PCI. In this study, the slow flow phenomenon 

was not only related to total plaque volume, but also to the percent-

age of necrotic plaque. Therefore absolute necrotic plaque volume 

was the most related to the slow flow phenomenon during PCI. This 

shows that qualitative analysis of plaque is important like qualita-

tive analysis. ROC analysis revealed that the most reliable IVUS 

parameter for prediction of slow flow was the absolute necrotic 

plaque volume. When the cut-off value for absolute necrotic plaque 

volume was set at 21.6 mm3 it had a sensitivity of 81.8% and a 

specificity of 61.9% for predicting slow flow.

Several mechanisms have been postulated to explain the slow 

flow phenomenon19,20. In recent studies using distal protection 

devices, release of plaque debris by PCI has been shown to result in 

distal embolisation21,22. A previous study using greyscale IVUS 

revealed that a heavier atherosclerotic plaque burden was correlated 

with distal embolisation in patients who had stable or unstable 

angina23,24. In other studies, it has been found that lipid-poor-like 

plaque, positive remodelling, ruptured plaque, ultrasonic attenua-

tion, and spotty calcification are risk factors for slow flow in 

Figure 1. Representative examples of greyscale and i-Map intravascular ultrasound images in patients with or without the slow flow 

phenomenon. 

With slow flow

Total plaque 174.44 mm3

Percentage of necrotic plaque 21%

Absolute necrotic plaque volume 37.77 mm3

Without slow flow

Total plaque 186.84 mm3

Percentage of necrotic plaque 4%

Absolute necrotic plaque volume 8.78 mm3
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Table 4. Receiver-operating characteristics analysis of the volume and the percentage of each plaque component and slow flow 

phenomenon.

AUC Cut-off value Sensitivity (%) Specificity (%) 95% CI

Total plaque volume (mm3) 0.709 131.0 72.7 63.1 0.527-0.890

Each plaque volume (mm3)

Fibrous plaque 0.684 93.8 63.6 75.0 0.494-0.824

Lipidic plaque 0.729 9.3 72.7 60.7 0.560-0.897

Necrotic plaque 0.766 21.6 81.8 61.9 0.627-0.906

Calcified plaque 0.655 5.2 72.7 64.3 0.517-0.792

Percentages (%)

Fibrous plaque 0.348 54.5 45.5 31.0 0.219-0.479

Lipidic plaque 0.619 5.5 72.7 47.6 0.484-0.753

Necrotic plaque 0.733 17.0 72.7 66.7 0.629-0.837

Calcified plaque 0.524 2.5 45.5 66.7 0.359-0.690

AUC: area under the curve; CI: confidence interval

Figure 2. Receiver-operating characteristics (ROC) curves for the 

prediction of slow flow phenomenon. ROC curves demonstrated that 

the best predictive variables of IVUS findings for slow flow 

phenomenon was necrotic plaque volume detected by iMap-IVUS.
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patients with acute coronary syndrome11,12,25,26. However, it is still 

unclear which characteristics of plaque lead to slow flow after PCI. 

In the present study, total plaque volume on greyscale IVUS was 

related to the slow flow phenomenon, but the percentage and abso-

lute volume of necrotic plaque were more reliable predictors of 

slow flow. This suggests that for prediction of slow flow it is impor-

tant to not only perform quantitative assessment of plaque with 

greyscale IVUS but also to assess plaque tissue characteristics. 

VH-IVUS can provide both qualitative and quantitative informa-

tion. There have already been reports about assessment of plaque by 

VH-IVUS, and characterisation of plaque components by this method 

might be useful to predict slow flow15,16, although the correlation of 

each plaque component with the slow flow phenomenon remains 

controversial. It is unclear whether fibrotic and fibrofatty plaque or 

the necrotic core is more relevant to slow flow27,28. Radiofrequency 

IVUS systems automatically detected the coronary vessel and lumen 

boundaries; however in order to generate reliable volumetric data, 

these automatically detected contours have to be visually checked 

and in majority of cases manually corrected29. As this is relatively 

time-consuming process. Plaque analysis with iMap has the function 

of automated trace assist, and with this function, it can provide vol-

ume, area and percentage of measurement quickly and easily. In most 

cases, this process does not take much time.

In the present study, we employed a higher frequency IVUS cath-

eter than that used for VH-IVUS, which allowed plaque composi-

tion to be analysed in more detail.

It is well known that slow flow is associated with a worse out-

come4,5, so prevention of this phenomenon is important. Distal pro-

tection devices may be able to prevent slow flow after PCI by 

avoiding distal embolism, but the efficacy of distal protection 

remains controversial. Routine use of a distal protection device is 

not yet recommended, but a device should probably be used if there 

is a high risk of slow flow30,31. Therefore, it is important to accu-

rately predict the risk of slow flow before performing PCI.

CLINICAL IMPLICATIONS

We used iMap software to evaluate the plaque components that 

were associated with slow flow after PCI. The best predictor of 

slow flow was the absolute necrotic plaque volume and a cut-off 

value of 21.6 mm3 had a sensitivity of 81.8% and a specificity of 

61.9% for predicting slow flow. Use of distal protection devices 

could be effective in patients with a high risk of slow flow based on 

their absolute necrotic plaque volume.
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LIMITATIONS

This was a retrospective study performed at a single centre with a 

relatively small sample size, so selection bias cannot be excluded. 

The prevalence of acute coronary syndrome differed between the 

patients with and without slow flow, and this affected statin use, 

plaque composition, and occurrence of the slow flow phenomenon 

itself. In our analysis, acoustic shadowing behind calcification or 

wire artefact which makes the analysis incomplete was removed 

automatically. Thus, the location of the guidewire and IVUS cath-

eter may influence the result of plaque analysis. Even though all 

patients underwent thrombectomy with an aspiration catheter, the 

presence of residual thrombus in culprit lesions might have influ-

enced the plaque composition data because iMap software cannot 

determine the presence of thrombus.

Conclusions
Tissue characterisation of plaque by iMap analysis of IVUS data 

may predict the risk of slow flow during PCI.
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