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ABSTRACT 

 

Background 

The perfusable tissue index (PTI) is assumed to differentiate viable myocardium from scar 

tissue, but histologic comparison in humans is lacking. The present study compares PTI with 

delayed contrast enhanced magnetic resonance imaging (DCE-MRI), a validated marker of 

fibrotic tissue, in patients with ischemic left ventricular (LV) dysfunction. In addition, the 

optimal PTI threshold for detection of myocardial viability was defined when taking DCE-

MRI as a reference. 

 

Materials   

Twenty patients with ischemic LV dysfunction were studied with positron-emission 

tomography, using oxygen-15-labeled water and carbon monoxide as tracers, and DCE-

MRI. 

 

Results 

Of the 200 analyzed segments, 112 demonstrated DCE and were subsequently divided in 

three subgroups according to the severity of enhancement. PTI was 1.04 ± 0.21 in control 

segments and gradually decreased with increasing extent of DCE to 0.77 ± 0.31 for segments 

with transmural enhancement (p<0.001). However, PTI progressively underestimated infarct 

size with increasing quantities of scar tissue (r=0.61, p<0.01). A PTI cutoff value of 0.89 

yielded the best diagnostic accuracy for detection of myocardial viability with sensitivity and 

specificity values of 75 and 77%, respectively.    

 

Conclusions 

PTI is inversely related to the extent of scar tissue estimated by DCE-MRI in patients with 

chronic ischemic heart disease and LV dysfunction, although PTI increasingly 

underestimates true infarct size with increasing quantities of scar tissue. A PTI threshold of 

0.89 yields the best diagnostic accuracy for viability detection. 
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INTRODUCTION 

 

It has long been recognized that the perfusable tissue index (PTI) serves as marker of 

viability in patients with ischemic left ventricular (LV) dysfunction.1-4 PTI reflects the 

fraction of myocardium that is able to rapidly exchange water, i.e. is perfusable by water, 

and can be obtained with positron emission tomography (PET) using oxygen-15-labeled 

water (H2
15O) and carbonmonoxide (C15O).5 It has been hypothesized that based on this 

principle, a distinction can be made between scar (non-perfusable) and viable (perfusable) 

tissue. In line with this hypothesis, Iida et al.6 have demonstrated, in a study performed in 

open chest dogs, that the mass and proportion of histochemically defined necrotic tissue 

correlated to the reduction of PTI. Histologic comparisons in humans, however, are 

currently lacking. 

More recently, an alternative method for noninvasive assessment of myocardial fibrotic 

tissue has emerged using delayed contrast enhanced magnetic resonance imaging (DCE-

MRI) using the extracellular contrast agent gadolinium. In several experimental studies 

DCE-MRI has shown to accurately identify necrotic tissue after myocardial infarction.7-9 

Using high spatial resolution techniques, the size and shape of hyperenhanced areas at DCE-

MRI were identical to areas of histologic defined irreversible injury. This technique therefore 

allows for accurate delineation between scar and viable tissue in patients with ischemic heart 

disease. Similar to PTI, DCE-MRI can also predict recovery of function prior to 

revascularization in chronic ischemic myocardial dysfunction.10;11  

The aim of the present study was to validate PTI as a marker of scar tissue in patients with 

chronic ischemic heart disease by direct comparison with DCE-MRI. In addition, the 

optimal PTI threshold for detection of myocardial viability was defined when taking DCE-

MRI as a reference. 

 

METHODS 

 

Patient population 

Twenty patients with LV dysfunction and coronary artery disease were studied with PET 

and MRI within two weeks of each other. All patients were in a stable clinical condition for 

at least one month, and there were no ischemic events or mechanical interventions in the 

period between the different examinations. Exclusion criteria were any absolute or relative 

contraindication to PET or MRI (e.g. pacemaker, claustrophobia, atrial fibrillation). 
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Baseline characteristics of the patient population are given in Table 1. The protocol was 

approved by the Medical Ethics Committee of the VU University Medical Center, and all 

patients gave written informed consent. 

 

Table 1. Patient characteristics  (n=20) 

Age (years)   61 ± 12 

Sex (M / F)   14 / 6 

Previous myocardial infarction    16 

Single-vessel disease    4 

Two-vessel disease    6 

Three-vessel disease    10 

LVEF (%)   34 ± 16 

LVEDV (mL)   242 ± 91 

LVESV (mL)   170 ± 96 

Systolic blood pressure (mm Hg)   122 ± 16  

Diastolic blood pressure (mm Hg)   74 ± 10 

Heart rate (beats  min-1)   66 ± 11 

Rate pressure product (mm Hg  min-1)   7999 ± 1746 

LVEF = left ventricular ejection fraction, LVEDV = left ventricular end-
diastolic volume, LVESV = left ventricular end-systolic volume 

Imaging protocols 

Positron Emission Tomography. All scans were performed in 2-D mode, using an ECAT 

EXACT HR+ (Siemens/CTI, Knoxville, Tenn., USA). The scanning protocol was identical 

to that described previously.12 Briefly, after a transmission scan, 1100 MBq of H2
15O was 

injected intravenously as a bolus injection. A dynamic scan was acquired for a duration of 10 

minutes. During a two minute period subjects inhaled at least 2000 MBq of C15O and a 

single frame was acquired for a duration of 6 minutes, starting one minute after the end of 

inhalation to allow for equilibration in the blood pool. During the C15O scan three venous 

blood samples were drawn from the intravenous line and counted in a sodium iodide well-

counter cross calibrated against the scanner. 

 

Magnetic Resonance Imaging. Magnetic resonance imaging was performed on a 1.5 Tesla 

scanner (Sonata, Siemens, Erlangen, Germany), using a four-element phased-array body 

radiofrequency receiver coil. All images were acquired with electrocardiogram gating and 

during repeated breath-holds of 10 to 15 seconds, depending on heart rate. After localizing 

scouts, cine images were acquired using a segmented steady-state-free precession sequence in 

three long axis views (two-, three, and four-chamber view) and in multiple short-axis views 

with a slice distance of 10 mm, covering the whole LV from base to apex. Scan parameters 



PTI vs. DCE in Ischemic Heart Disease 

5 

 

were: temporal resolution 34 ms, TR 3.0 ms, TE 1.5 ms, typical voxel size 1.4 • 1.8 • 5 mm3. 

Contrast-enhanced images were acquired 15 to 20 minutes after intravenous administration 

of 0.2 mmol • kg-1 gadolinium-DTPA in the same view used as cine CMR, using a two-

dimensional segmented inversion-recovery prepared gradient-echo sequence (TE 4.4 ms, TR 

9.8 ms, inversion time 250 to 300 ms, typical voxel size 1.3 • 1.6 • 5 mm3). 

 

 

 

 

 

 

Data analysis  

Positron Emission Tomography. Anatomical tissue fraction (ATF, mL  mL-1) images were 

generated according to the procedure described by Iida et al.13 Transaxial ATF images of the 

left ventricle were reoriented according to the anatomic axis of the heart and slices were 

displayed as short-axis slices. The same reslicing parameters were applied to the dynamic 

H2
15O images. Regions of interest (ROI) were defined manually by a single observer (P.K.)  

at the basal and midventricular level of the left ventricle as previously described.12;14 

Corresponding ROIs from a variable number of slices were grouped in each patient to 

generate 12 volumes of interest (six basal and six midventricular). The inferior volumes of 

interest were excluded from analysis because of anticipated perfusable tissue fraction (PTF) 

spillover effects from the liver.12 Additional ROIs were defined in the left ventricular and 

right ventricular chamber. This set of ROIs was projected on the dynamic H2
15O images in 

Figure 1. Schematic diagram of a myocardial segment comprising both viable (striped area) and scar tissue 

(black area). Only viable tissue is assumed to exchange oxygen-15-labelled water rapidly and PTI reflects that 
fraction of the total anatomical tissue perfusable by water. Myocardial blood flow in perfusable tissue (MBFp) 
represents perfusion in viable tissue only, whereas MBFt represents transmural perfusion equivalent to the 

microsphere technique (MBFt = MBFp � PTI), i.e. average perfusion in both viable and fibrotic tissue. 
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order to generate image derived input functions. Using the standard single tissue 

compartment model together with these input functions, myocardial blood flow in 

perfusable tissue (MBFp) (mL  min-1  mL-1) and PTF (mL • mL-1) were determined for all 

myocardial tissue time activity curves.15 Corrections were made for spillover from both the 

left and right ventricle using the method described by Hermansen et al.15 PTI was obtained 

by dividing PTF by ATF. To simulate transmural MBF (MBFt), MBFp was multiplied by 

PTI  (Figure 1). Global PET parameters were calculated by grouping all volumes of interest. 

As resting MBF is related to the rate-pressure-product (RPP = heart rate � systolic blood 

pressure), corrected MBF (MBF � RPP-1 � 10,000) was also determined for both MBFp and 

MBFt. 

Magnetic Resosnance Imaging.  The same regions on the short axis DCE-MRI slices were 

defined as described above. Each myocardial segment was evaluated for the presence of 

hyperenhancement, defined as an area of signal enhancement > 5 SD of the signal of non-

enhanced myocardium.16 The total myocardial area and contrast-enhanced area per sector 

were traced manually. The extent of contrast enhancement was expressed as a percentage of 

the total myocardial area studied and subsequently divided in three groups of 

hyperenhancement: subendocardial (≤33%), intermediate (34 - 66%), and transmural (≥67%) 

(Figure 2). Per heart the fraction of non-hyperenhanced tissue was calculated by dividing the 

non-hyperenhanced tissue by total mass of the analyzed segments.  

Wall motion was assessed by visual interpretation independent from the DCE data by a 

single observer (O.B.) using a five point scale: 1 = normal contractile function, 2 = mild to 

moderate hypokinesia, 3 = severe hypokinesia, 4 = akinesia, 5 = dyskinesia. Additionally, 

segmental end-diastolic wall thickness (EDWT) and wall thickening were determined by 

manual tracing of endocardial and epicardial borders in end-diastolic and end-systolic 

images, excluding trabeculations and papillary muscles. Finally, dysfunctional segments 

(WMS ≥  3) were graded viable or non-viable using a recently validated cutoff value of 37% 

hyperenhancement per segment.14  

 

Statistics 

Data are expressed as mean ± SD. For comparison of two data sets, paired or unpaired 

Student’s t-tests were performed where appropriate. Comparison of multiple data sets was 

performed using ANOVA, and specific differences were identified by a Student’s t-test  
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corrected for multiple comparisons with the Bonferroni inequality adjustment. Correlations 

were analyzed using linear regression. The area under the receiver operator characteristic 

(ROC) curve (AUC) was considered a measure of accuracy of PTI and MBF to discriminate 

between viable and non-viable myocardium, as defined by DCE-MRI. A  p  value < 0.05 

was considered statistically significant. 

 

 

RESULTS 

 

Positron emission tomography and MRI data are summarized in Table 2. Of the 200 

segments in 20 patients that were analyzed, 88 did not show any hyperenhancement. Of 

these segments, 61 demonstrated no wall motion abnormalities either, and were considered  

Figure 2. Delayed contrast enhanced images visualized by MRI in a short axis view at a midventricular 

level. Myocardium in panel A displays no hyperenhancement. Panels B, C, and D demonstrate regional 
subendocardial, intermediate, and transmural enhancement, respectively. 
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Table  2. Segmental PET and MRI data 

 

 
Extent of DCE 

 

 Control Subendocardial Intermediate Transmural p Value 

 (n=61) (n=59) (n=33) (n=20) (ANOVA) 

PTI 1.04 ± 0.21 0.97 ± 0.21 0.85 ± 0.25* 0.77 ± 0.31† <0.001 

MBFp 1.06 ± 0.30 0.94 ± 0.36 0.84 ± 0.33* 0.59 ± 0.23‡ <0.001 

Corrected 1.22 ± 0.38 1.23 ± 0.43 1.10 ± 0.41 0.92 ± 0.42† 0.018 

MBFt 1.07 ± 0.29 0.91 ± 0.39* 0.69 ± 0.28† 0.44 ± 0.21‡ <0.001 

Corrected 1.23 ± 0.36 1.17 ± 0.43 0.91 ± 0.34† 0.69 ± 0.37† <0.001 

WMS 1.0 ± 0.0 2.4 ± 1.1* 3.4 ± 0.9† 3.4 ± 0.9† <0.001 

EDWT 7.5 ± 2.2 6.5 ± 1.7* 5.1 ± 1.3† 4.3 ± 1.8† <0.001 

Wth 4.6 ± 1.5 2.0 ± 1.6* 0.5 ± 1.1† 0.7 ± 1.2† <0.001 

* p < 0.05 vs. control; † p < 0.05 vs. control and subendocardial; ‡ p < 0.05 vs. control, subendocardial, and 

intermediate. 
DCE = delayed contrast enhancement, PTI = perfusable tissue index, MBFp = myocardial blood flow in 

perfusable tissue (mL  min-1  mL-1); MBFt = MBFp � PTI = transmural myocardial blood flow (mL  min-1  
mL-1); corrected = corrected for the rate pressure product; WMS = wall motion score;  EDWT = end-
diastolic wall thickness (mm), Wth = wall thickening (mm). 

 
 

control segments. Of the 112 segments that demonstrated hyperenhancement, more than 

half was limited to the subendocardium (53%).  

 

Perfusable Tissue Index vs. Delayed Contrast Enhancement 

PTI in control segments was 1.04 ± 0.21. There was a gradual decrease in PTI with 

increasing extent of DCE from a subendocardial to transmural level (p<0.001 by ANOVA, 

Figure 3A). As demonstrated in Figure 4, global PTI per patient correlated with DCE-MRI 

determined fraction of non-hyperenhanced tissue per patient (y = 0.47x + 0.59, r=0.58, 

p<0.01). The slope (0.47) and y intercept (0.59) of the regression analysis, however, revealed 

a systematic discrepancy between PTI and DCE. 

 

Myocardial Blood Flow vs. Delayed Contrast Enhancement 

Segmental MBF, both in perfusable (MBFp) and transmural tissue (MBFt), progressively 

decreased with increasing extent of hyperenhancement, although the differences between 

groups were more apparent for MBFt (both p<0.05 by ANOVA, Table 2). The extent of 

nonhyperenhanced tissue in individual patients was directly related to RPP (r=0.6, p < 0.01). 

When MBFp and MBFt values were subsequently corrected for RPP, differences between 

hyperenhancement groups were attenuated (Table 2). Compared with control segments, 

MBFt was significantly reduced from the level of intermediate hyperenhancement (p<0.05),  
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whereas MBFp was reduced in segments with transmural hyperenhancement only (p<0.05, 

Figure 3B).  

 

Accuracy of PTI and MBF as Markers of Viability 

Ninety-nine of 200 (50%) analyzed segments demonstrated severe wall motion abnormalities 

of which 56 (57%) and 43 (43%) were graded as viable (DCE ≤ 37%) and non-viable (DCE > 

37%), respectively, based on the extent of hyperenhancement. The AUC of PTI, MBFp, and 

MBFt to predict myocardial viability defined by 

DCE-MRI were 0.80, 0.64, and 0.80, respectively 

(Figure 5). The AUCs of MBFp was significantly 

lower compared with PTI and MBFt (both 

p<0.01), whereas AUCs between the latter two 

did not significantly differ (p=NS).  

Figure 3.   Bar charts showing PTI and MBF values (corrected for the rate-pressure-product) for myocardial 
segments with varying degree of MRI delayed contrast enhancement. Error bars represent standard error of the 

mean. *p < 0.01 vs. control; †p < 0.05 vs. control and subendocardium; ‡p < 0.01 vs. MBFp. 

Figure 4. Scatter plot giving the relation between PTI 
and fraction of nonhyperenhanced tissue. Dotted lines 
represent 95% confidence intervals. 
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Correction of MBF values for RPP did not significantly alter these results (p=NS). A 

threshold of 0.89 for PTI yielded optimal sensitivity and specificity values of 75 and 77%, 

respectively. Optimal thresholds for MBFp and MBFt were 0.81 and 0.70 mL • min-1 • mL-1 

with sensitivity values of 50 and 68%, and specificity values of 74 and 84%, respectively.  

 

 

DISCUSSION 

 

The present study demonstrates that the reduction in PTI in patients with chronic ischemic 

LV dysfunction is related to the extent of myocardial hyperenhancement visualized by MRI. 

Furthermore, a PTI cutoff value of 0.89 yielded the best diagnostic accuracy to discriminate 

between viable and non-viable myocardium as defined by DCE-MRI.   

 

Perfusable Tissue Index vs. Delayed Contrast Enhancement 

Increased interstitial spaces in chronic infarct tissue, which results in an increase in volume 

of distribution of the extracellular contrast agent gadolinium, and altered wash-in / washout 

kinetics are responsible for the regional hyperenhancement.8;9 In contrast to DCE-MRI, PTI 

identifies the extent of residual viable tissue and is dependent on the physiological property 

of the myocardium to exchange water rapidly.5;6;13 Scar tissue is assumed to lack this 

property, and a reduction of PTI is associated with the presence of fibrotic tissue6.  

Figure 5. Receiver operator 
characteristics analysis of the 

differentiation between viable 
and non-viable segments by 
PTI, MBFp, and MBFt using 
delayed contrast enhanced 
MRI as a reference standard. 

Optimum cutoff values were 
0.89 for PTI and 0.81 and 
0.70 mL • min-1 • mL-1 for 
MBFp and MBFt, 
respectively. 
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The current data support this hypothesis as PTI in control segments was close to the 

expected value of unity and increasing scarring identified by DCE-MRI was accompanied by 

a gradual decrease in PTI. However, with increasing infarct size, a systematic discrepancy 

between the extent of hyperenhancement and PTI was observed. The latter could be caused 

by either an overestimation by hyperenhancement or an underestimation by PTI compared 

with true infarct size. As extensive ex vivo analyses of histochemically defined infarction in 

experimental animal models using DCE-MRI have shown an accurate estimate of scar size7-

9, and given the fact that even in segments with (near) transmural hyperenhancement, the 

average value PTI did not nearly approach zero (0.77 ± 0.31), an underestimation of infarct 

size by PTI seems more likely. This phenomenon has already been observed by Iida et al.6, 

who also observed an overestimation of PTI in the center of transmural scar tissue after 

chronic myocardial infarction in open chest dogs. 

The following mechanisms may be involved. First, Herrero et al.17 have demonstrated that 

H2
15O can diffuse into necrotic infarcted tissue within the timeframe of the PET study. Scar 

tissue may therefore, to some extent, be included in the PTF and hence influence PTI. This 

effect would further be augmented with increasing quantities of scar tissue per segment, as 

observed in the present study. Second, the currently used modeling procedure assumes that 

the blood-myocardium partition coefficient is constant and similar for viable myocardium 

and scar tissue15,18. The latter assumption may not hold true and, in the event of an increased 

partition coefficient in scar tissue, may result in an overestimation of PTF. Consequently 

PTI would underestimate infarct size. Third, wall thickness and thickening are inversely 

related to the extent of scarring. For large myocardial infarctions, more spillover corrections 

from the left and right ventricular cavity will therefore be necessary with decreasing 

dimensions of the left ventricular wall. A nonlinear relation in spillover correction and wall 

thickness may result in bias regarding PTF values, affecting PTI.  

On the other hand, the possibility of overestimation of infarct size with DCE-MRI must not 

be disregarded, as the only reported case to date of human histologic comparison showed a 

slight overestimation of hyperenhancement compared with fibrotic tissue19. Furthermore, 

quantitative analysis of hyperenhancement is observer-dependent through threshold 

definition16. In addition, even in so-called transmural myocardial infarction, viable islets of 

myocytes can frequently be detected within the scar region on histologic examination. DCE-

MRI may not be sensitive enough to detect this residual viable tissue20. Finally, 

overestimation of hyperenhancement is known to occur in the acute phase of a coronary 

syndrome because of increased interstitial spaces caused by acute cell death and edema21. 
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Although care was taken to exclude patients who suffered from a coronary syndrome within 

the preceding month, the possible inclusion of these patients (i.e., with silent ischemia) 

cannot be excluded. 

 

Perfusable Tissue Index and Myocardial Blood Flow as Markers of Viability 

Recently, a cutoff value of 37% hyperenhancement per myocardial segment was identified as 

an accurate threshold to determine viability in patients with chronic ischemic LV 

dysfunction.14 The present data indicate that a PTI cutoff value of 0.89 yields the best 

diagnostic accuracy for identification of myocardial viability when taking DCE-MRI as a 

reference. To date, four studies have been published that have assessed the value of PTI as a 

marker of viability.1-4 In three of these studies, a cutoff value of 0.7 gave the best diagnostic 

accuracy1;2;4, which is distinctly lower than the optimal threshold found in the present study. 

However, a more recent study by Gerber et al.3 in 30 patients suggested that 0.9 may the best 

PTI cutoff value to predict recovery of function after revascularization in this patient group. 

The latter value is similar to the one found in our study. It should be noted, however, that 

blood pool imaging in that particular study was performed with early phase 2-deoxy-2-[F-

18]fluoro-D-glucose (FDG) imaging, which may have contributed to a lower ATF value 

resulting in a higher PTI cutoff value. Pooled data of these studies yielded sensitivity and 

specificity values of 94 and 84%5, respectively, which is higher than the values of 75 and 77% 

observed in the present study. Although there are some differences in methodology and 

patient characteristics between these studies, bias was introduced in the present study by the 

fact that not recovery of function but DCE-MRI served as reference of myocardial viability. 

It has recently been demonstrated, however, that DCE-MRI is not perfect as a viability 

marker22, and additional information on the viability status of the remaining nonenhanced 

myocardium is needed to improve diagnostic accuracy11. 

In line with previous studies3,23,24, MBFp was a relatively poor marker of myocardial viability 

with sensitivity and specificity values of 50 and 74%, respectively.  Moreover, when 

perfusion values were corrected for the hemodynamic conditions, MBFp was only reduced in 

segments with (near) transmural scarring. The latter indicates that perfusion in residual 

viable tissue in dysfunctional myocardium remains relatively preserved. This phenomenon 

has already been observed by Marinho et al.24 and further supports the notion that chronic 

hypoperfusion is not likely to be the cause of contractile dysfunction in dysfunctional but 

viable myocardium25. Transmural MBF (MBFt = MBFp • PTI) showed a comparable 

diagnostic accuracy for detection of viability to PTI (Figure 5). Therefore, there seems to be 



PTI vs. DCE in Ischemic Heart Disease 

13 

 

no incremental benefit in determining MBFp with H2
15O PET over the assessment of 

myocardial scarring alone. These results suggest that the diagnostic accuracy of microsphere 

equivalent transmural MBF tracers (e.g. nitrogen-13-ammonia) for detection of viability, 

which represents an average flow per unit mass of tissue including both viable myocardium 

and scar, are based predominantly on their ability to detect irreversible myocardial injury 

rather than perfusion in residual viable tissue.   

 

Limitations 

A limitation of the present study is the fact that recovery of myocardial function after 

revascularization was not assessed in the present study. Thus, conclusions on the functional 

recovery of dysfunctional segments deemed viable by PET or DCE-MRI cannot be drawn 

from the present study. Furthermore, results from different imaging modalities were 

combined. Although care was taken in matching myocardial territories, some misalignment 

might have occurred. 

 

CONCLUSIONS 

 

Perfusable tissue index is inversely related to the extent of scar tissue estimated by DCE-

MRI in patients with chronic ischemic heart disease and LV dysfunction, although PTI 

increasingly underestimates true infarct size with increasing quantities of scar tissue. A PTI 

cutoff value of 0.89 yields the best diagnostic accuracy for detection of myocardial viability 

when taking DCE-MRI as a reference. 
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