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Abstract
Background: Rest-Redistribution thallium(R-RD Tl) imaging has high negative predictive value (NPV) but low 

positive predictive value (ppv) for the prediction of recovery of regional myocardial dysfunction after revascularization 
(Rev). Combining myocardial perfusion (MP) and functional data with nitrate-enhanced gated SPECT MIBI (GSM)
at rest appears to be a promising approach for viability detection. 

Aim of the Study: Differentiate between clinical and academic viability. 

Methods: Total of 66 patients with CAD underwent R-RD Tl,2 sets of resting GSM using 2 MIBI injections, 
and echocardiography at rest andafter low dose dobutamine (LDD). One hour before GSM2, trimetazidine (TMZ) 
andnitrate, had been given. All pts had their echo repeated after (Rev) as a golden standard for clinical viability one 
year later. Myocardial biopsy was taken for mitochondrial assessment as a golden standard for academic viability.

Results: 389/1122 segments were found to have abnormal resting wall motion (RWM) on echo. 165/217 
hypokinetic, 48/102 akinetic and 6/66 dyskinetic showed contractile response for LDD echo. The MP images showed 
normal uptake, complete, partial reversibility and poor uptake in Tl, GSM1 and GSM2 images as following:(58,31,47), 
(36,22,35), (198,119,190) and (32,148,50) of segments respectively. Sensitivity and specificity of Tl, GSM1 and 
GSM2 and LDD echo for clinical viability had been found respectively to be (94.9%,74.1%), (59.9%,93.6%), (93.5%, 
90%) and (78.5%,100%). Mitochondrial degeneration had been found to be more in the segments with partial 
reversibility and those with poor uptake with sensitivity and specificity of (90,85.6%), (57.2%,94.2%), (89.4%,98%) 
and (75%, 88.2%) respectively. From this data we can grade viability into 4 grades.

Conclusion: Clinical definition of viability is better looked for in GSM2. Viability could be assessed into 4 
grades.
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Introduction
The potential reversibility of left ventricular dysfunction (LVD) 

is one of the most important issues to be addressed in patients with 
an earlier myocardial infarction and severe coronary artery disease. 
In such cases, myocardial imaging at rest with thallium or Tc-99m-
labeled agents has been demonstrated to provide clinically relevant 
data for clinical decision-making [1]. Thallium 201 imaging protocols 
have gained acceptance for assessment of myocardial viability [2-
4]. Although Tc-99m mibi is widely used for myocardial perfusion 
imaging, it is not widely used for the assessment of myocardial viability 
[5-7]. The retention of mibi in myocardial cells is dependent on 
intact mitochondrial function, which is a surrogate marker of viable 
myocardium [8]. Unlike Tl-201, Tc-99m mibi does not redistribute 
significantly in the myocardium after initial uptake, which could 
potentially be disadvantageous for accurate assessment of viability, 
especially if the myocardial region is subtended by a critically flow-
limiting coronary artery at rest. This may result in significantly lower 
delivery of the tracer to the myocardium and thus may underestimate 
viability [9]. To enhance myocardial blood flow, several investigators 
have used nitrates before tracer administration, and this technique 
has been shown to improve detection of viable myocardium [10-12]. 
Furthermore, Bax et al. [13] showed improved accuracy of nitrate-
enhanced Tl-201 and Tc-99m mibi imaging for the detection of viable 
myocardium in a meta-analysis. Similar data have also been shown 
with “biphasic” stress dobutamine echocardiographic response in 
patients with resting wall motion abnormality [14,15]. Nuclear imaging 
techniques are more sensitive than dobutamine stress echocardiography 

for detecting viability, but the later is more specific for functional 
recovery post-revascularization [16-18]. This is probably because 
nuclear imaging techniques are based on the detection of the integrity 
of the cell membrane and of preserved perfusion and metabolism 
(structural viability), whereas dobutamine stress echocardiography 
relies on the assessment of preserved contractile reserve (functional 
viability) [18]. Dysfunctional myocardium that has suffered more 
profound ultrastructural damage will probably lose contractile reserve 
but can still show intact cell membrane integrity and preserved perfusion 
and metabolism [19,20]. Schinkel et al. [21] added the progressive 
reduction of contractile reserve in stunned, hibernating, and scarred 
myocardium supports the hypothesis that stunning, hibernation, and 
scarring i.e., gradual ultrastructural damage on the myocyte level. 
Trimetazidine was proved to have a beneficial effect on improvement of 
mitochondrial integrity in ischemic condition [22]. 
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The aim of this study is to assess the interrelation between 
the different non-invasive techniques (enhanced nuclear imaging 
and LDD echocardiography) to predict recovery accurately post-
revascularization, and correlating these with histopathological 
mitochondrial changes

Patients and Methods
Patients selection

The study population consisted of 66 patients with previous 
myocardial infarction and left ventricular dysfunction referred 
for the assessment of coronary artery disease and viability before 
revascularization in nuclear cardiology unit of Al Hada Armed Force 
hospital, Taif and Faculty of Medicine, Taif University in the period 
of March 2013 till November 2016. The study was approved by the 
hospital review board, and written informed consent was obtained 
from all patients. Data from these patients were prospectively collected 
and analyzed. They were 57 males and 9 females (6.3:1) and the mean 
age was 54.2+9.1 years old (Table 1). Patients were eligible for inclusion:

1. If they had severe regional dysfunction in the anatomic 
distribution of a significantly narrowed or occluded epicardial 
artery as determined by contrast left ventriculography. 

2. If the coronary arteries supplying the area of dysfunction were 
suitable for coronary artery bypass graft (CABG) or percutaneous 
coronary intervention (PCI). 

All patients had EF below 45%. Exclusions criteria included: 

1. Unstable angina, or myocardial infarction between 
revascularization and the scintigraphic studies or after 
intervention. 

2. Patients with 3-4+(moderate to severe) mitral regurgitation or 
other valvular heart disease.

3. Patients with dilated (non-ischemic) cardiomyopathy. 

4. Possible ECG artifacts interfering with gating of gated SPECT 
(such as absence of stable R-R due to atrial fibrillation, 
intraventricular conduction block, pacemaker rhythm, etc.). 

Methods

All patients underwent rest-redistribution thallium scintigraphy, 

and low dose dobutamine echocardiography on day one protocol, then 
rest gated SPECT MIBI enhanced by TMZ and nitroglycerine on day 
two protocol, then coronary angiography within the next three months. 
Subsequently, 22 patients underwent PCI, while 44 patients underwent 
CABG. The decision concerning the choice of treatment was left to the 
referring cardiologists and was not based on the results of the viability 
studies. Figure 1 describes the design protocol as following:

1. Day one: Injection of 111MBq Tl then first set of resting 
Tl non-SPECT 10 minutes. later. This was followed by resting 
Echocardiography for assessing both wall motion abnormalities (WMA) 
and measuring baseline EF (EF1), followed by LDD echocardiography 
using 5 and 10 ug/kg/min according to our previous protocol [23], to 
assess contractile reserve of the abnormal walls and computing EF and 
at the end of the first day another set of Tl redistribution non-gated 
SPECT was done 3 hours later,

2. Day two: Sublingual nitroglycerine (10 mg) followed 20 
minutesutes later by injection of 925 MBq 99mTc-MIBI (Cardiolite 
kit, Bristol-Myers Squipp Company), then first set of gated SPECT 
(GSM1) was done one hour post-injection, then after 120 minutes. 
Three tablets of TMZ (20 mg) were taken as an acute administration 
followed 90 minutes. later by sublingual nitroglycerine (10 mg) then 
after 20 minutes. Another dose of 99mTc-MIBI (1295 MBq) was 
injected followed by second set of gated SPECT 90 minutes. later 
(GSM2). This would be followed by revascularization (Rev) either by 
PCI or CABG. Then 6 months later another resting echocardiography 
was done to reassess WMA in the previous mentioned abnormal walls 
and measuring post-Rev EF (EF2).

Imaging acquisition of Thallium and MIBI SPECT

Imaging data were acquired using a double head Siemens E-cam 
gamma camera fitted with all-purpose low energy collimator, applying 
a step and shoot method at an angular range of 90°, the angular step 
is 6°, the frame time is 40 s, the matrix is 64 × 64 for both tracers. For 
the gated rest, the angular range is 90°, the angular step is 6°, the frame 
per cycle is 8, the frame time is 40 s, the matrix is 64 × 64, the zoom is 
1.28 and the ECG was connected. The methods have been described in 
detail in previous publications [24].

Image analysis: Comprehensive semiquantitative perfusion defect 
analysis using 17-segment visual analysis has been used to match 
echocardiographic findings [25]. The 17-segment scoring system is 

Figure 1: Protocol of myocardial perfusion imaging and echocardiogram at rest and during LDD. (a): Revealed R-RD thalliumprotocol. During the 3 hour interval 
resting-LDD echocardiogram was done (b): Revealed resting gated MIBI SPECT imaging without and after TMZ and nitrate administration. On cardiac catheterization 
endomyocardial biopsy was taken for electronmicroscopic assessment of mitochondria. Then patient had been subjected to revascularization followed by resting 
echocardiography 6 months later. (LDD=low dose dobutamine, R-RD=rest-redistribution, TMZ=trimetazidine).
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based on three-short axis slices (distal, mid, and basal) to represent 
the entire left ventricle, with the apex represented by one segment 
visualized in a mid-vertical long axis image. Each of the 17 segments 
has a distinct name (number) and visual score (Figure 2). Then the 
summed rest score (SRS1) and (SRS2) were defined as the summed 
rest scores of the rest or redistribution scores for Tl and of the GSM1 
and GSM2 for MIBI. The summed difference score (SDS), measuring 
the degree of reversibility, was defined as the difference between the 
SRS1 and the SRS2. In addition, wall motion and thickening analysis 
were assessed according to echocardiography assessment (below). 
Viability was defined as ≥ 20% improvement in perfusion or function 
(thickening rather than wall motion) [26,27].

Echocardiography

Echocardiographic studies were performed under resting condition. 
Standard tomographic views of the left ventricle were obtained from the 
parasternal long-axis and short-axis views and from the apical 4- and 
2-chamber views, with particular attention paid to the optimization of 
regional function. All studies were performed on a Hewlett-Packard 
Sonos 1000 ultrasound system equipped with a 2.5-MHz transducer 
and were recorded on half-inch VHS tape. Echocardiograms were 
analyzed by 2 independent readers who were unaware of the clinical 
and angiographic data. Discrepancies were resolved by means of 
consensus. For the analysis of wall motion, the left ventricle was divided 
into 17 segments corresponding to the scintigraphic regions (Figure 2).

For each segment, wall motion was scored according to the 
recommendations of the American Society of Echocardiography [28], 
on a scale of 1 to 3, in which 1 indicated normal, 2 indicated hypokinesia 
(reduced wall thickening and inward motion), and 3 indicated akinesia 

(absence of wall motion and of systolic thickening) or dyskinesia 
(paradoxical outward motion in systole). To assess the recovery of 
function, resting, LDD echo and follow-up echocardiograms were 
compared in all patients. For each segment, recovery of function 
(viability) was defined as an improvement of 1 or more point after 
Rev.28

Coronary angiography

Coronary angiography was performed by means of Judkin's 
technique. It was reported by 2 independent, experienced observers. 
Stenoses of coronary vessels were coded according to American Heart 
Association criteria [29]. The presence of significant (50% coronary 
diameter reduction) stenosis in the proximal coronary arteries or their 
major branches was assessed using caliber measurement. 

Myocardial biopsy

During coronary angiography, Stanford Caves-Shulz bioptome 
was introduced through the femoral artery (using a performed sheath) 
into the left ventricle under umbrella of aspirin and heparin. Six 
endomyocardial biopsies were performed safely under fluoroscopic 
guidance and taken according to American guidance 2007, (mainly 
from the septum and lateral wall, and suspected infarct area supplied 
by the occluded artery but avoiding the thinner wall) and sent for 
electron microscopical examination looking for mitochondrial changes 
as following; Mitochondrial Area Measurements were generated from 
transmission electron microscopy images with a magnification of 
20000X; images were taken from at least two sections of a minutesimum 
of 10 sections apart within the tissue block and were positioned to avoid 
blood vessels. Image software was used to calculate the area by drawing 
around of each individual mitochondrion analysed [30].

Figure 2: 17 Myocardial Segments for SPECT and echocardiography interpretation and matching.
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Coronary angiography

Table 1 reveals that half of the cases showed three vessel disease 
(38/66), while 14 showed one vessel disease and 14 showed two vessel 
disease. Three cases showed left main involvement while left anterior 
descending (LAD) was involved in 58 cases. 

Non-invasive assessment of viability

Clinical viability was defined in the current study by the 
normalization of segments with abnormal wall motion in the rest 
echocardiography done 6 months post-revascularization, which was 
considered accordingly the golden standard for clinical viability with 
true positive 279 and true negative 110.

Low Dose Dobutamine Echocardiography and Pre-revascularization 
Contractile Reserve: Figure 3 reveals contractile reserve with LDD in 
165/217 (76%) of hypokinetic, 48/102 (47.1%) of akinetic, and 6/66 
(9.1%) of dyskinetic myocardial segments. On the other hand, post-
revascularization normal myocardial segments increased from 733 
to 910 with unexpected improvement in 12 hypokinetic segments 
in addition to the predictable 165 segments. Hypokinetic segments 

Mitochondrial Density Measurements were generated from at 
least two images at magnification of 3000X taken from 2 sections at 
least 10 sections apart within the tissue block from each patient. Every 
mitochondria visible by eye was marked with a dot within a counting 
frame of 286 μm2 positioned to avoid blood vessels.

Quantification of ultrastructural defects quantification of 
mitochondrial ultrastructural defects was performed from identical 
images used for the area measurements as indicated above. Every 
mitochondria of myocardial origin was analyzed and based on its 
ultrastructural appearance classified into one of following categories 
[30]: Type I-normal appearing mitochondria with mostly longitudinally 
oriented and tightly packed cristae; Type II - abnormal mitochondria 
with either swollen, irregular, or whorling cristae in which the 
characteristic longitudinal orientation and/or the tight and regular 
spacing of cristae were lost or severely compromised. Type III which 
showed increasing numbers of mitochondria with a discontinuous 
outer membrane or deficient cristae, in which the cristae order was 
distorted by holes with an empty matrix. Finally, Type IV where some 
mitochondria with swollen and deficient cristae, or swollen cristae and 
discontinuous outer membrane were present. At least 75 mitochondria 
were analyzed for each patient. Raw data per individual patient have 
been expressed as percentage of total number of mitochondria analyzed.

No complications were recorded during or after endomyocardial 
biopsy.

Statistical analysis

The current study aimed to differentiate between clinical and 
academic definition of myocardial viability testing. Clinical viability test 
can identify patients with ischaemic heart disease and left ventricular 
dysfunction who can potentially benefit from improved cardiac 
function after revascularization together with long‐term survival 
[31]. While academic viability can detect integrity of myocardial cell 
structure inspite of ischemia. Data were expressed as the mean plus 
or minutesus 1 SD. Differences between mean values were assessed 
by means of the Student unpaired t test, with Bonferroni's correction 
when appropriate. Sensitivity, specificity, and diagnostic accuracy were 
based on their standard definitions. Frequency data were compared by 
means of the McNemar or Chi-square test. A P value less than 0.05 
was considered to be statistically significant. The statistic was used as 
a measure of agreement between visual and quantitative mibi analysis. 
A value of 1 denotes perfect agreement, and 0 indicates no agreement 
beyond chance. In general, values of 0.6 or greater are considered to be 
indicative of good agreement [32]. 

Results
Demographic data

The current study included 57 males and 9 females (6.3:1). Their 
mean age was 54.2+9.1 years (Table 1). The commonest presenting 
symptom was chest pain (72.7%), and the most common risk factors 
were smoking (57.6%) and hypertension (48.5%). Fifty six cases (84.8%) 
showed Q wave in the resting ECG.

Resting echocardiogram

Figure 3 reveals that out of the 1122 myocardial segments, 733 
segments were found to be normal while the 389 showed abnormal wall 
motion. These were distributed as 217 hypokinetic, 104 akinetic and 67 
dyskinetic.

Parameters Number Percentage
Sex and age
Sex
Males/female (N and %) 57/9 86.4/13.6
Male: Female ratio 6.3:1
Age (Mean ± SD) 53.67 ± 12.1
Risk factors
Smoking 38 57.6
HTN 32 48.5
DM 24 36.4
Hyperlipidemic 24 36.4
FH 20 30.3
Clinical presentation
Chest pain 48 72.7
Dypsnea 35 53
Palpitation 21 31.8
LL edema 12 18.2
Q wave in resting ECG 56 84.8
Coronary angiography
Left main 3 4.5
LAD 58 87.9
D1 31 47
D2 6 9.1
LCX 44 66.7
OM1 33 50
OM2 8 12.1
RCA 48 72.7
No. of vessels affected
1 VD 14 21.2
2 VD 14 21.2
3 VD 38 57.6
Mitochondrial ultrastructure*
Type I
Type II 233 60
Type III 59 15
Type IV 66 17

31 8
*The dominant in each examined area

Table 1: Demographic data of the studied patients.
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decreased from 217 to 131 segments with unexpected improvement of 
38 akinetic and 4 dyskinetic segments to be hypokinetic segments (from 
moderate to severe degree). Akinetic segments decreased from 104 to 
30 segments with unexpected improvement in 6 dyskinetic segments 
in addition to improvement of 6 other dyskinetic segments. Finally, 
the dyskinetic segments became only 51 segments. This means that 
post-revascularization resting echocardiography showed viability in 
60 segments that were considered non-viable pre-revascularization by 
LDD echocardiography. This leads to sensitivity of 78.5%, and since all 
segments with pre-revascularization contractile reserve were improved, 
the specificity was 100% (Figure 4). Thus, the positive predictive value 
(PPV) and negative predictive value (NPV) for LDD echocardiography 
were found to be 100% and 64.7% respectively (Figure 4). Degree of 
matching between LDD and post resting echo was found to be 84.6% 
and P<0.001 (Table 2).

Myocardial perfusion and clinical viability assessment 

Rest-Redistribution Tl: Figure 5 shows that out of the abnormal 389 
segments (in resting echo), 58 shows normal uptake and 97 with severe 
reduction of uptake till the end of the study. The rest (234) shows mild 
to moderate reduction of uptake in the first setting of images, while in 
the second image 36 segments were normalized and 198 showed partial 
reversibility. Accordingly, 288 myocardial segments were diagnosed as 
viable myocardium by Tl. Following revascularization, 263 segments 
showed normal wall motion while the rest showed still wall motion 

abnormality, with sensitivity 94.9%, specificity 74.1%, PPV 90.1% and 
NPV 85.6% (Figure 4a) [29]. Degree of matching between Tl and post-
revascularization resting echo was high; 88.9% and P<0.01 Table 2.

Nitrate enhanced 99mTc-MIBI gated SPECT:

1. Without TMZ: Out of the abnormal 389 segments, 31 
segments showed normal MIBI uptake, 143 showed mild to moderate 
reduction of uptake and 215 severe reduction of uptake (Figure 6). 
Accordingly, 174 were diagnosed as viable with sensitivity of 59.9% and 
specificity of 93.6%, PPV 96% and NPV 47.9%. The degree of matching 
between GSM1 and post-revascularization resting echo was modest 
69.4% and P<0.05.

2. With TMZ: Adding TMZ increased segments with normal 
uptake to 47 segments, mild to moderate reduced uptake to 225 
segments while segments with severe reduction of uptake decreased 
in number to 117 (Figure 6). Accordingly, ability of GSM2 to detect 
clinical viability increased to 272 segments with sensitivity of 93.5%, 
specificity of 90%, PPV 95.8%, NPV 84.6%. The degree of matching 
between GSM2 and post-revascularization resting echo increased to be 
the strongest 92.5% and P<0.0001.

3. Academic Viability: Some myocardial segments with 
abnormal wall motion in the pre-revascularization echocardiography 
with or without LDD were still viable but showed delayed recovery 
(more than 1 year). The current study assessed their existence by 

Figure 3: Distribution of myocardial segments according to wall motion status at pre-revascularization resting and LDD echocardiography and 
postvascularization resting echocardiography. Note the improvement in some of hypokinetic, akinetic and dyskinetic segments postrevascularization. These 
segments were predicted to be more on LDD.
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Figure 4: Sensitivity, specificity, positive predictive value (PPV) and negative predictive value (NPV) of Resting Thallium, Gated SPECT MIBI with and 
without TMZ and LDD Echo to predict recovery of Function post-revascularization. Note the highest sensitivity was R-RD thallium, highest specificity was 
non-TMZ MIBI and LDD ECHO, but TMZ MIBI images could achieve both the highest sensitivity of thallium and specificity of non-TMZ MIBI and LDD ECHO.

Figure 5: Viability as assessed by Thallium uptake. Sequential inter-relationship findings between resting echocardiogram pre and post revascularization 
and R-RD thallium findings. Note that most of segments with mild-to-moderate reduction of thallium uptake showed partial reversibility after revascularization.
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the mitochondrial status studied by the electron microscope which 
was considered as the golden standard in this issue. Accordingly, 
mitochondrial state type I and II were considered viable and predict 
recovery (true positive [TP] were 292 segments showing normal and 
abnormal wall motion in the whole studied echocardiography), while 
Type III and IV were considered true negative [TN] for viability (97 
segments).

Mitochondrial changes and radionuclides uptake vs. 
contractility

Table 3 revealed the distribution of mitochondrial changes with 
ischemia, 4 types had been detected and distributed in all segments 
with variable percentage. However, type IV had been found with 
statistically high percentage in dyskinetic segments, in severe reduction 
of uptake in both Tl and mibi images. On the other hand, Tl segments 
with normal and mild to moderate uptake showed statistically higher 
prevalence of type I compared to corresponding MIBI segments. It 
should be noted that in each segment we chose the most dominant 
type of mitochondria for assessment. On the other hand, Figure 7 
showed the correlation between the mitochondrial types (expressed 
as mitochondrial score) and rest pre-revascularization wall motion 
score, myocardial Tl uptake score (late image), GSM1 and GSM2 score. 
It showed strong statistical correlation which was highest with GSM2 
followed by rest echocardiography.

Figure 6b revealed the accuracy of assessment of academic viability 
by LDD, Tl, non TMZ and TMZ GSM, where sensitivity was reduced to 
be 75%, 90%, 57.2% and 89.4% respectively. Specificity was reduced by 

Figure 6: Viability as assessed by nitrate-enhanced 99mTc-MIBI gated SPECT without and with trimetazidine (TMZ). Note that normal uptake segments 
increased post nitrate and TMZ, in addition to improvement of severely reduced segments.

Pre-vascularization Total

Viable Non-Viable

263 14 277

29 83 112

292 97 389

Degree of matching=346/389=88.9%, P<0.01

Non-TMZ gated SPECT

Viable 167 112 279

Non-Viable 7 103 110

174 215 389

Degree of matching=270/389=69.4%, P<0.05

TMZ gated SPECT

Viable 261 18 279

Non-Viable 11 99 110

272 117 389

Degree of matching=360/389=92.5%, P<0.0001

LDD echocardiography

Viable 219 60 279

Non-Viable 0 110 110

219 166 389

Degree of matching=329/389=84.6, P<0.01

Table 2: Degree of matching between pre-revascularization Thallium SPECT 
(rest-redistribution), LDD echocardiography, gated MIBI SPECT with and without 
trimetazidine (TMZ) and post-revascularization resting echocardiography.
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Table 3: Relation between resting and LDD echocardiography and radionuclides uptake and mitochondrial integrity.

Type I Type II Type III Type IV
No. ℅ No. ℅ No. ℅ No. ℅

Pre-vascularization rest echo
Normal
Hypokinetic 733 100 0 0 0 0 0 0 <0.0001
Akinetic 131 60.1 44 20.2 39 17.9 4 1.8
dyskinetic 57 55 12 12 21 20 14 13

33 49.3 5 7.5 11 16.4 18 26.9
Thallium R-RD
Normal uptake 733 100 0 0 0 0 0
Mild reduction 82 65.1 27 21.4 15 11.9 3 2.4 <0.0001
Moderate reduction 65 60 26 24 11 10 6 6
Severe reduction 44 45 15 15 21 22 17 18
Non TMZ rest MIBI
Normal uptake 733 100 0 0 0 0 0 0
Mild reduction 33 50 17 25.8 15 22.7 1 1.5 <0.0001
Moderate reduction 33 42.9 18 23.4 20 26 6 7.8
Severe reduction 37 17.2 17 7.9 77 35.8 84 39.1
TMZ rest MIBI
Normal uptake 780 100 0 0 0 0 0 0 <0.0001
Mild reduction 51 42 40 33 28 23 2 2
Moderate reduction 38 37 41 39 21 20 4 4
Severe reduction 6 5.1 21 17.9 44 37.6 46 39.3

Figure 7: (a) Relation between resting pre-revascularization score and mitochondrial score. (b) Relation between resting thallium score and mitochondrial score.
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LDD to be 88.2%, but increased by Tl and GSM2 to be 85.6% and 98% 
respectively. The PPV was found to be highest statistically by GSM2 
99.2% while the NPV was modest 75.8%.

Discussion
The present study showed that gated SPECT MIBI enhanced by 

both nitroglycerine and trimetazidine improved the sensitivity and 
specificity of MIBI SPECT such that it approaches the sensitivity of 
Tl (highest value) and specificity of LDD echocardiography (highest 
value) in predicting the viable myocardial segments that will recover 
function post revascularization. Also, the present study revealed that 
there was spectrum of changes in the viable myocardium in response 
to the degree of ischemia in such way that the first to be affected is 
the mitochondrial level and the last to be affected is the sarcolemma 
membrane.

Which type of viability we are asking for

Left ventricular myocardium under ischemic conditions showed 
variable degrees of pathophysiological changes from reversible (such 
as stunning and hibernation) to irreversible (such as scar). This 
spectrum shared one result which is the left ventricular dysfunction 
and patient handicapping. The target of any management is to separate 
the reversible from the irreversible changes and assess the magnitude of 
each. However, there was a controversy for the ideal non-invasive test 
to do that, from under-estimation (LDD) to overestimation (nuclear 
imaging) [33]. This could be explained by the fact that some of the 
viable dysfunctioning myocardium might recover very late (e.g. one 
year post- revascularization). Accordingly, it could be better to use 
the available tools as a complementary to each other in such way we 
can assess the viability spectrum. From this point of view, the current 
study raised the question which we need to know, clinical viability or 
academic one.

Thallium and myocardial viability

Udelson et al. [7] reported positive and negative predictive values 
of 75% and 80%, respectively, for predicting functional improvement 
with the use of rest-redistribution 201Tl SPECT imaging in 18 patients 
undergoing revascularization. On the other hand, meta-analysis of the 
positive and negative predictive (PPV and NPV) values reported by 
McGhie and Weyman [33], showed that the average was 79% and 82.3% 
respectively, similar to the current study which revealed PPV of 90% 
and NPV 85.6%. The observed higher PPV in the current study was 
attributed to the fact that the golden standard in the current study was 
the postoperative resting echocardiography obtained 6 months later. 
The degree of match was statistically high 88.9% between both tests. 
It must be noted that the first scheme obtained in this study depends 
on the presence of abnormal wall motion in preoperative resting 
echocardiography. Accordingly, 289 segments were found to have 
AWM but with normal (126 segments at the end of thallium imaging) 
or mild-to-moderate reduction of thallium uptake (198 segments). A 
possible explanation for this finding is that when infarction involves 
<20% of the wall thickness, hypokinesia is noted; on the other hand, 
when it involves >20% of the wall thickness, akinesis or dyskinesis 
is seen [34]. According to this fact, the lower specificity reported in 
the current study (74.1%) was attributed to the fact that definition of 
viability was clinical viability [18].

Techniques used to enhance accuracy of 99mTc-MIBI SPECT

Use of Gated SPECT imaging: It represents an important advance 
in the evolution of myocardial functional imaging [35]. Wahba et al. 

[36] reported that regional wall motion and thickening can be reliably 
obtained by gated SPECT and echocardiography. However, wall motion 
analysis alone may underestimate the presence of viable myocardium 
because of post-ischaemic stunning [24] and myocardial hibernation. 
Levine et al. [26] evaluated the benefit of adding functional data to 
perfusion data from 99mTc-mibi imaging, and found significantly 
improved sensitivity (P<0.025) and overall accuracy (P<0.05). They 
added that one of the main advantages of gated SPECT is to overcome 
of partial volume effect in such way a small areas or islands of viable 
myocardium can be visualized.

Use of Nitrate with 99mTc-MIBI gated SPECT: Like Tl-
201, the uptake and retention of these agents require intact cell 
membrane properties. In situations in which rest myocardial blood 
flow is moderately or severely reduced, however, Tc-99m-labeled 
agents have inherent disadvantages compared with Tl-201 because 
of the lack of redistribution [37]. Indeed, the myocardial uptake and 
retention of Tc-99m-labeled agents (reflecting viable myocardium) 
appear to be very similar to those of Tl-201 across a relatively wide 
range of perfusion deficits, except in severe perfusion defects, where 
they tend to underestimate the degree of viability 7. Nitroglycerine is 
known to dilate both diseased and normal coronary arteries [38,39] 
and to selectively relax the epicardial (conductance) vessels, thereby 
facilitating flow through collateral channels to zones of myocardial 
ischemia. In addition, nitrates decrease left ventricular preload and 
afterload, thereby decreasing the subendocardial compressive forces 
and improving subendocardial perfusion. This would further facilitate 
tracer delivery in low-flow states and associated severe left ventricular 
dysfunction [40].

Accordingly, He et al. [41] reported overall concordance between 
tetrofosmin SPECT and FDG PET improved from 72% (94/131) to 82% 
(108/131) on a segmental basis and from 75% (27/36) to 86% (31/36) 
on a patient basis. On the other hand, Flotats and Kula [42,43] reported 
overall agreement between 99mTc-tetrofosmin with nitrates and 201Tl-
reinjection regarding the presence of myocardial viability was 90%. 
This was supported by the RD 201Tl images. That is why in the current 
study, nitroglycerine had been used as a basic enhancer for the 99mTc-
MIBI uptake in both sets of injections. Yet, the sensitivity of MIBI is till 
modest in-spite of its high specificity, whereas 215 segments showed 
severe reduction of uptake i.e. considered non-viable and degree of 
matching was modest with the postoperative echocardiography 69.4%. 
This may be attributed to the fact that most of the patients in the current 
study had multivessel disease with severe stenosis and a prolonged 
post-ischaemic impairment of coronary vasodilatation ('microvascular 
stunning) which had been documented [44]. Another explanation 
which was the base of the current study is that, the severe degree of 
coronary artery disease in those patients might cause severe degree 
of degeneration of mitochondria and impairment of its respiratory 
function [18].

Acute administration of TMZ to the current protocol: This 
leads to significant reduction of segments with severe reduction of 
uptake from 215 to 117 segments and increase of number of normal 
segments from 31 to 47. This was best presented in the current study 
by: (1) Highest degree of matching 92.5% with the postoperative resting 
echocardiography, (2) Comparable high sensitivity with thallium 93.5% 
vs. 94.9% and high specificity with LDD Echocardiography 90% vs. 
100%, (3) High PPV 95.9% and NPV 84.6%. This was attributed to 
the fact that the combined use of 2 different markers of viability, such 
as cellular integrity in a-dyskinetic segments and contractile reserve 
in hypokinetic segments leading to higher predictive accuracy for 
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reversible dysfunction than the assessment of contractile reserve in 
all asynergic segments with LDD echocardiography. The contractile 
reserve in the current study was assessed as a first step in our laboratory 
by reactivation of the degenerated mitochondria (source of energy in the 
myocardium) using TMZ. TMZ has several actions as a cytoprotective 
againt myocardial ischemia and necrosis mainly by switching in energy 
substrate preference with a partial inhibition of fatty acid beta-oxidation 
together with an increase in glucose oxidation [45] which is recoupled 
with glycolysis, optimizing the oxygen demand in mitochondria (site of 
MIBI retention) and preventing the decrease in ATP levels [46]. Thus it 
protects myocyte structure and function [46,47] not only by limiting the 
area of necrosis [48] but also by allowing a more rapid return to proper 
functions once ischaemia is stopped [49]. In addition, It counteracts 
calcium overload (thus preventing competitive inhibition with mibi) 
[50], which allows better MIBI uptake by the viable myocardium.

Radionuclide techniques vs. low dose dobutamine 
echocardiography: The current study showed 109 segments, in the 
preoperative hypokinetic (53/218, 24.3%) and akinetic (56/104, i.e. 
53.8%) segments without contractile response to LDD. Of these 
segments 68/109 (62.4%) were found to be viable (structurally) [18] by 
thallium imaging and 50(45.9%) proved to be viable (functionally) [18] 
postoperatively by resting echocardiography. The initial consequences 
to myocardial ischemia are mitochondrial degeneration and calcium 
influx in the myocardium [51], both affecting mibi uptake. Thus, the 
observed lowest number of viable segments (174) in the present study 
concerning first sets of MIBI images (no TMZ) is a normal consequence. 
In addition, in-spite of its high PPV (96%) it has the lowest NPV 
47.9% for prediction of post-revascularization functional recovery. 
The ischemic insult was followed by a mixture of changes resulting in 
the discordance between thallium (structural assessment) and LDD 
echocardiography (functional assessment) as mentioned above and can 
be explained by the followings: 

1. Many of these akinetic segments comprise a mixture of scar 
(often confined to the endocardial layers) and normal myocardium, 
with adequate perfusion at rest to sustain cellular viability, 

2. Severe hypoperfusion confined to the endocardial layers 
of the myocardium can result in transmural akinesia despite normal 
midwall and epicardial blood flow [52],

3. 201Tl uptake in this situation may exceed 50% of maximal 
uptake, since fibrosis may extend only from 25% to 35% of the 
transmural thickness of the asynergic myocardial region. Thus, 
revascularization may not improve resting function in this situation 
compared with the situation of severe resting regional asynergy without 
extensive scar (hibernation) [53]. Another potential mechanism that 
would explain why segments that are viable by 201Tl criteria do not 
respond to dobutamine relates to tethering of these segments to regions 
of extensive scar, which would inhibit recovery of systolic function 
after successful revascularization. Here, viability is not "overestimated" 
by 201Tl scintigraphy [53]. These tethered segments are indeed viable 
but cannot respond to an inotropic stimulus with enhanced regional 
thickening or wall motion. Finally, either some stenotic vessels that 
perfuse viable akinetic regions may not be bypassed at the time of 
surgery, or revascularization does not result in a significant increase 
in flow, so that resting wall motion remains depressed [18]. What 
was shown in the current study revealed that repair of mitochondrial 
activity will reverse the poor NPV of mibi to be similar to thallium 
84.6% by improving contractility in the presence of enhancement of 
both blood flow and use of gating SPECT.

Radionuclides vs. echocardiographic findings and their relation 
to ischemic mitochonrdria: Ultrastructural integrity is a key indicator 
of mitochondrial function and mitochondrial swelling, generally 
reflected by an increase of the mitochondrial area is a well-accepted 
hallmark of dysfunction of this organelle [54].

Electron microscopic findings revealed that the severity of 
degeneration in the cristae of mitochondria in the myocardium is 
correlated with myocardial washout of 99mTc-MIBI [54]. Therefore an 
accelerated 99mTc-MIBI clearance from the myocardium is thought to 
be related to impaired mitochondrial function, including myocardial 
damage. Similar findings had been observed in the current study 
where segments with normal mibi uptake showed dominant Type 
I mitochondria. In contrast to this, the proportions of Type II-IV 
mitochondria (mitochondria with structural abnormalities) increased 
considerably in areas with moderate to severe reduction in mibi uptake. 
According to the percentage of normal mitochondrial structures, the 
percentage of wall motion improvement in the hypokinetic, akinetic 
and dyskinetic segments improved in LDD echocardiography [55].

The presence of membrane electrical potential drives the 
accumulation of 99mTc-MIBI. A decrease in mitochondrial function 
in myocardial cell produces a reduction in the mitochondrial inner 
matrix potential. Trimetazidine had a preferential action on the 
oxidative system (mainly on complex I), increasing its enzyme activity 
and decreasing O2 consumption after phosphorylation; this could 
decrease oxygen free radical production and increase mitochondrial 
integrity, thus allowing the maintenance of the electrical potential. 
That is why MIBI uptake had been improved after trimetzidine. An 
interesting findings in the current study, is the correlation between 
the mitochondrial integrity and LDD, Tl and MIBI uptake (with and 
without TMZ). There was a statistically strong correlation between the 
mitochondrial integrity and the contractile reserve observed in LDD 
with r=0.81 (P<0.0001), modest correlation with degree of Tl and non-
TMZ mibi uptake (r=0.78 and P<0.0001). The most interesting was 
the elevation of this correlation on adding TMZ where it becomes the 
strongest, r=0.91 and P<0.0001. Another worthy note the observation 
of PPV and NPV where all the available non invasive tests in the current 
study were a good positive test for both clinical and academic viability 
with very high PPV which increased significantly for both Tl abd MIBI 
GSM2 to detect academic viability. However, the high NPV of both Tl 
and MIBI GSM2 to detect clinical viability, decreased significantly for 
academic viability in spite of being still the highest in the current study. 
From the available data we can grade viability spectrum into 4 type, 
where grade I viability showed positivity of LDD, Tl, non-TMZ MIBI 
and TMZ MIBI, grade II showed positivity on in LDD, Tl and TMZ 
MIBI, with negative non-TMZ MIBI, grade III, positivity is seen only 
in Tl and TMZ MIBI, while grade IV showed loss of positivity in Tl and 
TMZ MIBI.

Conclusion
The progressive reduction of contractile reserve in stunned, 

hibernating, and scarred myocardium supports the hypothesis 
that stunning, hibernation, and scarring are not circumscript 
pathophysiologic entities but represent gradual ultrastructural damage 
on the myocyte level. Accordingly, a new concept must be reconsidered 
which is that retention of technetium-99m mibi is dependent not 
only on perfusion, but also on the intactness of mitochondria (source 
of energy and consequently for contractility). Thus, mibi must be 
considered as a step of metabolic assessment of viability. In addition, 
as a main focus for viability study, the prediction of improvement of 
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either the global or regional contractile function after revascularization, 
the sensitivity and specificity of enhanced technetium-99m mibi gated 
SPECT enhanced by nitroglycerine and trimetazidine, proves in this 
study its validity for this target. From the available non-invasive tests 
we can grade viability spectrum into 4 grades.
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