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Abstract Introduction The objective of treatment in

acute myocardial infarction (AMI) is reperfusion of

the myocardium at risk. Our goal was to evaluate the

effect of vessel masking on videodensitometric

assessment of myocardial reperfusion. Methods

Epicardial vessels were masked out from the densi-

tometric region of interest, where average rise slope

(Gmax/Tmax) of time–density curves (TDC) were

measured. Measurements were tested to detect indi-

cators of reperfusion as cumulative creatine-kinase

(CK) release and ST-resolution by receiver operating

characteristic (ROC) curve analysis. Results When

vessel masking was applied before Gmax/Tmax mea-

surement, an improvement has been observed in

sensitivity and area under ROC curve to detect

indicators of reperfusion as cumulative enzyme

release (sensitivity (Se): 85% vs. 61%, area under

the curve (AUC): 0.84 vs. 0.76) and ST-resolution

(Se: 74% vs. 67%, AUC: 0.83 vs. 0.79). Conclusions

Selective myocardial perfusion measurement on

coronary angiograms is feasible and serves as an

informative method to detect myocardial viability

after AMI and revascularization therapy. The present

study demonstrated that vessel masking improves

results compared to simple densitometric analysis.
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Introduction

Early restoration of coronary flow in the infarct-

related artery in acute myocardial infarction (AMI)

following percutaneous coronary intervention (PCI)

decreases infarction size and increases survival in

these patients. However, there is an abundance of

evidence from several techniques, such as myocardial

contrast echocardiography [1, 2], magnetic resonance

imaging [3], and radionuclide studies [4], showing

that many patients have inadequate flow at myocar-

dial tissue level despite reopened epicardial coronary

artery.

It has been confirmed that myocardial perfusion

can be assessed on X-ray coronary angiograms as

well. Both semi-quantitative visual grading [5, 6] and
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computerized quantitative methods [7–9] are useful

tools to assess perfusion from the contrast density

signal in the myocardium. It has also been demon-

strated that computerized videodensitometric

perfusion assessment can be used for risk stratifica-

tion in non-ST-elevation AMI [10], as well as in

ST-elevation AMI [11].

Visual grading highly depends on the judgments of

observers, therefore its most important limitations are

interobserver variability [12, 13], and the limited

number of classification categories. On the other

hand, computerized methods have the limitation that

the region of densitometric measurement can only be

placed in areas without major coronary vessels,

because density of vessels is very intensive, and its

signal cannot be eliminated from the time–density

curve, recorded in the region of interest. To solve this

technical problem, we applied detection and elimi-

nation of coronary arteries from X-ray angiograms.

Vessel segmentation has a long history in the

scientific literature as reviewed Kirbas and Quek

[14]. Coronary segmentation is used for 3D recon-

struction, automatic stenosis detection, navigation of

intravascular devices, and a number of other purposes

in medical image processing. All these applications

require the segmentation to be very specific to

arteries and accurate at the level of major branches.

We have developed a computerized videodensito-

metric method with vessel masking, which allows

larger regions of angiographic image sequences to be

included in the measurement area. Our goal was to

evaluate the effect of vessel masking on videoden-

sitometric assessment of myocardial reperfusion

characterized by cumulative enzyme release and

ST-resolution.

Patients and methods

Patient population

The present prospective study comprised 62 patients

who underwent AMI followed by successful angio-

plasty of the occluded coronary artery at the Invasive

Cardiology Division of Cardiology Center of the

University of Szeged. Patients with following inclu-

sion criteria were enrolled into the present study: (1)

acute ST-elevation on 12-lead ECG; (2) pain-to-

balloon time\8 h; (3) total occlusion of the proximal

segment in one of the three main coronary arteries;

and (4) ability of the patient for cooperation.

Demographic and clinical data of patients are shown

in Table 1. Patients who were unconscious, or

showed signs of cardiogenic shock or had visible

Table 1 Clinical and demographic data of patients

Sum CK ST-resolution All

\5,000 U/l [5,000 U/l [50% \50%

N 29 33 35 27 62

Age (years) 57.4 ± 11.9 59.2 ± 9.9* 56.6 ± 11.0 60.6 ± 10.4 58.4 ± 10.9

Gender (male/female) 15/14 25/8 19/16 21/6 40/22

Diabetes mellitus (n) 8 (27%) 5 (15%) 6 (17%) 7 (26%) 13 (21%)

Hypertension (n) 22 (76%) 26 (79%) 24 (69%) 24 (89%) 48 (77%)

Hypercholesterolemia (n) 16 (55%) 19 (58%) 19 (54%) 16 (59%) 35 (56%)

Smoking (n) 17 (59%) 17 (52%) 24 (69%) 10 (37%) 34 (55%)

LV-EF (%) 57.3 ± 8.4 46.1 ± 10.8* 54.5 ± 11.1 47.3 ± 10.0** 51.4 ± 11.1

Sum CK (U/l) 2,736 ± 1,386 8,259 ± 2,370* 4,256 ± 2,738 7,517 ± 3,323** 5,676 ± 3,398

ST-resolution (%) 62.0 ± 24.1 43.8 ± 22.6* 68.1 ± 17.5 31.9 ± 16.7** 52.3 ± 24.8

TMP (mean) 2.72 ± 0.52 2.03 ± 0.72* 2.64 ± 0.54 2.0 ± 0.78** 2.35 ± 0.73

Gmax/Tmax including vessels 4.07 ± 1.05 2.97 ± 1.25* 4.03 ± 1.14 2.78 ± 1.04** 3.48 ± 1.25

Gmax/Tmax excluding vessels 4.20 ± 1.06 2.86 ± 1.02* 4.07 ± 1.11 2.76 ± 0.96** 3.50 ± 1.23

LV-EF left ventricular ejection fraction; CK creatine-kinase; TMP TIMI myocardial perfusion grade

* P \ 0.05 vs. sum CK \ 5,000 U/l; ** P \ 0.05 vs. ST-resolution [ 50%
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collateral circulation to the infarction-related myo-

cardial region have been excluded from the study.

Informed consent was obtained from each patient and

the study protocol conformed to the ethical guidelines

of the 1975 declaration of Helsinki, as reflected in

a priori approval by the institution’s human research

committee.

Coronary angiography

Angiograms for densitometric analysis were recorded

in a way that phase matched digital subtraction

angiography (DSA) can be performed on them. This

required the following criteria: (1) motion of patient

or table should be avoided, including breathing of the

patient for the time of recording, (2) at least one

contrast-free heart cycle should be recorded before

injection of contrast material, which will serve as a

background for subtraction, (3) field of view is to be

set to contain the whole supplied area of the vessel of

interest. All coronary angiograms met with these

criteria. Projections were chosen to minimize the

superpositioning of non-infarction-related myocar-

dium and edge of the diaphragm which usually gives

motion artifacts on DSA images. Left anterior

descending (LAD) and left circumflex coronary

arteries were recorded in lateral (LAO 90�), while

right coronary (RC) artery was recorded in antero–

posterior projection. Same non-ionic contrast mate-

rial (0.35 g/ml iodine) was used for all angiograms

injected by a manual injector. Angiograms were

recorded on an Innova 2000TM (GE Healthcare,

Chalfont St. Giles, Buckinghamshire, United King-

dom) system, images were stored in 512 9 512 size

8-bit, grayscale, uncompressed format.

Vessel segmentation

Although coronary arteries are filled with an X-ray

contrast agent during image acquisition, simple

image intensity thresholding cannot separate vessel

and background pixels at a satisfactory accuracy.

Vessel segmentation algorithms therefore generally

use feature extraction before thresholding, which

enhances image regions based on a certain vesselness

criterion.

A multi-scale vessel detection algorithm was used

as described by Frangi et al. to compute vesselness

probability maps for all angiograms [15]. It analyzes

the eigenvalues of the Hessian matrices of image

locations. The vesselness measure at scale r mea-

sures the contrast between the regions inside and

outside the range (-r, r) in the direction in which the

local second order structure (curvature) of the image

is the greatest. Elements of Hessian matrices at scale

r (Hr) were computed by two convolutions of the

image with the derivatives of a Gaussian filter G(0,r)

in the directions (vertical or horizontal) correspond-

ing to the position of the element in the 2 9 2 sized

Hessian matrix. Eigenvalues of Hr, h1, and h2, were

used to obtain structureness (S) and anisotropy (RB)

values.

S ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

h2
1 þ h2

2

q

RB ¼
h1

h2

Vesselness probability measure at scale r was

computed from these two parameters by the follow-

ing formula:

VrðIÞ ¼
0; if h2\0

e
�

R2
B

2b2 1� e
� S2

2c2

� �

; otherwise

8

<

:

where we used constant 0.5 for b, and half the value

of the maximum structureness (S) for constant c.

Scale series r [ {1.0, 1.5, 2.0, 3.0, 4.0, 5.0} was used

to detect different sizes (2–10 pixels) of vessel-like

structures on the images. Maximal vesselness

V = max{Vr} values formed the final vesselness

maps of angiograms. Vesselness maps were thres-

holded at 10% of maximal value to generate binary

vessel mask images. An original DSA angiogram,

corresponding vesselness probability map and vessel

mask are shown in Fig. 1.

Densitometric signal analysis

TIMI myocardial perfusion (TMP) grades were

determined in a random sequence independently by

two cardiologists who were blinded to all other

clinical data. Final values for each patient were based

on consensus between the observers. Time–density

curves (TDC) were recorded in polygonal regions of

interest, selected by a cardiologist experienced in the

analysis of coronary angiograms. Phase matched

DSA images were used with stabilized image acqui-

sition parameters for measurements. The

computerized method for myocardial perfusion
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assessment was based on the analysis of the TDC

measured over the infarct-related myocardial region

of interest (ROI). The polygonal ROIs (consisted of

4–10 points) covered the whole myocardial area at

risk for each patient. ImageJ image analysis software

(http://rsb.info.nih.gov/ij/) was used for ROI defini-

tion and computation of the TDC. Binary vessel mask

images were used as a logical mask to exclude image

points belonging to vessels from the computation of

average density in the ROI. Frequencies higher than

0.6 Hz were removed from the TDC to eliminate

artifacts from cyclic heart contractions. Gmax was

defined as maximal amplitude of the TDC, Tmax is the

time to reach Gmax. Both values were automatically

computed from the resulting curve with Matlab 7

mathematical analysis software (MathWorks, Natick,

Massachusetts, USA). Perfusion was characterized

with Gmax/Tmax according to previous results [11].

Examples for ROI definition and resulting TDCs with

measurement parameters are shown in Fig. 2.

Assessment of reperfusion

Twelve-lead electrocardiograms were recorded at the

beginning of PCI and 90 min later. ST-resolution was

defined as a decrease of ST-segment at 90 min

compared to the first measurement in the lead with

highest ST-segment elevation, expressed as percent-

age of initial ST-elevation. Blood creatine-kinase

(CK) enzyme levels were measured 6, 12, 24, and

48 h after the PCI. These four measurements were

summed up to assess cumulative enzyme release.

Statistical analysis

All statistical tests were performed with MedCalc

software package (MedCalc Software, Mariakerke,

Belgium). A value of P \ 0.05 was considered to be

statistically significant. The population has been

divided into two groups by clinical indicators of

successful reperfusion to analyze by receiver operat-

ing characteristic (ROC) curves. ST-resolution C50%

and cumulative CK release B5,000 U/l were chosen

as thresholds, which divide the population at approx-

imately the same rate. Our results were obtained by

ROC curve analyses at a confidence interval of 95%.

Results

Angiographic and reperfusion data

All patients underwent a successful recanalization of

the occluded epicardial artery within 8 h from the

onset of symptoms. Contrast quantity during the

image acquisition for videodensitometry was 6.84 ±

0.97 ml, while injection rate was 3.04 ± 0.34 ml/s.

Increased CK level and decreased ST-resolution were

associated with reduced left ventricular (LV) function,

TMP and Gmax/Tmax values (Table 1).

Detection of successful reperfusion

Optimal cut-off values have been determined for

TMP, Gmax/Tmax with and without vessel masking to

Fig. 1 Digital subtraction angiography images of left coronary

artery (a), vesselness map of the DSA image, white color
representing 100% and black 0% probability of the pixel

belonging to a vessel (b), and result of thresholding of the

vesselness map at 10% (c)
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detect sum of CK \5,000 U/l and ST-resolution

[50% in our study population (Fig. 3). Individual

ROC curves were characterized by sensitivity (Se),

specificity (Sp) at the optimal cut-off value, and area

under the curve (AUC). Gmax/Tmax without vessel

masking did not improve results of ROC analysis

compared to TMP neither in the evaluation with

cumulative enzyme release, nor in the evaluation with

ST-resolution. When vessel masking was applied

before Gmax/Tmax measurement, an improvement has

been observed in almost all ROC parameters both

with cumulative enzyme release and with ST-resolu-

tion (Fig. 3).

Discussion

To the best of authors’ knowledge, this is the first

study to describe that vessel masking improves the

sensitivity of videodensitometric myocardial perfu-

sion assessment to detect cumulative enzyme release

and ST-resolution after AMI and successful catheter

recanalization.

Since it has been demonstrated that perfusion

assessment can be used for risk stratification after

AMI, the emphasis of research has shifted from

analysis of epicardial vessel morphology and flow, to

an assessment of the coronary microvasculature

perfusion [16, 17]. Visual myocardial perfusion

grading is widely used to evaluate new interventional

devices [18–20] and other therapeutic methods [21]

in the field of coronary interventions. These studies

still rely on the classic, semiquantitative method of

visual assessment.

The research for quantitative videodensitometric

perfusion assessment had started even before the

visual grading was first described. In these experi-

mental animal models, the classic parameter for

perfusion measurement was mean transit time [7, 22].

However, determination of mean transit time requires

analysis of the whole TDC until contrast material

completely disappears. In an acute clinical environ-

ment, the wash-out phase is often missing from the

recordings, because the patient’s ability to hold

breath is limited. The descending part of the TDC

is also more corrupted than the initial part, due to the

enhancement of motion artifacts, contrast backflow to

the aorta and venous phase of contrast circulation,

which all result in image opacifications superposed

on ROI. Therefore, we have chosen to use a more

robust parameter (Gmax/Tmax), which depends only on

two specific points of the smoothed curve, and these

points do not depend at all on the descending part of

the TDC.

Fig. 2 Region of interest

(dashed white polygon)

after a proximal LAD

occlusion (upper image)

and a proximal RC

occlusion (lower image).

Corresponding TDC are

shown on diagrams on the

left, original measurement

curve by gray, frequency-

filtered curve by black line.

The lower diagram shows

low Gmax/Tmax

characteristics

Int J Cardiovasc Imaging

123



Our method could also be used in the future in all

populations where the quantitative assessment of

microcirculation is important during coronarography

or coronary intervention. Impaired tissue level per-

fusion plays an important role in ‘‘microvascular

angina’’ [23], characterized by typical angina pectoris

and angiographically normal epicardial coronary

arteries. Our method could be an informative diag-

nostic tool for these patients in the catheterization

laboratory.

Limitations

Data loss due to superpositioning during projection of

the real 3D structures on 2D angiographic images will

always remain a limitation of image processing

methods applied on coronary angiograms. Myocar-

dial contrast echocardiography or magnetic resonance

perfusion imaging provides more adequate image

data to localize low-perfused myocardial regions.

However, these techniques require special equipment

and trained personnel, which are still not present in

most centers of acute coronary care units.

The size of our patient population was limited by

the capacity of our catheterization laboratory. Further

studies with preliminary sample size calculation, and

with the involvement of other perfusion imaging

modalities for comparison would give stronger sup-

port to our conclusions.

Conclusion

Selective myocardial perfusion measurement on

coronary angiograms is feasible and serves as an

informative method to detect myocardial viability

after AMI and revascularization therapy. The present

study demonstrated that vessel masking improves the

results compared to simple densitometric analysis.

The described method could be used as an objective,

quantitative alternative to visual myocardial perfu-

sion grading.

Fig. 3 Receiver operating characteristic curves of TMP (left
diagrams), Gmax/Tmax without vessel masking (middle dia-
grams) and Gmax/Tmax with vessel masking (right diagrams) to

predict cumulative enzyme release characterized by sum CK

[5,000 (a) and 90-min ST-resolution \50% (b)
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