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Introduction

Heart failure is a leading cause of hospitalization. More than 915,000 
new patients are diagnosed with heart failure, and the incidence 
increases with age, with 10 patients per 1000 population after 65 years 
of age suffering of heart failure in the United States [1]. Its prevalence 
is growing and estimated up to 1 in 5 among 65 years of age or older 
in 2030 for the Americans population [2]. Prognosis of heart failure 
is poor, and the death rate remains high. Age-adjusted 1-month and 
1-year case fatality after hospitalized heart failure was 10.4% and 
29.5%, respectively [3]. Up to 50% of people diagnosed with heart 
failure will die within 5 years [4 5]. Re-hospitalization is also frequent 
as high as 25% of 1-month after primary diagnosis of heart failure 
[6, 7]. In addition, the cost for the heart failure patient care is high 
and growing. In 2012, total cost for heart failure was estimated to be 
$30.7 billion in America. Of this total, 68% was attributable to direct 
medical costs [8]. Projections show that by 2030, the total cost of heart 
failure will increase almost 127% to $69.7 billion from 2012. This 
equals ≈$244 for every US adult [8].

Once diagnosis of heart failure is made, it is recommended to 
determine the etiology and start treatment according to the etiology 
and pathophysiological status [9,10]. Comprehensive understanding 
of anatomy, function, and pathophysiological status in each patient is 
essential to provide optimal therapy [9,10]. Of incident hospitalized 
heart failure events, 53% had heart failure with reduced ejection 
fraction (HFrEF) and 47% had preserved ejection fraction (HFpEF). 
[3]. HFrEF has several therapeutic options to improve prognosis. On 
the other hand, HFpEF has no such treatment to improve survival. 
Therefore, these 2 groups should be managed differently in some way 
as appropriate [11]. Most required information can be obtained from 
non-invasive imaging modalities, such as echocardiography, magnetic 
resonance imaging (MRI), multi-detector computed tomography, 
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and nuclear imaging. Each imaging modalities has its own strength 
and limitations (Table1) [9]. The imaging modalities should be 
selected based on what kind of information is needed to manage 
each patient: etiology (ischemic/non-ischemic), function (reduced/
preserved ejection fraction and dyssynchrony), complications (mitral 
regurgitation and fatal arrhythmias). Among these information, 
the etiology is the most important issue because ischemia is one of 
the most frequent causes of heart failure and crucial for therapeutic 
selection.

Etiology of heart failure was investigated using meta-analysis 
fashion from 24 published study including 43,568 patients, of whom 
62% had an ischemic etiology [12]. The cause of more advanced heart 
failure patients who were candidates for cardiac resynchronization 
therapy (CRT) was also reported. Among 14 observational studies 
including 3,463 patients, 1,842 (53.2%) patients had an ischemic 
etiology [13]. Therefore, ischemic etiology is a leading cause of heart 
failure. In patients with ischemic cardiomyopathy, advanced heart 
failure, and fatal arrhythmias, indication for revascularization, cardiac 
resynchronization therapy, and implantable cardiac defibrillator 
should be evaluated, respectively. For this purpose, non-invasive 
imaging is also useful.
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Abstract

   Chronic heart failure is posing medical and socio-economicburden with a high prevalence, high re-
hospitalization rate, and high mortality. It consumes huge cost, including direct/indirect medical cost, 
and needs multidisciplinary medical staffs. In addition, its prevalence and cost are growing now and 
towards the future. Heart failure is an entity of clinical syndrome, including various etiology, such as 
ischemic heart disease, valvular heart disease, cardiomyopathies, and so on. Therefore, comprehensive 
understanding of pathophysiological status in each patient is essential to provide optimal therapy. From 
this point of view, non-invasive cardiac imaging including echocardiography, magnetic resonance imaging, 
multi-detector computed tomography, and nuclear imaging play a crucial role to assess anatomy and 
function. Some of them provide pathophysiological information underlying heart failure. The imaging 
modalities should be selected based on what kind of information is needed to manage each patient: 
etiology (ischemic/non-ischemic), function (reduced/preserved ejection fraction and dyssynchrony), 
complications (mitral regurgitation and fatal arrhythmias). In patients with ischemic cardiomyopathy, 
advanced heart failure, and fatal arrhythmias, indication for revascularization, cardiac resynchronization 
therapy, and implantable cardiac defibrillator should be evaluated, respectively. Myocardial viability 
has been regarded as prerequisite for revascularization. However, it is controversial after The Surgical 
Treatment for Ischemic Heart Failure (STICH) trial. This review focus on the myocardial viability and 
discuss some issues concerning assessment of myocardial viability.

http://dx.doi.org/10.15344/ijrmi/2016/110
http://dx.doi.org/10.15344/ijrmi/2016/110
http://dx.doi.org/10.15344/ijrmi/2016/110


Int J Radiol Med Imag                                                                                                                                                                                             IJRMI, an open access journal                                    
                                                                                                                                                                                                                                    Volume 2. 2016. 110                                                                                                                      

Myocardial viability has been regarded as an essential element 
for indication of revascularization in patients with left ventricular 
(LV) dysfunctionand coronary artery disease (CAD). The utility of 
viability assessment was reported in a meta-analysis of 24 viability 
studies including 3088 patients by Allman et al. They showed strong 
relationship between viability and survival after revascularization 
(Figure 1)[14]. Schinkel et al. also reported the importance of viability 
determination in terms of prognosis. A total of 28 prognostic studies 
including 3848 patients were analyzed. The patients with viability 
who underwent revascularization demonstrated the lowest mortality 
rate (3.6%), whereas annualized mortality rate were not different 
between non-viable patients and viable with medical treatment 
patients (ranging from 9.1% to 11.6%) [15]. However, outcome 
after revascularization varies even in the presence of substantial 
myocardial viability. STICH trial was conducted to clarify the merit of 
coronary artery bypass grafting (CABG) in patients with HFrEF and 
less severe multi-vessel CAD. All-cause mortality was not reduced by 
CABG, however, cardiovascular death and death from any cause or

Citation: Kasai T (2016) Myocardial Viability Assessment is Still Alive and an Important Element in Predicting Prognosis and Providing Optimal Management 
for Ischemic Heart Failure. Int J Radiol Med Imag 2:110. doi:  http://dx.doi.org/10.15344/ijrmi/2016/110

        Page 2 of 10

cardiovascular hospitalization were significantly reduced (relative risk 
reduction rate was 19% and 26%, respectively) [16]. The next issue is 
who is benefit from CABG? Myocardial viability has been regarded 
as an essential element to select candidates for revascularization. 
However, the viability determination did not identify patients with 
a differential survival benefit from CABG as compared with medical 
therapy alonefrom the sub-study of STICH trial [17]. STICH trial 
recruited myocardial perfusion single photon emission computed 
tomography (SPECT) or dobutamine stress echocardiography (DSE) 
for viability determination. Therefore, viability might have been 
underestimated because of lower sensitivity to detect viability with 
these two modalities. However, F-18-fluorodeoxyglucose (FDG) 
positron emission tomography (PET), which is the most sensitive 
imaging to detect viability, assisted management for patients with 
severe left ventricular dysfunction and suspected CADalso failed to 
demonstrate a significant reduction in cardiac events compared with 
standard care (PARR-2 study) [18]. Therefore, myocardial viability 
assessment is controversial to select appropriate candidates for 
revascularization after STICH era. 

Echo CMR MDCT Nuclear

Remodeling

LVEDV/ESV ++ +++ ++ ++

LVEF ++ +++ ++ ++

LV mass ++ +++ ++

Function

Systolic +++ +++ ++ ++

Diastolic +++ +++ ++ ++

Dyssynchrony ++ + +

Etiology

CAD    Anatomy + +++

          Ischemia +++ +++ +++

          Scar ++ +++ ++

Valve   Stenosis +++ + ++

          Regurgetation +++ ++

Myocardial tissue 
characterization

+ +++ + 1

Viabilty

Sensitivity ++ ++ +++

Specificity +++ +++ ++

Advantage

First-line imaging No radiation High spacial resolution Good availability 2

Excellent availability Wide application Good availability

Portability

Low cost

No radiation

Disadvantage

Poor reproducibility Limited availability Limited image quality if Radiation

Echo window needed Limited image quality if arrhythmia Limited availability for PET

arrhythmia Radiation

modified from [12]                                             1) Sarcoidosis  
                                                                                                                                                                                                                                          2) Except for PET

Table 1: Application of multi-modality imaging in the diagnosis of heart failure.
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This review focuses on myocardial viability and discusses whether 
myocardial viability assessment is crucial before revascularization.

Definition of Myocardial Viability and Pathophysiological 
Status

Myocardial viability is defined as myocardial segments 
characterized by reduced contractile function but potentially 
reversible either spontaneously or with revascularization. Left 
ventricular (LV) dysfunction had been regarded as irreversible before 
revascularization era. After introduction of the notion, “hibernation” 
and “stunning”, it has well established that dysfunctional but viable 
(hibernating or stunning) myocardium in patients with chronic CAD 
will considerably improve in function after revascularization [19,20].

Hibernation refers to the status of ischemic myocardium with 
reduced or absent wall motion but preserved cell viability. Myocardial 
perfusion may be normal or near normal at rest with diminished 
coronary flow reserve [21]. Stunning refers to the status of long lasting 
reduced myocardial contractile due to transient severe or repetitive 
ischemia that recovers eventually [22]. These dysfunctional but 
viable myocardium (jeopardized myocardium) can be determined by 
viability testing and recovers their function with revascularization. 
In contrast, mixture of intact myocardium (non-jeopardized) 
and scar tissue will not recover in function but still regarded as 
viable myocardium. Therefore, viability testing needssimultaneous 
assessing myocardial jeopardy in terms of functional recovery after 
revascularization.

Similarity and differences among imaging technique in 
determining viability

Multiple imaging modalities, including DSE, MRI, SPECT, PET 
have been used for assessing myocardial viability and prediction of 
outcome after revascularization. Sensitivity and specificity of various 
viability testing in predicting recovery of function are reported 
(Figure 2, Table 2) [15, 23]. DSE is performed with stepwise infusion 
of dobutamine from 5 to 40 mcg/kg/min. Contractile reserve is 
assessed by wall motion improvement during low-dose phase (5 to 
10 mcg/kg/min). Ischemia is also evaluated by deterioration of wall 
motion at high dose phase (10 to 40 mcg/kg/min). Biphasic wall

motion response represents viable and ischemic myocardium. 
However, it has been reported that up to 50% of dysfunctional 
segments without contractile reserve still have resting perfusion 
(≥50% of % uptake in myocardial perfusion imaging) and/or glucose 
metabolism. This discrepancy means that DSE indicates no viability 
but nuclear imaging does. Therefore, some of these segments may
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Figure 1: Mortality rate for patients with and without myocardial 
viability treated by revascularization or medical therapy. The annual 
mortality rate after revascularization in patients with viability was lower 
than that for patients treated medically. There was no difference in 
mortality rates in patients without viability between revascularization 
and medical treatment [14].

Imaging technique Mean viable 
myocardium

Optimal threshold 
for viability

(number of studies) %, (SD) %, (95%C.I.)

PET overall (N = 7) 21 (13) 25.8 (16.6-35.0)

PET with FDG/NH3 (N = 3) 20 (15) 22.5 (10.1-34.8)

PET with FDG/Tc-99m (N = 3) 22 (16) 29.2 (20.7-37.8)

DSE overall (N = 8) 32 (24) 35.9 (31.6-40.3)

DSE with LDD (N = 4) 33 (28) 33.6 (27.4-39.8)

DSE with HDD (N = 2) 35 (31) 44.1 (37.2-50.9)

SPECT overall (N = 6) 38 (25) 38.7 (27.7-49.7)

SPECT with Tl-201 (N = 5) 41 (35) 38.0 (26.2-49.7)

Figure 2: Sensitivities and specificities with 95% confidence interval of 
the various viability testing in predicting recovery of regional (A) and 
global (B) left ventricular function after revascularization [15,23].

Table 3. Optimal cutoff  values for the extent of viable myocardium 
predicting improved survival with revascularization over medical 
therapy [42].

PET, positron emission tomography; FDG, fluorine-18 
fluorodeoxyglucose; NH3, nitrogen-13 ammonia;  Tc-99m, technetium-
99m DSE, dobutamine stress echocardiography; LDD, low dose 
dobutamine; HDD, high dose dobutamine; Tl-201, thallium-201

http://dx.doi.org/10.15344/ijrmi/2016/110


Int J Radiol Med Imag                                                                                                                                                                                             IJRMI, an open access journal                                    
                                                                                                                                                                                                                                    Volume 2. 2016. 110                                                                                                                      

improve function after revascularization. Hence, these 2 modalities 
are less sensitive but more specific to detect viability compared to 
nuclear imaging based on the “Ischemic Cascade” theory (Figure 2, 
Table 3)[15,23,24].

Nuclear imaging has been used widely and there is a lot of evidence 
among various viability testing. 201Thallium chloride (201Tl) reflects 
myocardial perfusion and cell membrane integrity. In addition to 
the conventional stress-rest protocol, rest-redistribution and stress-
redistribution-reinjection protocol are feasible. Viability is ascertained 
in case of redistribution in a region of dysfunction. Even in the 
absence of redistribution, ≥50% uptake indicates viability. Figure 3 
demonstrates anteroseptal fixed defect with 201Tl and apical dyskinesis 
in patients with prior MI. Dyskinesis without redistribution implies 
no viability; however, %uptake remains ≥50% in the infarcted zone, 
except apex and adjacent anterior wall. After PCI to the severe stenosis 
of left anterior descending artery, both myocardial perfusion and LV 
function recovered to normal, including apex (Figure 4). Stress/Rest 
perfusion SPECT tends to underestimate myocardial viability (Figure 
2); therefore, understanding the feature of each imaging modality for 
viability testing is essential and careful observation is crucial.

99mTechnetium perfusion tracers are also available. Retention of the 
tracers indicates cell membrane integrity and mitochondria function. 
Percent uptake ≥50% also indicates viability. In case of severe ischemia 
such as resting ischemia, sestamibi SPECT after nitrate administration 
is recommended so as to increase coronary blood flow (supply) to the 
compromised hypoperfused area. More than 10% increase in tracer 
uptake after nitrate administration indicates viability [25].

PET using fluorine18-deoxyglucose (FDG) is gold standard for 
viability assessment. FDG is a glucose analog and reflects glucose 
metabolism. FDG uptake depends on the metabolic circumstances. 
High blood glucose and low free fatty acid with high insulin level are 
required to obtain maximum uptake. This situation can be achieved by 
preparation such as simple oral glucose loading or hyperinsulinemic 
clamping [26]. FDG PET is assessed in combination with perfusion 
study, such as nitrogen13-ammonia PET and sestamibi SPECT. 
Perfusion reduction with preserved metabolism reflects hibernating 
myocardium recognized as “mismatch pattern”. Figure 5 demonstrates
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Technique No. of 
Patients

Sensitivity Specificity PPV

(No. of 
studies)

(%) (%) (%)

FDG PET 756 
(24)

92 63 74

Tl-201 SPECT 1119 
(40)

87 54 67

Tc-99m SPECT 721 
(25)

83 65 74

Echocardiography, 
dobutamine

1421 
(41)

80 78 75

MRI, wall 
thickness

100 
(3)

95 41 56

MRI, dobutamine 272 
(9)

74 82 78

MRI, CE 178 
(5)

84 63 72

Direct Comparison of Dobutamine Echocardiography and Nuclear 
Imaging

Echocardiography, 
dobutamine

325 
(11)

74 78 84

Nuclear Imaging 325 
(11)

90 57 75

CE, contrast-enhanced; DSE, dobutamine stress echocardiography; 
FDG, Fluorine 18-deoxyglucose; MRI, magnetic resonance imaging; 
NPV,  negative predictive value; PPV, positive predictive value; Tc-99m, 
99technetium; Tl-201, 201thallium.

Table 2: Prediction function recovery after revascularization [15,23].

Figure 3: Dyskineticdistal anteroseptal prior wall without redistribution on 201Tl SPECT. There is less chance to recover left ventricular function 
from this information. However, %uptake of dyskinetic region remains > 50%. Therefore, this dyskinetic region is determined viable eventually.

http://dx.doi.org/10.15344/ijrmi/2016/110


Int J Radiol Med Imag                                                                                                                                                                                             IJRMI, an open access journal                                    
                                                                                                                                                                                                                                    Volume 2. 2016. 110                                                                                                                      

mismatch pattern in anteroseptal and inferior regions with 201Tl 
SPECT/18F-FDG PET imaging. Diffuse severe hypokinesis was 
observed with reduced LVEF (24%) and remodeling. Large hibernating

myocardium with severely reduced EF and remodeling apparently 
indicated revascularization; however, this patient refused reperfusion 
therapy, resulted in cardiac death 20 months later.
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Figure 4: Same case with Figure 3. Both perfusion and function returned normal after percutaneous coronary intervention to proximal tight lesion of left 
anterior descending artery. Reverse remodeling is also apparent.

Figure 5: Severe perfusion defects in anteroseptal and inferior walls on 201Tl SPECT. Diffuse severe hypokinesis is shown on gated PET imaging. However, 
preserved uptake was demonstrated in anteroseptal and inferior walls on 18F-FDG PET. This mismatch pattern indicates viability and benefit from 
revascularization. However, this patient refused revascularization treatment, and then medical treatment was selected. Cardiac death was occurred 20 
month later (by courtesy of Dr. Mitsuru Momose in Tokyo Women’s Medical University).
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MRI is used for viability determination with low dose dobutamine 
same as DSE with similar detectability (Table 3, Figure 2)[15,23,24]. 
MRI with delayed contrast enhancement is also useful. Kim et al. 
reported that wall motion recovery can be predicted with the degree 
of myocardial enhancement. As the degree of enhancement become 
thicker, there will be less chance to improve wall motion. Wall motion 
recovery cannot be expected in patients with myocardial enhancement 
exceeding 51% of its thickness [27]. On the contrary, preserved 
thickness without contrast enhancement can predict systolic function 
recovery. Ichikawa et al. reported that the dysfunctional zone with wall 
thickness ≥ 5.1mm in patients with prior MI and ≥3.9mm with acute 
MI without contrast enhancement can recover with revascularization 
[28].

Outcomes after Revascularization associated with viability

A sub-study of STICH trial demonstrated that the viability 
determination did not identify patients with a differential survival 
benefit from CABG as compared with medical therapy alone [17].
PARR-2 study was conducted in a randomized fashion to assess the 
effectiveness of FDG PET-assisted management in patients with 
severe ventricular dysfunction and suspected CAD. Unfortunately, 
this study also failed to demonstrate the usefulness of FDG PET-
assisted management for such patients [18]. However, sub-study of 
PARR-2 clearly demonstrated that ischemic cardiomyopathy with 
larger amount of hibernating myocardium have improved outcomes 
with revascularization [29]. LV remodeling also affects prognosis. 
Bo now et al. reported that absence of viability with LV remodeling 
(end-systolic volume index > 84 ml/m2) predicts the highest mortality 
regardless of treatment. However, combination of viability and LV 
remodeling did not influence the effect of CABG relative to medical 
therapy in STICH cohort [30].

Viability is important to predict LV dilatation after acute myocardial 
infarction. In patients with large infarct (peak creatine kinase > 1000 
IU/l), viability assessed by low dose DSE was the only predictor of 
LV dilatation [31]. Even in the absence of EF improvement after 
CABG in chronic CAD, patients with viability have better prognosis 
compared with those without viability [14]. Classical definition of 
myocardial viability is myocardial segments characterized by reduced 
contractile function but potentially reversible either spontaneously 
or with revascularization. However, viable myocardium sometimes 
does not recover its systolic function after revascularization. Even 
in that case, prognosis may be better than the case without viability 
as long as concomitant jeopardized myocardium [32]. Mechanism 
of improvement of prognosis can be speculated as prevention of LV 
dilatation (remodeling). LV remodeling is also major predictor of 
prognosis in patients with CAD. Therefore, viability assessment is 
still important before revascularization even in the absence of EF 
improvement.

Additional factors regarding prediction of functional 
recovery

From the prognostic point of view, viability is not the only predictor.

   Once viability is confirmed, timing of revascularization should be 
also taken into consideration. Early revascularization is beneficial in 
substantial viability; however, late revascularization is associated with 
worse outcomes in terms of LVEF improvement and mortality [33, 34]. 
Long term mortality was 4-folfd higher in the later revascularization 
group (>1 month) than that in the earlier revascularization group (≤1 
month) [33]. Therefore, recommended period for revascularization is 
within 1 month after viability testing. 

   Poor exercise capacity is another predictor of mortality. Stewart et al. 
reported that mortality was lower for patients randomized to CABG 
compared with medical therapy who walked ≥ 300m in 6 minutes in a 
sub-study of STICH trial (hazard ratio [HR]: 0.77; p = 0.038) Patients 
unable to walk 300m in 6 minutes or with a physical ability score ≤ 55 
had higher mortality rate during first 60 days with CABG (HR: 3.24; 
p = 0.002) [35].

In the assessment of viable (hibernating) myocardium using PET, 
scar volume can be also quantified. Perfusion/metabolism mismatch 
is well-known parameter for viability; however, extent of scar tissue 
is negatively correlated with EF improvement after revascularization 
and a stronger predictor than perfusion/metabolism mismatch. [36]

   
Extent of coronary and myocardial disease also affects the outcome. 

Presence of 3-vessel disease, EF < 27%, and end-systolic volume index 
> 79 ml/m2 are regarded major prognostic factors. Of these factors, 
patients with 2 to 3 factors had reduced long term mortality with 
CABG compared with those who received optimal medical therapy 
from the STICH cohort (HR: 0.53; p <0.001). On the other hand, 
CABG had no such effect in patients with 0 to 1 factor (HR: 0.88; p 
= 0.535). Therefore, more extent and more severe disease tend to be 
beneficial with CABG [37].

In addition to the viability status, these additional factors may 
influence the outcome. The COURAGE trial demonstrated that 
percutaneous coronary intervention (PCI) did not reduce mortality 
in patients with stable CAD compared with optimal medical therapy 
as a whole [38]. However, moderate to severe ischemic patients were 
proved to benefit from PCI from the nuclear sub-study [39]. Similar 
situation exists around the viability issues. Therefore, adjusting these 
factors indicated above is required before final conclusion.

Role of viability assessment

After STICH trial, viability testing before revascularization has 
been regarded as meaningless because inducible myocardial ischemia 
or viability does not identify patients with worse prognosis or those 
with greater benefit from CABG over optimal medical therapy [17, 
40]. Despite the consistent negative results for the viability testing, 
apparent limitations exist in these sub-studies. First of all, the no 
blinded and nonrandomized fashion for viability testing of only <50% 
of eligible patients introduces considerable selection biases. Second, 
revascularization was performed not guided by the presence of viable 
myocardium within the corresponding coronary artery territories. 
Third, viability testing was restricted to either SPECT or DSE, 
which are less sensitive to detect viability than MRI with contrast 
enhancement or PET [15,27]. In addition, resting ischemia is often 
observed in patients with severe myocardial ischemia. In such cases, 
summed difference (= ischemic) score may not reach as high as 4 
with SPECT due to much poorer coronary flow reserve or balanced 
ischemia, and severe ischemic segments may not demonstrate 
contractile reserve in as high as 2 segments with DSE. Therefore, a 
randomized trial of viability guided revascularization versus optimal 
medical therapy after viability assessment using PET or MRI with 
contrast enhancement is necessary.

PARR-2 study failed to demonstrate the usefulness of FDG PET-
assisted management for patients with severe ventricular dysfunction 
and suspected CAD. [18] However,  sub-study of PARR-2 demonstrated 
that ischemic cardiomyopathy with larger amount of hibernating 
myocardium have improved outcomes with revascularization. Those 
with hibernating myocardium >7% had a significantly reduced 
composite primary endpoint including cardiac death, myocardial

Citation: Kasai T (2016) Myocardial Viability Assessment is Still Alive and an Important Element in Predicting Prognosis and Providing Optimal Management 
for Ischemic Heart Failure. Int J Radiol Med Imag 2:110. doi:  http://dx.doi.org/10.15344/ijrmi/2016/110

        Page 6 of 10

http://dx.doi.org/10.15344/ijrmi/2016/110


Int J Radiol Med Imag                                                                                                                                                                                             IJRMI, an open access journal                                    
                                                                                                                                                                                                                                    Volume 2. 2016. 110                                                                                                                      

infarction, and cardiac hospitalization with revascularization 
compared with medical management (3 [13%] vs. 9 [56%], p = 
0.015) [29]. Another sub-study of PARR-2 trial revealed that FDG 
PET-assisted management significantly reduced the same endpoints 
with revascularization compared with standard care in experienced 
centers having heart teams (19% vs. 41%, p = 0.005) [41]. Inaba et 
al. demonstrated that similar survival benefits with revascularization 
of viable myocardium regardless of imaging technique used to 
determine viability in a meta-analysis. However, cutoff value of 
viable myocardium extent for each modality should be separately 
determined. Sensitive modality such as PET revealed relatively lower 
cutoff value compared with less sensitive DSE and SPECT (Table 2) 
[42] .

 In predicting favorable outcomes after revascularization for 
CAD patients with LV dysfunction,accurate viability testing with 
jeopardized myocardium assessment and management with reliable 
heart team may be required.

Viability and Cardiac Resynchronization Therapy

   Cardiac resynchronization therapy (CRT) is effective to improve 
outcomes of advanced heart failure regardless of ischemic or non-
ischemic etiology [43]. However, about 30% of these patients did 
not respond to CRT [44]. General indication for CRT required 4 
factors: refractory to medical therapy, NYHA functional class II-IV, 
with LVEF < 35%, and QRS duration > 120 msec [9,45,46]. To reduce 
non-responders, some methods which can discern who is benefit 
from CRT is demanding. Left ventricular mechanical dyssynchrony 
is prevalently assessed by echocardiography using tissue Doppler 
imaging technique and may be one of the potential predictors for 
response to CRT. PROSPECT study is a prospective 53 multi-center 
study including 498 patients who fulfilled standard indication for CRT

and conducted whether 12 parameters of mechanical dyssynchrony 
derived from echocardiography can differentiate between responders 
and non-responders to CRT. Unfortunately, no single parameter of 
dyssynchrony could predict the response to CRT because of wide 
variability of the results [47].

Nuclear imaging also provides mechanical dyssynchrony parameters 
[48]. In contrast echocardiography, nuclear imaging technique is less 
variable and determined the responders to CRT more accurately [48]. 
In addition, the extent and location of scar tissue can be determined 
[49-51]. Phase analysis of gated SPECT data determined the onset 
of mechanical contraction by measuring regional count variation 
over cardiac cycle, which is consistent with wall thickening, with 
Fourier transformation [52]. Phase standard deviation and the 
phase histogram bandwidth predict response to CRT (Figure 7) [48]. 
Responders demonstrated larger histogram bandwidth (94 ± 23° vs 
68± 21°, p < 0.01) and stander deviation (26±6° vs 18±5°, p < 0.01). 
Cutoff value of 102.5° for histogram bandwidth and 19.6°for phase 
SD demonstrated that sensitivity, specificity, and area under the 
curve(AUC) for predicting response to CRT were 83%, 81%, and 0.83; 
83%, 81%, and 0.85, respectively [48]. These dyssynchrony parameters 
derived from gated SPECT were superior in predicting response to 
CRT than those obtained by echocardiography demonstrated in 
PROSPECT study (AUC ≤ 0.62) [47]. Another predictor of responders 
to CRT is extent of scar tissue and viable myocardium. [49,53,54,55]
Summed rest score (SRS) is quantified as an index of scar extent on 
myocardial perfusion SPECT. SRS ≥ 27 predicts lack of response to 
CRT (Figure 8) [48]. Pacing site and degree of localized scarring also 
affect the response to CRT. The latest activation region is the most 
appropriate site for LV lead placement and associated with good 
response to CRT [55, 56]. Localized scar burden at pacing site also 
affects the response to CRT. [49,57,58].
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Figure 6: Magnetic resonance imaging with late gadolinium enhancement demonstrates in 4-chamber view (A-I), basal short axis (A-II), and apical 
short axis (A-III). Less than 50% of enhanced myocardium is seen at mid-basal anterior and septal wall. More than 51% of enhanced myocardium is 
seen at distal anteroseptal wall and apex. Thicker enhanced myocardial region is consistent with reduced uptake of 99mTechnetium sestamibi (< 50%, 
B). Dyskinetic apex and its adjacent area demonstrate no viability.

http://dx.doi.org/10.15344/ijrmi/2016/110


Int J Radiol Med Imag                                                                                                                                                                                             IJRMI, an open access journal                                    
                                                                                                                                                                                                                                    Volume 2. 2016. 110                                                                                                                      

Citation: Kasai T (2016) Myocardial Viability Assessment is Still Alive and an Important Element in Predicting Prognosis and Providing Optimal Management 
for Ischemic Heart Failure. Int J Radiol Med Imag 2:110. doi:  http://dx.doi.org/10.15344/ijrmi/2016/110

        Page 8 of 10

Figure 7: Kaplan-Meier curves depicting survival free from cardiac transplant or mechanical circulatory support in ischemic 
cardiomyopathy patients who had both single-photon emission computed tomography perfusion imaging and echocardiographic 
dyssynchrony analysis before CRT. (A) Extent scar burden (SRS > 27) was associated significantly lower survival. (B) LV dyssynchrony 
defined as both longitudinal and radial dyssynchrony was not predictive of survival [48].

Figure 8: (A) A patient without dyssynchrony on gated SPECT. Synchronous onset of contraction is shown on relatively uniform 
phase angle distribution (left) and tight width and highly peaked histogram (right). At 6 month after CRT, no improvement in NYHA 
functional class was observed and LVEF remained unchanged (32%→33%). (B) A patient with apparent dyssynchrony on gated SPECT. 
LV dyssynchrony is demonstrated by heterogeneous phase angle distribution of polar map (left) and wide histogram width (right). At 6 
month after CRT, NYHA functional class improved (III→II), with increase in LVEF (21%→33%) (Fig. 7). Left ventricular dyssynchrony 
was analyzed using Quantitative Gated SPECT software (Cedars-Sinai Medical Center, LA, USA) [48].
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CRT responders can be identified from comprehensive evaluation 
including LV mechanical dyssynchrony, scar burden/residual viable 
myocardium, concordance of pacing site and the latest activation 
region, and localized scar burden at pacing site. All these information 
can be obtained from gated myocardial perfusion SPECT as one stop 
shop which is less variable and reliable modality.

Conclusion

   Ischemic heart failure patients need comprehensive evaluation 
including etiology, function, and pathophysiological status for 
optimal management. Multi-modality imaging can provide 
most of these information. Of these, ischemia and viability are 
particularlyimportant.Viability alone may not predict who benefit 
from revascularization. However, integration of viability, concomitant 
myocardial jeopardy, scar burden, and other relevant information 
leads to accurate prediction who benefit from revascularization. 
After completion of comprehensive understanding of the individual 
heart failure status, personalized management with heart team will 
maximize the efficacy of each treatment.

Competing Interests

The authors have no competing interests with the work presentedin 
this manuscript.

 
References

1.	 Mozaffarian D, Benjamin EJ, Go AS, Arnet DK, Blaha MJ, et al. (2015) on 
behalf of the American Heart Association Statistics Committee and Stroke 
Statistics Subcommittee. Heart Disease and Stroke Statistics-2016 Update 
A Report From the American Heart Association. Circulation 132: 000-000.

2.	 Heidenreich PA, Albert NM, Allen LA, Bluemke DA, Butler J, et al. (2013) 
on behalf of the American Heart Association Advocacy Coordinating 
Committee; Council on Arteriosclerosis, Thrombosis and Vascular Biology; 
Council on Cardiovascular Radiology and Intervention; Council on Clinical 
Cardiology; Council on Epidemiology and Prevention; Stroke Council. 
Forecasting the impact of heart failure in the United States: a policy 
statement from the American Heart Association. Circ Heart Fail 6: 606-619.

3.	 Chang PP, Chambless LE, Shahar , Bertoni A, Russell SD, et al. (2014) 
Incidence and survival of hospitalized acute decompensated heart failure 
in four US communities (from the Atherosclerosis Risk in Communities 
Study). Am J Cardiol 113: 504-510.

4.	 Roger VL, Weston SA, Redfield MM, Hellermann-Homan JP, Killian J, et al. 
(2004) Trends in heart failure incidence and survival in a community-based 
population. JAMA 292: 344-350.

5.	 National Center for Health Statistics. Mortality multiple cause micro-data 
files, 2011: public-use data file and documentation: NHLBI tabulations.

6.	 Go AS, Mozaffarian D, Roger VL, Benjamin EJ, Berry JD, et al. (2013) 
Heart disease and stroke statistics-2013 update: A report from the American 
Heart Association. Circulation 127: e6-e245.

7.	 Curtis LH, Greiner MA, Hammill BG, Kramer JM, Whellan DJ, et al. (2008) 
Early and long-term outcomes of heart failure in elderly persons, 2001-
2005. Arch Intern Med 168: 2481-2488.

8.	 Heidenreich PA, Albert NM, Allen LA, Bluemke DA, Butler J, et al. (2013) 
American Heart Association Advocacy Coordinating Committee; Council 
on Arteriosclerosis, Thrombosis and Vascular Biology; Council on 
Cardiovascular Radiology and Intervention; Council on Clinical Cardiology; 
Council on Epidemiology and Prevention; Stroke Council. Circ Heart Fail 
6: 606-619.

9.	 McMurray JJ, Adamopoulos S, Anker SD, Auricchio A, Bohm M, et al. (2012) 
ESC Guidelines for the diagnosis and treatment of acute and chronic heart 
failure 2012: The Task Force for the Diagnosis and Treatment of Acute 
and Chronic Heart Failure 2012 of the European Society of Cardiology. 
Developed in collaboration with the Heart Failure Association (HFA) of the 
ESC. Eur Heart J 33: 1787-1847.

http://content.onlinejacc.org/article.aspx%3Farticleid%3D1695825
http://content.onlinejacc.org/article.aspx%3Farticleid%3D1695825
http://content.onlinejacc.org/article.aspx%3Farticleid%3D1695825
http://content.onlinejacc.org/article.aspx%3Farticleid%3D1695825
http://www.ncbi.nlm.nih.gov/pubmed/24484862
http://www.ncbi.nlm.nih.gov/pubmed/24484862
http://www.ncbi.nlm.nih.gov/pubmed/24484862
http://www.ncbi.nlm.nih.gov/pubmed/24484862
http://www.ncbi.nlm.nih.gov/pubmed/16966596
http://www.ncbi.nlm.nih.gov/pubmed/16966596
http://www.ncbi.nlm.nih.gov/pubmed/16966596
http://www.ncbi.nlm.nih.gov/pubmed/24732141
http://www.ncbi.nlm.nih.gov/pubmed/24732141
http://www.ncbi.nlm.nih.gov/pubmed/24732141
http://www.ncbi.nlm.nih.gov/pubmed/11923039
http://www.ncbi.nlm.nih.gov/pubmed/11923039
http://www.ncbi.nlm.nih.gov/pubmed/11923039
http://www.ncbi.nlm.nih.gov/pubmed/11923039
http://www.ncbi.nlm.nih.gov/pubmed/17560992
http://www.ncbi.nlm.nih.gov/pubmed/17560992
http://www.ncbi.nlm.nih.gov/pubmed/17560992
http://www.ncbi.nlm.nih.gov/pubmed/21463150
http://www.ncbi.nlm.nih.gov/pubmed/21463150
http://www.ncbi.nlm.nih.gov/pubmed/21463150
http://www.ncbi.nlm.nih.gov/pubmed/21463153
http://www.ncbi.nlm.nih.gov/pubmed/21463153
http://www.ncbi.nlm.nih.gov/pubmed/21463153
http://www.ncbi.nlm.nih.gov/pubmed/17996568
http://www.ncbi.nlm.nih.gov/pubmed/17996568
http://www.ncbi.nlm.nih.gov/pubmed/17996568
http://www.ncbi.nlm.nih.gov/pubmed/17996568
http://www.ncbi.nlm.nih.gov/pubmed/17996568
http://www.ncbi.nlm.nih.gov/pubmed/3782649
http://www.ncbi.nlm.nih.gov/pubmed/3782649
http://www.ncbi.nlm.nih.gov/pubmed/3782649
http://www.ncbi.nlm.nih.gov/pubmed/8941085
http://www.ncbi.nlm.nih.gov/pubmed/8941085
http://www.ncbi.nlm.nih.gov/pubmed/15486110
http://www.ncbi.nlm.nih.gov/pubmed/15486110
http://www.ncbi.nlm.nih.gov/pubmed/25733105
http://www.ncbi.nlm.nih.gov/pubmed/25733105
http://www.ncbi.nlm.nih.gov/pubmed/25733105
http://www.ncbi.nlm.nih.gov/pubmed/2950748
http://www.ncbi.nlm.nih.gov/pubmed/2950748
http://www.ncbi.nlm.nih.gov/pubmed/2950748
http://www.ncbi.nlm.nih.gov/pubmed/9362401
http://www.ncbi.nlm.nih.gov/pubmed/9362401
http://www.ncbi.nlm.nih.gov/pubmed/9362401
http://www.ncbi.nlm.nih.gov/pubmed/9362401
http://www.ncbi.nlm.nih.gov/pubmed/9362401
http://www.ncbi.nlm.nih.gov/pubmed/1613561
http://www.ncbi.nlm.nih.gov/pubmed/1613561
http://www.ncbi.nlm.nih.gov/pubmed/1613561
http://www.ncbi.nlm.nih.gov/pubmed/1613561
http://www.ncbi.nlm.nih.gov/pubmed/11078769
http://www.ncbi.nlm.nih.gov/pubmed/11078769
http://www.ncbi.nlm.nih.gov/pubmed/11078769
http://www.ncbi.nlm.nih.gov/pubmed/15766827
http://www.ncbi.nlm.nih.gov/pubmed/15766827
http://www.ncbi.nlm.nih.gov/pubmed/15766827
http://www.ncbi.nlm.nih.gov/pubmed/15766827
http://www.ncbi.nlm.nih.gov/pubmed/15766827
http://www.ncbi.nlm.nih.gov/pubmed/19761983
http://www.ncbi.nlm.nih.gov/pubmed/19761983
http://www.ncbi.nlm.nih.gov/pubmed/19761983
http://www.ncbi.nlm.nih.gov/pubmed/19761983
http://dx.doi.org/10.15344/ijrmi/2016/110
http://www.ncbi.nlm.nih.gov/pubmed/24342763
http://www.ncbi.nlm.nih.gov/pubmed/24342763
http://www.ncbi.nlm.nih.gov/pubmed/24342763
http://www.ncbi.nlm.nih.gov/pubmed/24342763
http://www.ncbi.nlm.nih.gov/pubmed/15265849
http://www.ncbi.nlm.nih.gov/pubmed/15265849
http://www.ncbi.nlm.nih.gov/pubmed/15265849
http://www.ncbi.nlm.nih.gov/pubmed/23239837
http://www.ncbi.nlm.nih.gov/pubmed/23239837
http://www.ncbi.nlm.nih.gov/pubmed/23239837
http://www.ncbi.nlm.nih.gov/pubmed/19064833
http://www.ncbi.nlm.nih.gov/pubmed/19064833
http://www.ncbi.nlm.nih.gov/pubmed/19064833
http://www.ncbi.nlm.nih.gov/pubmed/23616602
http://www.ncbi.nlm.nih.gov/pubmed/23616602
http://www.ncbi.nlm.nih.gov/pubmed/23616602
http://www.ncbi.nlm.nih.gov/pubmed/23616602
http://www.ncbi.nlm.nih.gov/pubmed/23616602
http://www.ncbi.nlm.nih.gov/pubmed/23616602
http://www.ncbi.nlm.nih.gov/pubmed/22611136
http://www.ncbi.nlm.nih.gov/pubmed/22611136
http://www.ncbi.nlm.nih.gov/pubmed/22611136
http://www.ncbi.nlm.nih.gov/pubmed/22611136
http://www.ncbi.nlm.nih.gov/pubmed/22611136
http://www.ncbi.nlm.nih.gov/pubmed/22611136


Int J Radiol Med Imag                                                                                                                                                                                             IJRMI, an open access journal                                    
                                                                                                                                                                                                                                    Volume 2. 2016. 110                                                                                                                      

49.	 Adelstein EC, Tanaka H, Soman P, Miske G, Haberman SC, et al. (2011) 
Impact of scar burden by single-photon emission computed tomography 
myocardial perfusion imaging on patient outcomes following cardiac 
resynchronization therapy. Eur Heart J 32: 93-103.

50.	 Lin X, Xu H, Zhao X, Chen J (2014) Site of latest mechanical activation as 
assessed by SPECT myocardial perfusion imaging in ischemic and dilated 
cardiomyopathy patients with LBBB. Eur J Nucl Med Mil Imaging 41: 1232-
1239.

51.	 Bax JJ, Abraham T, Barold SS, Breithardt OA, Fung JW, et al. (2005) Cardiac 
resynchronization therapy: Part 1--issues before device implantation. J Am 
Coll Cardiol 46: 2153-2167.

52.	 Chen J, Garcia EV, Folks RD, Cooke CD, Faber TL, et al. (2005) Onset of 
left ventricular mechanical contraction as determined by phase analysis 
of ECG-gated myocardial perfusion SPECT imaging: development of 
a diagnostic tool for assessment of cardiac mechanical dyssynchrony. J 
NuclCardiol 12: 687-95.

53.	 Ypenburg C, Schalij MJ, Bleeker GB, Steendijk P, Boersma E, et al. (2007) 
Impact of viability and scar tissue on response to cardiac resynchronization 
therapy in ischaemic heart failure patients. Eur Heart J 28: 33-41.

54.	 Lehner S, Uebleis C, Schüßler F, Haug A, Kääb S, et al. (2013) The 
amount of viable and dyssynchronous myocardium is associated with 
response to cardiac resynchronization therapy: initial clinical results using 
multiparametric ECG-gated [18F]FDG PET. Eur J Nucl Med Mol Imaging 
40: 1876-1883.

55.	 Marsan NA, Westenberg JJ, Ypenburg C, van Bommel RJ, Roes S, et al. 
Magnetic resonance imaging and response to cardiac resynchronization 
therapy: relative merits of left ventricular dyssynchrony and scar tissue. Eur 
Heart J 30: 2360-1377.

56.	 Ypenburg C, van Bommel RJ, Delgado V, Mollema SA, Bleeker GB, et al. 
(2008) Optimal left ventricular lead position predicts reverse remodeling 
and survival after cardiac resynchronization therapy. J Am Coll Cardiol 52: 
1402-1409.

57.	 Khan FZ, Virdee MS, Fynn SP, Dutka DP (2009) Left ventricular lead 
placement in cardiac resynchronization therapy: where and how? Europace 
11: 554-561.

58.	 Bax JJ, Abraham T, Barold SS, Breithardt OA, Fung JW, et al. (2005) Cardiac 
resynchronization therapy: Part 1--issues before device implantation. J Am 
Coll Cardiol 46: 2168-2182.

Citation: Kasai T (2016) Myocardial Viability Assessment is Still Alive and an Important Element in Predicting Prognosis and Providing Optimal Management 
for Ischemic Heart Failure. Int J Radiol Med Imag 2:110. doi:  http://dx.doi.org/10.15344/ijrmi/2016/110

        Page 10 of 10

This article was originally published in a special issue:

The Advancement of Nuclear Cardiology Imaging in the Risk Assessment 
and Diagnosis

Handled by Editor(s):

Dr. Shinro Matsuo 
Department of Nuclear Medicine 
Kanazawa University Hospital 
Japan

30.	 Bonow RO, Castelvecchio S2, Panza JA3, Berman DS4, Velazquez EJ5, 
et al. (2015) Severity of Remodeling, Myocardial Viability, and Survival 
in Ischemic LV Dysfunction After Surgical Revascularization. JACC 
Cardiovasc Imaging 8: 1121-1129.

31.	 Nijland F, Kamp O, Verhorst PM, de Voogt WG, Bosch HG, et al. (2002) 
Myocardial viability: impact on left ventricular dilatation after acute 
myocardial infarction. Heart 87: 17-22.

32.	 Rizzello V, Poldermans D, Biagini E, Schinkel AFL, Boersma E, et al. 
(2009) Prognosis of patients with ischemic cardiomyopathy after coronary 
revascularization: relation to viability and improvement in left ventricular 
ejection fraction. Heart 95: 1273-1277.

33.	 Bax JJ, Schinkel AF, Boersma E, Rizzello V, Elhendy A, et al. (2003) Early 
versus delayed revascularization in patients with ischemic cardiomyopathy 
and substantial viability: impact on outcome. Circulation 108 Suppl 1: II39-
42.

34.	 Tarakji KG, Brunken R, McCarthy PM, Al-Chekakie MO, Abdel-Latif A, et al. 
(2006) Myocardial viability testing and effect of early intervention in patients 
with advanced left ventricular systolic dysfunction. Circulation 113: 203-
207.

35.	 Stewart RA, Szalewska D, She L, Lee KL, Drazner MH, et al. (2014) 
Exercise capacity and mortality in patients with ischemic left ventricular 
dysfunction randomized to coronary artery bypass graft surgery or medical 
therapy: an analysis from the STICH trial (Surgical Treatment for Ischemic 
Heart Failure). JACC Heart Fail 2: 335-343.

36.	 Beanlands RSB, Ruddy TD, deKemp RA, Iwanochko RM, Coates G, 
et al. (2002) Positron Emission Tomography and recovery following 
revascularization (PARR-1): The importance of scar and the development 
of a prediction rule for the degree of recovery of left ventricular function. J 
Am CollCardiol 40:1735-1743.

37.	 Panza JA, Velazquez EJ, She L, Smith PK, Nicolau JC, et al. (2014) 
Extent of coronary and myocardial disease and benefit from surgical 
revascularization in ischemic LV dysfunction [Corrected]. J Am Coll Cardiol 
64: 553-561.

38.	 Boden WE, O'Rourke RA, Teo KK, Hartigan PM, Maron DJ, et al. (2007) 
COURAGE Trial Research Group. Optimal medical therapy with or without 
PCI for stable coronary disease. N Engl J Med 356: 1503-1516.

39.	 Shaw LJ, Berman DS, Maron DJ, Mancini GB, Hayes SW, et al. (2008) 
Optimal medical therapy with or without percutaneous coronary intervention 
to reduce ischemic burden: results from the Clinical Outcomes Utilizing 
Revascularization and Aggressive Drug Evaluation (COURAGE) trial 
nuclear substudy. Circulation 117: 1283-1291.

40.	 Panza JA, Holly TA, Asch FM, She L, Pallikka PA, et al. (2013) Inducible 
myocardial ischemia and outcomes in patients with coronary artery disease 
and left ventricular dysfunction. J Am CollCardiol 61: 1860-1870.

41.	 Abraham A, Nichol G, Williams KA, Guo A, deKemp RA, et al. (2010) 
18F-FDG PET imaging of myocardial viability in an experienced center with 
access to 18F-FDG and integration with clinical management teams: the 
Ottawa-FIVE substudy of the PARR 2 trial. J Nucl Med 51: 567-574.

42.	 Inaba Y, Chen JA, Bergmann SR (2010) Quantity of viable myocardium 
required to improve survival with revascularization in patients with ischemic 
cardiomyopathy: A meta-analysis. J Nucl Cardiol 17: 646-654.

43.	 Chen Y, Duan C, Liu F, Shen S, Chen P, et al. (2014) Impact of etiology on 
the outcomes in heart failure patients treated with cardiac resynchronization 
therapy: a meta-analysis. PLoS One 9: e94614.

44.	 Abraham WT, Fisher WG, Smith AL, Delurgio DB, Leon AR, et al. (2002) 
Cardiac resynchronization in chronic heart failure. N Engl J Med 346: 1845-
1853.

45.	 Bristow MR, Saxon LA, Boehmer J, Krueger S, Kass DA, et al. (2004) 
Cardiac-resynchronization therapy with or without an implantable 
defibrillator in advanced chronic heart failure. N Engl J Med 350: 2140-
2150.

46.	 Cleland JG, Daubert JC, Erdmann E, Freemantle N, Gras D, et al. (2005) 
The effect of cardiac resynchronization on morbidity and mortality in heart 
failure. N Engl J Med 352: 1539-1549.

47.	 Chung ES, Leon AR, Tavazzi L, Sun JP, Nihoyannopoulos P, et al. 
(2008) Results of the Predictors of Response to CRT (PROSPECT) trial. 
Circulation 117: 2608-2616.

48.	 Boogers MM, Van Kriekinge SD, Henneman MM, Ypenburg C, Van Bommel 
RJ, et al. (2009) Quantitative gated SPECT-derived phase analysis on 
gated myocardial perfusion SPECT detects left ventricular dyssynchrony 
and predicts response to cardiac resynchronization therapy. J Nucl Med 
50: 718-725.

http://www.ncbi.nlm.nih.gov/pubmed/20971745
http://www.ncbi.nlm.nih.gov/pubmed/20971745
http://www.ncbi.nlm.nih.gov/pubmed/20971745
http://www.ncbi.nlm.nih.gov/pubmed/20971745
http://www.ncbi.nlm.nih.gov/pubmed/24577952
http://www.ncbi.nlm.nih.gov/pubmed/24577952
http://www.ncbi.nlm.nih.gov/pubmed/24577952
http://www.ncbi.nlm.nih.gov/pubmed/24577952
http://www.ncbi.nlm.nih.gov/pubmed/16360042
http://www.ncbi.nlm.nih.gov/pubmed/16360042
http://www.ncbi.nlm.nih.gov/pubmed/16360042
http://www.ncbi.nlm.nih.gov/pubmed/16344231
http://www.ncbi.nlm.nih.gov/pubmed/16344231
http://www.ncbi.nlm.nih.gov/pubmed/16344231
http://www.ncbi.nlm.nih.gov/pubmed/16344231
http://www.ncbi.nlm.nih.gov/pubmed/16344231
http://www.ncbi.nlm.nih.gov/pubmed/17121757
http://www.ncbi.nlm.nih.gov/pubmed/17121757
http://www.ncbi.nlm.nih.gov/pubmed/17121757
http://www.ncbi.nlm.nih.gov/pubmed/23903666
http://www.ncbi.nlm.nih.gov/pubmed/23903666
http://www.ncbi.nlm.nih.gov/pubmed/23903666
http://www.ncbi.nlm.nih.gov/pubmed/23903666
http://www.ncbi.nlm.nih.gov/pubmed/23903666
http://www.ncbi.nlm.nih.gov/pubmed/19578165
http://www.ncbi.nlm.nih.gov/pubmed/19578165
http://www.ncbi.nlm.nih.gov/pubmed/19578165
http://www.ncbi.nlm.nih.gov/pubmed/19578165
http://www.ncbi.nlm.nih.gov/pubmed/18940531
http://www.ncbi.nlm.nih.gov/pubmed/18940531
http://www.ncbi.nlm.nih.gov/pubmed/18940531
http://www.ncbi.nlm.nih.gov/pubmed/18940531
http://www.ncbi.nlm.nih.gov/pubmed/19372115
http://www.ncbi.nlm.nih.gov/pubmed/19372115
http://www.ncbi.nlm.nih.gov/pubmed/19372115
http://www.ncbi.nlm.nih.gov/pubmed/16360042
http://www.ncbi.nlm.nih.gov/pubmed/16360042
http://www.ncbi.nlm.nih.gov/pubmed/16360042
http://dx.doi.org/10.15344/ijrmi/2016/110
http://www.ncbi.nlm.nih.gov/pubmed/26363840
http://www.ncbi.nlm.nih.gov/pubmed/26363840
http://www.ncbi.nlm.nih.gov/pubmed/26363840
http://www.ncbi.nlm.nih.gov/pubmed/26363840
http://www.ncbi.nlm.nih.gov/pubmed/11751656
http://www.ncbi.nlm.nih.gov/pubmed/11751656
http://www.ncbi.nlm.nih.gov/pubmed/11751656
http://www.ncbi.nlm.nih.gov/pubmed/19443475
http://www.ncbi.nlm.nih.gov/pubmed/19443475
http://www.ncbi.nlm.nih.gov/pubmed/19443475
http://www.ncbi.nlm.nih.gov/pubmed/19443475
http://www.ncbi.nlm.nih.gov/pubmed/12970206
http://www.ncbi.nlm.nih.gov/pubmed/12970206
http://www.ncbi.nlm.nih.gov/pubmed/12970206
http://www.ncbi.nlm.nih.gov/pubmed/12970206
http://www.ncbi.nlm.nih.gov/pubmed/16391157
http://www.ncbi.nlm.nih.gov/pubmed/16391157
http://www.ncbi.nlm.nih.gov/pubmed/16391157
http://www.ncbi.nlm.nih.gov/pubmed/16391157
http://www.ncbi.nlm.nih.gov/pubmed/25023813
http://www.ncbi.nlm.nih.gov/pubmed/25023813
http://www.ncbi.nlm.nih.gov/pubmed/25023813
http://www.ncbi.nlm.nih.gov/pubmed/25023813
http://www.ncbi.nlm.nih.gov/pubmed/25023813
http://www.ncbi.nlm.nih.gov/pubmed/12446055
http://www.ncbi.nlm.nih.gov/pubmed/12446055
http://www.ncbi.nlm.nih.gov/pubmed/12446055
http://www.ncbi.nlm.nih.gov/pubmed/12446055
http://www.ncbi.nlm.nih.gov/pubmed/12446055
http://www.ncbi.nlm.nih.gov/pubmed/25104523
http://www.ncbi.nlm.nih.gov/pubmed/25104523
http://www.ncbi.nlm.nih.gov/pubmed/25104523
http://www.ncbi.nlm.nih.gov/pubmed/25104523
http://www.ncbi.nlm.nih.gov/pubmed/17387127
http://www.ncbi.nlm.nih.gov/pubmed/17387127
http://www.ncbi.nlm.nih.gov/pubmed/17387127
http://www.ncbi.nlm.nih.gov/pubmed/18268144
http://www.ncbi.nlm.nih.gov/pubmed/18268144
http://www.ncbi.nlm.nih.gov/pubmed/18268144
http://www.ncbi.nlm.nih.gov/pubmed/18268144
http://www.ncbi.nlm.nih.gov/pubmed/18268144
http://www.ncbi.nlm.nih.gov/pubmed/23500234
http://www.ncbi.nlm.nih.gov/pubmed/23500234
http://www.ncbi.nlm.nih.gov/pubmed/23500234
http://www.ncbi.nlm.nih.gov/pubmed/20237039
http://www.ncbi.nlm.nih.gov/pubmed/20237039
http://www.ncbi.nlm.nih.gov/pubmed/20237039
http://www.ncbi.nlm.nih.gov/pubmed/20237039
http://www.ncbi.nlm.nih.gov/pubmed/20379861
http://www.ncbi.nlm.nih.gov/pubmed/20379861
http://www.ncbi.nlm.nih.gov/pubmed/20379861
http://www.ncbi.nlm.nih.gov/pubmed/24732141
http://www.ncbi.nlm.nih.gov/pubmed/24732141
http://www.ncbi.nlm.nih.gov/pubmed/24732141
http://www.ncbi.nlm.nih.gov/pubmed/12063368
http://www.ncbi.nlm.nih.gov/pubmed/12063368
http://www.ncbi.nlm.nih.gov/pubmed/12063368
http://www.ncbi.nlm.nih.gov/pubmed/15152059
http://www.ncbi.nlm.nih.gov/pubmed/15152059
http://www.ncbi.nlm.nih.gov/pubmed/15152059
http://www.ncbi.nlm.nih.gov/pubmed/15152059
http://www.ncbi.nlm.nih.gov/pubmed/15753115
http://www.ncbi.nlm.nih.gov/pubmed/15753115
http://www.ncbi.nlm.nih.gov/pubmed/15753115
http://www.ncbi.nlm.nih.gov/pubmed/18458170
http://www.ncbi.nlm.nih.gov/pubmed/18458170
http://www.ncbi.nlm.nih.gov/pubmed/18458170
http://www.ncbi.nlm.nih.gov/pubmed/19403876
http://www.ncbi.nlm.nih.gov/pubmed/19403876
http://www.ncbi.nlm.nih.gov/pubmed/19403876
http://www.ncbi.nlm.nih.gov/pubmed/19403876
http://www.ncbi.nlm.nih.gov/pubmed/19403876

