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Abstract

Cardiac resynchronization therapy (CRT) is a standard treatment for patients with heart failure. 

However, 30–40 % of the patients having CRT do not respond to CRT with improved clinical 

symptom and cardiac functions. It is important for CRT response that left ventricular (LV) lead 

is placed away from scar and at or near the site of the latest mechanical activation. Nuclear 

image-guided approaches for CRT have shown significant clinical value to assess LV myocardial 

viability and mechanical dyssynchrony, recommend the optimal LV lead position, and navigate the 

LV lead to the target coronary venous site. All these techniques, once validated and implemented, 

should impact the current clinical practice.

Keywords

Cardiac resynchronization therapy (CRT); Heart failure (HF); Left ventricle (LV); Mechanical 
dyssynchrony

Introduction

Heart Failure Is a Prevalent and Costly Disease

Over 5 million Americans ≥20 years of age live with heart failure (HF), and the annual 

new incidence of HF is about 670, 000 [1]. Despite rapid development of HF treatment, 

the number of deaths attributable to HF was as high in 1995 (287,000) as it was in 2009 
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(275,000), and the hospital discharges were essentially unchanged from 2000 to 2010 (about 

1 million per year) [1]. The total cost for HF in 2013 was estimated at $32 billion [1].

What Is CRT?

Cardiac resynchronization therapy (CRT) is a treatment performed with an implantable 

programmable biventricular pacemaker with (CRT-D) or without (CRT) defibrillation 

therapy. These devices help to coordinate the left ventricle’s pumping function and improve 

blood flow as well as speed up the heart that is beating too slowly. Metal leads connected 

to CRT detect heart rate irregularities and emit electrical stimulation to correct them. 

Depending on the therapy, both ventricles, or sometimes, only the left ventricle, are paced. 

The average cost is >$60,000/patient for CRT alone, and the number of CRT procedures is 

>60,000 per year in the United States alone [2].

Why and When to Use CRT?

CRT has been shown to benefit a cohort of HF patients in large randomized trials [3–10] 

and is now a standard treatment for systolic HF [11]. CRT is used to help resynchronize the 

heart, reduce symptoms of heart failure, and improve the quality of life for HF patients by 

increasing exercise capacity and allowing them to resume many daily activities.

CRT Patient Selection

The standard indications for CRT are for patients who have left ventricular ejection fraction 

(LVEF) ≤35 % and sinus rhythm, left bundle-branch block (LBBB) with a QRS duration 

≥150 ms on electrocardiogram (ECG), and New York Heart Association (NYHA) class II, 

III, or ambulatory IV symptoms on guideline-determined medical therapy (GDMT) [11]. 

According to an Agency for Healthcare Research and Quality evidence report, 15–20 % 

of HF patients meet the standard indications for CRT [2]. These criteria are continuously 

changing and are different in Europe compared to the United States.

CRT Installation

The installation of a CRT device for heart failure is a standard medical procedure. The 

device is placed under the skin of the chest and connected to the leads that are inserted 

through the veins into the heart. The procedure usually takes 1–2 h. The cardiologist guides 

the lead into the correct chamber of the heart and checks its position under fluoroscopy 

guidance. The lead is then connected to the CRT monitor on the surface of the chest. The 

appropriate electrical energy and pacing timing are then tested.

What Influences a Successful CRT Response?

CRT Positive Response

The benefits of CRT on heart failure patients have been extensively demonstrated in a large 

number of clinical trials [3–10]. The CRT positive response includes the improvement of 

LV functions, reverse remodeling (the reduction of LV volume and mitral regurgitation), 

heart failure symptoms and heart failure classes, and the increase of exercise capability 

and quality of life score. The long-term CRT benefits include the reduction of heart 
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failure hospitalization and morbidity/mortality rate. Noteworthy, reverse remodeling, which 

is considered the primary mechanism of improved symptoms and outcome in heart failure 

patients, has been shown as a long-term improvement in CRT positive responders [12, 13].

CRT non-Response

Based on the standard indications, 30–40 % of the patients having CRT did not respond 

to CRT with improved clinical symptom (assessed by NYHA class, quality of life score, 

and 6-min walk distance) and/or cardiac function (assessed by LV end-systolic volume, LV 

end-diastolic volume, and LVEF) [6, 7, 14–16]. Thus, it is imperative for improving HF 

patients’ prognosis and reducing healthcare costs to enhance CRT response.

Reasons of CRT non-Response

The main reasons of CRT non-response were reviewed in [17]. (1) Selection of patients 

based on QRS duration is not optimal. QRS duration is not predictive to CRT response; 

instead, mechanical dyssynchrony is important for response to CRT [18]. It has been our 

experience and that of others [19, 20, 21•] that left ventricles that are not mechanically 

dyssynchronized will not respond and often deteriorate following CRT. (2) The presence 

of extensive LV scar tissue may also hamper response to CRT. Patients with extensive 

scar tissue (irrespective of the location) have a low likelihood of response to CRT [22, 

23]. (3) Moreover, It is important for CRT response that the LV lead is placed away 

from scar [24] and at or near the site of the viable segment with the latest activation [25, 

26]. (4) Visualization of the optimal LV lead position on fluoroscopy venograms during 

implantation is important. The Targeted Left Ventricular Lead Placement to Guide Cardiac 

Resynchronization Therapy (TARGET) trial showed that LV leads were non-optimally 

placed in 37 % of the patients, even if the implanters knew the optimal regions given 

by echocardiography before implantation, but implanted the LV leads without explicit 

myocardial image guidance on fluoroscopy venograms [27].

Focus of This Review

This review is focused on identifying the optimal CRT LV lead positions from nuclear 

images and fusing it with fluoroscopy for navigating the LV lead to the optimal positions. 

LV lead position is an essential factor for CRT response [7, 24, 25, 28–30, 31•, 32]. It 

is important for CRT response that LV lead is placed away from scar [24] and at or 

near the site of the latest activation [25, 26]. However, the current guidelines recommend 

LV lead placement in a lateral or posterolateral myocardial wall, causing that suboptimal 

or inappropriate LV lead placement is prevalent in a significant number of patients, for 

example, 37% in [25], 35% in [26], and 42% in [31•]. In addition, the optimal LV lead 

positions identified by the myocardial imaging techniques are represented on the myocardial 

wall, which is not visualized on intraoperative fluoroscopic venograms that CRT implanters 

used to guide LV lead placement. The implanters may not accurately correspond the optimal 

LV lead positions with the venous anatomy, resulting in suboptimal or inappropriate LV lead 

placement. In the TARGET [27] and Speckle Tracking Assisted Resynchronization Therapy 

for Electrode Region (STARTER) [28] trials, the implanters visually aligned the venous 

anatomy from the LAO fluoroscopic venograms with the short-axis echocardiographic 

view to perform echocardiography-guided LV lead placement. Such visual correspondence 

Zhou and Garcia Page 3

Curr Cardiol Rep. Author manuscript; available in PMC 2024 March 31.

H
ealth R

esearch A
lliance A

uthor M
anuscript

H
ealth R

esearch A
lliance A

uthor M
anuscript



resulted in suboptimal and inappropriate LV lead placement in a significant number of 

patients (26 and 10 % in the TARGET trial and 55 and 15 % in the STARTER trial, 

respectively).

Myocardial Imaging Modalities to Guide CRT Implantation

Myocardial imaging techniques, such as echocardiography [27, 28, 33], MRI [34], and 

nuclear imaging [31•, 35–37], have shown their potentials to detect scar and site of the latest 

activation to optimize LV lead positions for improved CRT response. Several review papers 

about myocardial imagingguided CRT are available [17, 30, 38–41].

Echocardiography

Echocardiographic dyssynchrony indices were shown to predict CRT response [14–16, 42] 

and identify sites of the latest activation as optimal LV lead positions [25, 26]. Additional 

imaging is needed to assess both dyssynchrony and scar for optimizing LV lead placement. 

A major limitation of echo-guided CRT implantation is its high inter-operator variability 

which resulted in the main reason of its modest accuracy to predict CRT response in the 

Predictors of Response to CRT (PROSPECT) trial [43].

CT

CT can assess LV veins [44, 45] and detect scar with a good correlation with LGE-MRI 

[46]. Wall thickening assessed by CT can be used to assess LV dyssynchrony [47]. However, 

CT measures of LV dyssynchrony have neither been shown to predict CRT response nor to 

optimize LV lead placement.

Cardiac MRI

MRI has been shown to assess LV myocardial viability and mechanical dyssynchrony, and to 

allow visualization of veins [48]. However, the broad use of MRI to optimize CRT still faces 

major challenges. MRI tools are complicated and time-consuming and involve significant 

user interaction. These MRI techniques were studied in small cohorts with different indices, 

hindering their advances to multi-center trials.

ECG-Gated Myocardial Perfusion SPECT/PET Imaging to Guide CRT 

Implantation

Among myocardial imaging techniques, nuclear imaging has the unique advantages that 

it can assess myocardial perfusion, viability, mechanical dyssynchrony, and LV global 

function in a single scan. The role of nuclear imaging with gated singlephoton emission-

computed tomography (SPECT) myocardial perfusion imaging (MPI) or positron emission 

tomography (PET) in CRT has been recently reviewed and described as a “one-stop shop” to 

predict CRT response: it assesses scar burden and location, LV function, LV site of the latest 

contraction, and mechanical dyssynchrony from a single scan [31•, 35, 37, 39–41, 49–51]. 

Compared to other approaches, nuclear imaging is very promising for widespread clinical 

use, because: (1) nuclear study, especially resting SPECT MPI, is routinely practiced, well 
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standardized, and inexpensive; and (2) tools to assess myocardial viability and mechanical 

dyssynchrony and global function are largely automatic and highly reproducible.

Clinical Parameters Used in Nuclear Imaging to Guide CRT Implantation

It is important that the LV leads be placed in regions with the late activation [25, 26] and 

viable tissues [24, 52–55]. ECG-gated SPECT MPI and PET have been demonstrated to 

assess LV dyssynchrony and scar burden for improving CRT patient selection and to assess 

regional viability and activation for optimizing LV lead positions.

Nuclear Imaging to Detect Myocardial Viability

Positron Emission Tomography
18Fluorine-deoxyglucose (FDG) is commonly used to assess myocardial viability in PET 

studies. This FDG tracer is a glucose analog and reflects cardiac glucose utilization. FDG 

imaging is combined with assessment of perfusion using PET tracers (usually 13nitrogen-

ammonia or 82Rb) to detect the different patterns in areas of contractile dysfunction [40]. 

Viable tissue demonstrates normal perfusion and FDG uptake. Scar tissue is classified by 

lower (non-transmural scar) or absent perfusion and absent FDG uptake (transmural scar).

Single-Photon Emission-Computed Tomography

Both 201thallium chloride and 99technetium-labeled SPECT tracers have been used to detect 

viability. Following intravenous injection, the initial uptake of 201thallium predominantly 

reflects myocardial perfusion, and the prolonged retention/uptake reflects cell membrane 

integrity [40]. Both stress-redistribution-reinjection and rest-redistribution protocols have 

been used in the clinical setting to assess myocardial viability.

Image Processing for Detection of Viable Segments

In areas of contractile dysfunction, a 50–60 % tracer uptake on a resting image is commonly 

used as threshold for myocardial viability. The thresholding method [56] has been widely 

used to quantify scar burden in phantoms [57], animals [58], and humans [59]. Perfusion 

defects measured by SPECT agreed closely with fibrosis quantified by pathology [60, 61].

Clinical Application in CRT Response

The presence, location, and burden of myocardial scar, assessed from nuclear images, have 

been demonstrated to affect response to CRT [39, 40, 62, 63]. Adelstein et al. found that 

there was an inverse relationship between the extent of fixed perfusion defect on MPI and 

absolute or relative increase in LVEF 6-month post-CRT in a clinical study. Furthermore, 

patients who responded to CRT had lower global scar burden near the LV lead versus 

non-responders [23, 31•]. Also, scar burden near the LV lead correlates negatively with 

improvement in LVEF [23] and is associated with no response in 29 % of patients with 

extensive scar at LV lead site despite having the lead with site of the latest activation 

[31•]. Bose et al. found that in 160 CRT patients with ischemic cardiomyopathy, scar 

and reversible ischemia in or adjacent to LV lead positions were independent predictors 

of HF hospitalization and death [63]. It was also shown that a transmural scar (<50% 
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tracer uptake) at the site of LV lead placement was associated with CRT nonresponse [64]. 

An advantage of nuclear imaging is the ability to automatically quantify the scar burden 

with good reproducibility [65]. A reproducibility of 96 % was reported in the quantitative 

analysis of perfusion defect from serial exercise 201thallium SPECT MPI [66].

Nuclear Imaging to Detect Mechanical Dyssynchrony

LV dyssynchrony is an essential parameter for CRT response [67]. The phase analysis tool is 

the most widely used method to assess LV mechanical dyssynchrony from nuclear images. 

It was first investigated by Chen et al. to measure LV dyssynchrony from gated SPECT MPI 

[68].

Phase Analysis Technique

The technique of phase analysis to assess mechanical dyssynchrony has been extensively 

described by Chen et al. using the Emory Cardiac Toolbox (SyncTool, Emory University, 

Atlanta, GA) [39, 68] (Fig. 1). Briefly, a three-dimensional sample distribution with 

maximum counts along LV myocardial wall is extracted from each of the gated LV short 

axis data sets; a one-dimensional first-harmonic Fourier approximation is applied to the 

count variation over time for each myocardial segment, generating a 3D phase distribution 

that describes the timing of LVonset of mechanical contraction over the entire R-R cycle. 

Two clinically relevant dyssynchrony indices are derived: phase standard deviation (PSD) 

and phase bandwidth (PBW) [68]. The normal values have been published and validated 

[68–70].

The technique is fully automated, has effective temporal resolution of ∼15 ms for a heart 

rate of 60/min [71], inter- and intraobserver reproducibility of 99 % [72], high repeatability 

[73], good robustness with camera types [74], tracer dose [75], heart rate [76], and perfusion 

defects [77]. The LV dyssynchrony parameters have been shown to correlate well with those 

by tissue Doppler imaging [78, 79].

Clinical Application in CRT Response

It has been demonstrated mechanical dyssynchrony is associated with the extent of 

cardiomyopathy (P = 0.01), scar burden (P < 0.0001), and QRS duration (P = 0.04) [80]; 

however, the correlation between mechanical dyssynchrony and each of these parameters 

is far from perfect (r = −0.49; 0.50–0.65; 0.25–0.50, respectively) [70], suggesting that 

mechanical dyssynchrony may provide incremental value [40]. In a retrospective clinical 

study with 42 heart failure patients having CRT, a cut-off value for PSD of 43° was shown 

to have 74 % sensitivity and 81 % specificity to predict clinical response to CRT and LV 

reverse remodeling [81]. Figure 2 illustrates phase analysis results on a patient undergoing 

successful CRT response.

Furthermore, it has been shown that the change of dyssynchrony parameters occurs 

immediately after CRT implantation and may predict long-term LV reverse remodeling [42]. 

It would therefore be possible, using gated SPECT with single tracer injection, to adjust 

CRT parameters to optimize response immediately after implantation [42, 73].
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Nuclear Imaging to Identify the Optimal LV Lead Position

Integral tools have been developed to fuse myocardial activation and viability to identify 

the optimal LV lead positions. The regional phase analysis tool was shown to assess 

regional activation and identify sites of the latest activation as optimal LV lead positions 

in a 6-segment model [31•]. It has been integrated with the regional viability quantification 

tool into lead-concordance criteria (i.e., segments with >50 % regional viability and in 

or adjacent to the site of latest mechanical activation are concordant positions) [37]. This 

finding was consistent with that in a study using echocardiography [42].

Clinical Trials Using Nuclear Imaging to Predict or Improve CRT Response

Several retrospective clinical studies have used SPECT (31,37) and PET (35,36) to guide 

CRT LV lead placement (Table 1). A prospective international clinical trial using SPECT to 

guide CRT is ongoing [82].

PET to Predict CRT Response

In a PET study, Uebleis et al. [35] aimed to distinguish responders to CRT from non-

responders, using gated FDG PET. They found that compared with non-responders, CRT 

responders showed significant differences in the declines of LV end-systolic volume and 

brain natriuretic peptide and in left ventricular dyssynchrony, extent of the myocardial scar 

burden, and biventricular pacemaker leads positioned within viable myocardial regions. In 

the other PET study, Lehner et al. [36] made the similar assumption that the probability of a 

CRT response increases with the presence of high amounts of “viable and dyssynchronous” 

myocardium. Nineteen patients underwent ECG-gated FDG PET before CRT implantation 

and were followed for 6 months. Response to CRT was defined as clinical improvement of at 

least one NYHA class in combination with LVEF improvement of >5 %. Twelve responders 

(71 %) and seven non-responders (29 %) were identified. For each patient, polar maps 

of FDG uptake and phase analysis were calculated and fused. Amounts of myocardium 

representing “viable and synchronous,” “scar and synchronous,” viable and dyssynchronous, 

or “scar and dyssynchronous” myocardium were quantified by measuring the fused polar 

maps. Responders by definition showed significant decrease in NYHA class and significant 

increase of LVEF. Furthermore, a significantly higher amount of viable and dyssynchronous 

myocardium was found before CRT in responders as compared to non-responders.

SPECT to Predict CRT Response

In a clinical study guided by gated SPECT MPI, Friehling et al. [37] used SPECT MPI 

to identify the optimal LV lead positions. In that study, a concordant LV lead position 

was defined as the LV lead placed in the segment with myocardial viability and with or 

adjacent to the latest mechanical activation. It was showed that 96 % of the patients, who 

had baseline mechanical dyssynchrony, acceptable scar burden (<40 %), and a concordant 

LV lead position, had favorable acute CRT response and long-term outcome. Boogers et al. 

[31•] conducted a similar study. In this study, 90 patients with advanced heart failure were 

enrolled. They showed that concordance of the latest LV activation by phase analysis with 

lead placement during CRT implantation was associated with improvement in LV reverse 

remodeling. The site of the latest activation was determined using a 6-segment model [31•]; 
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the mean phase of every segment was calculated, and the highest value corresponded to the 

latest activated segment. In 52 patients (58 %), the LV lead was placed at the site of the 

latest mechanical activation (concordant), and in 38 patients (42 %), the LV lead was placed 

outside the site of the latest mechanical activation (discordant). Favorable CRT response was 

significantly more often documented in patients with a concordant LV lead position than in 

patients with a discordant LV lead position (79 vs. 26 %). After 6 months, patients with 

a concordant LV lead position showed significant improvement in LV functions, whereas 

patients with a discordant LV lead position showed no significant improvement in LV 

functions.

Image Fusion Technique to Help Select the Target Venous Site

The mainstream CRT implantation uses fluoroscopy venograms to guide lead placement 

[29]. The optimal LV lead positions are identified on LV myocardial wall in the current 

myocardial imaging studies, which are not visualized on X-ray fluoroscopy venograms 

during implantation. In addition, they may not contain any suitable venous branch for 

the LV lead placement. Furthermore, implanters may not accurately correspond venous 

anatomy with the myocardial wall segmentation. Such inaccurate correspondence may result 

in suboptimal or inappropriate LV lead placement, as a change of LV lead position by ∼20 

mm could impact on CRT response [83]. Therefore, visualization of LV myocardial wall and 

recommended LV lead positions by the myocardial imaging techniques during implantation 

is important for image-guided LV lead placement.

A potentially more direct method to guide lead placement is to employ CT venography to 

assess the venous anatomy. This method is being validated in an ongoing clinical trial [84]. 

It requires extra anatomical imaging and causes additional radiation exposure.

A 3D fusion method to integrate LV venous anatomy on fluoroscopy venograms with 

LV epicardial surface on SPECT MPI for image-guided LV lead placement has also 

been developed [85•]. In this method, 3D LV venous anatomy was reconstructed from 

the fluoroscopic venograms, and LV epicardial surface was extracted from the SPECT 

images and then fused with the venous anatomy. The venous anatomy extracted from CT 

venography was used as the reference standard to evaluate the technical accuracy of 3D 

fusion. In the retrospective clinical study with ten CRT patients, the distance between the 

fluoroscopic and CT veins on the SPECT epicardial surfaces was 4.6 ± 3.6 mm (range: 0–

16.9 mm), which is small as compared to the segmental size of AHA 17-segment model 

(∼30 × 30 mm2). Furthermore, the presence of the fluoroscopic and CT veins in the 

segments agreed well, with a Kappa value of 0.87. The clinical applicability of the 3D 

fusion toolkit was confirmed by a prospective clinical study of using it to guide LV lead 

placement during CRT in the cath lab. Details of this prospective study will be given in the 

following patient example. The preliminary results of retrospective and prospective clinical 

studies have suggested that the 3D fusion method is both technically accurate and clinically 

applicable.

Zhou and Garcia Page 8

Curr Cardiol Rep. Author manuscript; available in PMC 2024 March 31.

H
ealth R

esearch A
lliance A

uthor M
anuscript

H
ealth R

esearch A
lliance A

uthor M
anuscript



SPECT-Guided CRT LV Lead Placement: a Prospective Patient Example

The integrated toolkit to guide CRT LV lead placement, including recommending the 

optimal LV lead position and navigating the LV lead to the target LV venous site, was 

tested in a cath lab [85•]. One patient was enrolled, and this patient (68 years old, male) 

had dilated cardiomyopathy with NYHA class II, low LVEF (32 %), and wide QRS duration 

(168 ms). Figure 3 shows the SPECT-guided CRT LV lead placement and related follow-ups 

for this patient.

Before CRT implantation, LV myocardial viability and mechanical dyssynchrony were 

measured from gated SPECT images using the integrated toolkit. This patient had a 

PSD of 76.0 in the baseline LV global dyssynchrony study (Fig. 3a), suggesting that 

there would be a high likelihood to respond to CRT. The optimal LV lead position was 

identified from the polar maps of myocardial viability and contraction onset. Regional scar 

burden and contraction delay were rendered as the segments on the electrophysiological 

13-segmentational model. The viable segment with the maximum contraction delay was 

identified as the optimal LV lead position by the software toolkit, which was the middle 

anterior myocardial wall.

During CRT implantation, dual-view fluoroscopy venograms were acquired and input into 

the SPECT-vein fusion tool, which was loaded in a computer in the cath lab. The major LV 

veins were manually drawn on the venograms. Subsequently, the fusion tool automatically 

reconstructed 3D venous anatomy and generated the 3D navigation map with both color-

rendered myocardial surface and veins. The target LV venous site was selected from the 

navigation map. As shown in Fig. 3, it was the middle anterior vein. Guided by this imagery, 

the electrophysiologist successfully placed the LV lead to the target venous site, as shown in 

the post-CRT fluoroscopy.

After CRT implantation, the QRS duration of this patient was immediately and significantly 

narrowed (from 168 to 140 ms) after the CRT device was turned on. From baseline to 1-

month follow-up, LV diastolic diameter of this patient reduced from 64 to 53 mm measured 

by echocardiography, and the LVEF increased from 32 to 57 %. It clearly confirmed that the 

image-guided LV lead placement resulted in a super response to CRT.

Challenges and Future of Nuclear Imaging in CRT

Technical Challenges

The low spatial resolution and counts of the SPECT MPI images remains a limitation. PET 

imaging is performed with higher tracer counts, better spatial resolution, and lower radiation 

exposure, solving the problem to a great extent [40]. However, there are limited data on 

dyssynchrony or CRT response using PET images.

The radiation burden with serial scans when assessing LV remodeling and improvement 

in mechanical dyssynchrony could be a concern in patients with heart failure, although 

particularly in older patients, the minor radiation risk is mitigated by the potential benefit. 

The inability to visualize coronary venous anatomy from PET/SPECT can also influence 
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its clinical application. The fusion of SPECT-CT imaging [84] or SPECT-vein [85•] could 

address this issue.

Large Randomized Clinical Trials

The number of retrospective clinical studies to evaluate nuclear image-guided therapy for 

CRT is still limited. Moreover, although a large prospective trial is underway (VISION-CRT 

[82]), results have not been reported. The preliminary results from this new technique are 

promising, but prospective validation by many single-center studies and large randomized 

multi-center trials are still needed in order to impact changes in CRT guidelines.

Conclusions

Nuclear image-guided CRT implantation has shown great potential in clinical studies. It 

has high repeatability and reproducibility to identify the optimal LV lead positions. Three-

dimensional fusion to integrate LV myocardial surface on nuclear images with coronary 

veins on fluoroscopy venograms is technically accurately and clinically applicable to select 

the target LV venous site for procedural planning. All these techniques, once validated, will 

significantly impact the current clinical practice.
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Fig. 1. 
Phase analysis output in a patient with LBBB and dyssynchrony. Gated PET/SPECT LV 

short-axis images are acquired from gated PET/SPECT scans with image reconstruction 

and reorientation. An automatic maximum count myocardial sampling algorithm is applied 

to the short-axis images, searching the regional maximum count to detect the regional 

wall thickening. Phase analysis uses one-dimensional first-harmonic Fourier approximation 

to analyze the count variation over time for each sample, generating a phase distribution 

that describes the timing of LV onset of mechanical contraction over the entire R-R 

cycle. The results of phase analysis, i.e., the phase angles of regional myocardial wall, 

are represented on the phase polar map and phase histogram [68]. The phase histogram 

depicts the distribution of the percent of LV segments (y-axis) that start to contract at the 

same time (x-axis), where time is measured in degrees (360° = 1 R-R cycle). Thus, the 

narrower the distribution, the more synchronous the LV contraction. The LV phase polar 

map localizes the LV segments contraction by color coding the time of onset as the same 

color seen in the histogram where the lighter colors in the mid anterolateral region are 

associated with the segments that contract last. An animated display of the wave of onset 

of mechanical contraction is shown in Video 1. In this display, as a cursor moves across the 
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phase histogram, those myocardial segments that coincide to the location of the cursor are 

blackened superimposed on the LV perfusion polar map
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Fig. 2. 
Phase histograms before and after successful CRT. a Pre-CRT phase histogram. b Post-CRT 

phase histogram. Note how the phase histogram has become significantly narrower (more 

synchronous) post-CRT as compared to pre-CRT indicating a successful response. (Patient 

study courtesy of Ami Iskandrian M.D., UAB, AL)
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Fig. 3. 
Patient example of SPECT-guided CRT LV lead placement. a LV baseline mechanical 

dyssynchrony, measure from gated SPECT. b Identification of the optimal LV lead position. 

The optimal LV lead position is the segment with viable tissues (viability score >50) and at 

the site of the latest contraction. c 3D SPECT-vein fusion to select the target venous site for 

CRT procedural planning. The target venous site was the middle part of the anterior vein, 

and the LV lead was successfully placed to the target venous site as shown in the post-CRT 

fluoroscopy images. d QRS changed when CRT was turned off and on. QRS duration was 

significantly narrowed when CRT device was turned on. (Figure modified with permission 

from [85•])
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