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Reduced septal glucose metabolism predicts
response to cardiac resynchronization therapy

David Birnie, MB, ChB, MD, Rob A. de Kemp, PhD,

Anthony S. Tang, MD, FRCPC, Terence D. Ruddy, MD, FRCPC, FACC,

Michael H. Gollob, MD, FRCPC, Ann Guo, MEng, Kathryn Williams, MS,

Kerry Thomson, BSc, Jean N. DaSilva, PhD,

and Rob S. Beanlands, MD, FRCPC, FACC

Background. Up to 50% of patients do not respond to Cardiac Resynchronization Therapy
(CRT). Recent work has focused on quantifying mechanical dyssynchrony and left ventricular
scar. Septal reverse-mismatch (R-MM) (reduced FDG uptake vs perfusion) has been observed
in patients with cardiomyopathy and prolonged QRS duration. We hypothesized that a greater
quantity of septal R-MM would indicate a greater potential for reversibility of the cardiomy-
opathy, when the dyssynchrony is improved with CRT. Therefore, this study’s objective was to
assess whether greater septal R-MM pattern predicts response to CRT.

Methods and Results. Forty-nine patients had pre-implant Rubidium-82 and Fluorine-18-
fluorodeoxyglucose PET scanning. Total and regional left ventricular scar size and extent of R-MM
were calculated. Response to CRT was defined as ‡10% improvement in left ventricular end-systolic
volume or ‡5% absolute ejection fraction improvement. In the non-ischemic cardiomyopathy
subset non-responders had significantly less septal R-MM than responders (13.1% compared to
27.1%, P 5 .012). There were correlations between the extent of septal R-MM and the increase in
ejection fraction (r 5 0.692, P 5 .0004) and reduction in left ventricular end-systolic volume
(r 5 20.579, P 5 .004). For each 5% absolute increase in extent of septal R-MM the odds ratio of
being a responder was 2.17 (95% CI 1.15, 4.11, P 5 .017). Extent of septal R-MM displayed high
sensitivity and specificity (area under curve 5 0.855, P 5 .017) to predict response.

Conclusions. In patients with non-ischemic cardiomyopathy, greater extent of septal glucose
metabolic R-MM pattern, predicted response to CRT. This parameter may be useful for identi-
fying patients who benefit from CRT. (J Nucl Cardiol 2012;19:73–83.)

Key Words: Bundle-branch block Æ imaging Æ metabolism Æ cardiac resynchronization
therapy Æ response

INTRODUCTION

Cardiac Resynchronization Therapy (CRT)

improves quality of life, left ventricular ejection fraction

(LV-EF), LV volumes and survival in some patients

with advanced congestive heart failure and prolonged

QRS.1-3 However, a number of key questions remain;

perhaps most important is the issue of non-response to

the therapy. The non-responder rate has been variably

estimated to be between 20% and 50%.4-8 Estimates

vary because of differing definitions of response and

because of heterogeneity of study cohorts.4

Work has focused on quantifying baseline mechanical

dyssynchrony (MD) and LV scar. Initial single-center

studies suggested that echocardiographic estimation of MD

could predict a response to CRT with high sensitivity and

specificity.7,9,10 However, these results have not always

been reproducible5 and newer techniques are being

explored with promising initial results.11,12 Our group

and others have observed that the extent of regional or LV

scaring also seems important in determining response to

CRT.13-16
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Left bundle branch block (LBBB) leads to regions

of both early and delayed contraction17-19 which results

in reduced work in early activated regions (i.e., the

septum) and increased work in late-activated regions

(i.e., the LV free wall).18 Reduced septal work in

patients with LBBB is associated with decreased glucose

utilization as measured using positron emission tomog-

raphy (PET) imaging.20-23 Reduction in septal F-18-

fluorodeoxyglucose (FDG) uptake on PET relative

to perfusion has been observed in patients with

LBBB and cardiomyopathy, so-called reverse-mismatch

(R-MM).23,24 Hence, we hypothesized that a greater

quantity of septal R-MM would indicate a greater

potential for reversibility of the cardiomyopathy, when

the dyssynchrony is improved with CRT. Therefore, this

study’s objective was to assess whether greater septal

R-MM pattern predicts response to CRT.

METHODS

Patients

The study enrolled consecutive consenting patients with

LV-EF less than 35% and NYHA Class II or III cardiomy-

opathy, on optimal medical therapy, with a QRS duration of

greater than 130 ms.16 Ischemic etiology was defined as

having both a documented history of myocardial infarction and

evidence of significant coronary disease on coronary angiog-

raphy (at least 1 stenosis C70% in C 2 major arteries). Non-

ischemic etiology was defined as no documented history of

myocardial infarction and no history suspicious of myocardial

infarction and no evidence of significant coronary disease at

coronary angiography (no C stenosis 50%). Patients who could

not be accurately classified were excluded from the study.

Patients with right bundle branch block were also excluded.

Study Procedures

The following were obtained prior to CRT implant,

12-Lead ECG; current cardiovascular drug regimen; a Heart

Failure assessment using the NYHA Classification; 6-minute

hall walk test (6MHW); PET perfusion and metabolism

imaging, using Rubidium-82 (Rb-82) for perfusion and F-18-

fluorodeoxyglucose (FDG) for metabolism and Equilibrium

Radionuclide Ventriculogram (ERVG). All these, with the

exception of the PET scan, were repeated 3 months after

implant. In addition, patients had echo-guided optimization

and device interrogation at 2 weeks and device interrogation at

3-month post-implant. At each time point lead parameters and

percentage of bi-ventricular pacing were recorded.

Planar-ERVG—Quantification of LV-EF
and LV Volumes

ERVGs were acquired and analyzed using standard

techniques blinded to all clinical and other imaging data.

The RVGs were acquired with a standard electrocardiogram-

gated equilibrium technetium-99m red blood cell blood pool

imaging protocol.25,26 The LV-EF was measured from the left

anterior oblique 45� acquisition. LV volumes were determined

using the count ratio method.27

SPECT-ERVG Imaging and Analysis—
Quantification of MD

Data was acquired using standard techniques. In-house

software was used to create 568 radial profiles for phase

analysis.28 The program assigns a phase angle to each pixel of

the phase image, derived from the first Fourier harmonic of the

time-activity curve for that pixel. The phase angle approxi-

mates the time at which maximum loss of counts (amplitude) is

reached in a pixel,29 which represents the contraction in that

region of the cardiac image.30 The standard deviation of the

phase angles (phaseSD) is a measure of the extent of LV

MD.28

PET Imaging and Analysis

All patients underwent baseline PET perfusion and

metabolism imaging, using Rubidium-82 (Rb-82) for perfusion

and F-18-fluorodeoxyglucose (FDG) for metabolism, using

established imaging and analysis protocols25,26,31,32 using an

ECAT ART PET (Siemens, Knoxville, TN) or Discovery RX

PET/CT (GE Healthcare, Milwaukee, WN). Our standard

approach is that patients without diabetes receive oral glucose

loading according to the ASNC guidelines33 and patients with

diabetes receive the hyperinsulinemic euglycemic clamp.34 In

the current study, there were 19 patients with Diabetes, 17 of

whom received the insulin-euglycemic clamp. One patient

with ‘‘borderline’’ DM and another with DM did not receive

the insulin clamp, but instead oral loading ? supplemental

Insulin according to the ASNC Guidelines.

All image processing and analysis were performed off-

line and the operator was blinded to the patient status.

FlowQuant� software was used to reorient images automat-

ically along the long axis of the heart and sample the LV

myocardium into polar maps (with 460 sectors) of relative

perfusion and FDG uptake (0%-100%).32 Since our aim was to

focus on the septum, the LV polar map was divided into 5

equal area segments; septal, lateral, anterior, posterior, and

apex. This ensures that one of the 5 segments included septal

myocardium only. An ancillary analysis was also conducted

using the standard 17-segment model.

The FDG uptake polar map was normalized by scaling to the

average value in the normal perfusion zone; defined as sectors with

[75% of the maximum.25,26,32 The normal zone perfusion and

FDG values were then assigned a value of 100%, since this region

should not contribute to the perfusion-FDG mismatch scores. The

sum of all sector values was used to define the total ‘‘normalized

perfusion’’ score and the total ‘‘normalized FDG’’ uptake score,

as developed by our group.25,26,32 In patients with R-MM

(FDG\ perfusion) in the septum, the normal zone may include

regions with abnormally reduced FDG uptake as shown in

Figure 1. This can lead to an incorrect over-normalization of FDG
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uptake, with corresponding over-estimation of mismatch and

under-estimation of R-MM. Therefore, we modified the original

FDG normalization approach so that the normal perfusion zone

could only be selected from the lateral half of the left ventricle.21

In cases without R-MM, this method does not significantly alter

the normalized FDG or traditional mismatch values.

Tissue Characterization

Mismatch and scar. Abnormal perfusion zones

were defined as sectors with perfusion \75% of maximum.

Within this zone, mismatch (or hibernation) values were

defined as the normalized FDG - perfusion difference greater

than zero (i.e., FDG [ perfusion). Scar values were defined in

sectors with abnormal perfusion and incomplete (or partial)

mismatch (i.e., 100% - perfusion - mismatch), thereby

including sectors with a mixture of scar and hibernating

tissues. Scar size was defined as the percentage of sectors with

scar values greater than zero.

Reverse-mismatch. R-MM values were calculated

for each sector as the perfusion - normalized FDG difference

greater than zero (i.e., FDG \ perfusion). Global and

segmental R-MM scores were determined from the sum of

all R-MM sector values, and expressed as a percentage of the

LV or segmental total values, respectively.21 A specific cut

point was not used to define an ‘‘abnormal’’ cutoff for R-MM.

Instead, the continuous values of R-MM were used to enable

(i) comparison of the degree of R-MM between responders and

non-responders; (ii) determination of relationships of R-MM to

other variables; and (iii) ROC analysis to define the degree of

R-MM that best predicted a positive response to CRT.

CRT Implantation

The atrial lead was placed in the right atrial appendage,

the RV lead was placed at the right ventricular apex. The LV

lead was implanted in the lateral or postero-lateral vein.

Echo Optimization of Atrio-Ventricular (AV)
and Ventricular-Ventricular (VV) Timing

This was performed using standard methodologies with

serial measurements of the aortic flow velocity envelopes.35

Figure 1. Perfusion-FDG mismatch analyses. Relative perfusion and FDG uptake polar maps
demonstrate septal R-MM in a patient with LBBB (A). The conventional mismatch analysis
severely underestimates R-MM (B). The proposed analysis quantifies R-MM in the septum (C),
with minimal effect on the conventional mismatch (viability) scores. Color scales are 0%-100%. S,
septum; L, lateral wall; P, posterior.
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Definition of Response

This was pre-specified as C10% improvement in LVESV

(volumes calculated from pre-implant and three months

ERVG) or C5% absolute improvement in LV-EF. Patients

with unsuccessful or unstable lead implantation or dying or

being transplanted before their 3-month assessment were

excluded from analysis (as pre-specified in the protocol).

Statistical Analysis

Continuous measures are expressed as median and 25th and

75th percentile (Q1, Q3). Categorical measures are presented as

frequencies with percentages. The non-parametric Wilcoxon rank

sum test for independent samples was performed to identify any

significant differences between responders and non-responders to

CRT. The correlation of continuous variables was assessed with

the Spearman correlation statistic. The Fisher’s exact test was

used for comparisons between groups.

For the pre-specified secondary stratified analysis of

etiology and responder status, subset odds ratios were pro-

duced using unadjusted logistic regression with interaction

parameters. Receiver operating characteristic (ROC) curves

were used to determine cut points for septal that had the

optimal sensitivity and specificity to identify response to CRT.

A general linear model was used to explore interactions

between etiology of cardiomyopathy, responder status, and

extent of septal R-MM. A P value \.05 was considered

statistically significant. All statistical analyses were performed

with SAS version 9.1.3 (SAS Institute Inc., Cary, NC).

Ethics

The protocol received ethics approval from the University

of Ottawa Heart Institute ethics board and all patients signed

informed consent.

RESULTS

Patients

A total of 51 patients were recruited to the study. One

patient died before 3-month follow-up and another had

recurrent lead dislodgements. Thus, there were 49 patients

for final analysis, 31 responders and 18 non-responders

(response rate was 63.3%). In the ICM group, the response

rate was 18/27 (66.7%) and in the NICM group 13/22

(59.1%), P = .58. Baseline variables stratified by respon-

der status are shown in Table 1. The changes in variables

comparing pre-implant to 3-month follow-up are shown in

Table 2 (again stratified by responder status).

Quantification of MD

There was no difference in baseline extent of MD

between the non-responder and responder groups. There

was no change in extent of MD after CRT implantation

in the non-responder group (pre-implant 55.8� (42.0,

71.2), post-implant 52.8� (37.6, 67.5), P = .435). In the

responder group there was a significant reduction in MD

from 54.3� (38.4, 67.3) to 31.4� (22.8, 42.9), P B .0001.

Reduced Glucose Metabolism (R-MM)
Quantification—Stratified by Responder
Status

The results are shown in Table 3 and Figure 2.

Non-responders had significantly less septal R-MM than

responders (12.8% (7.9, 22.6) compared to 22.9% (12.2,

33.4) P = .042) There was no difference between the

groups in extent of other regional R-MM. PET images

from one patient are shown in Figure 3.

Reduced Glucose Metabolism (R-MM)
Quantification—Stratified by Etiology
and Responder Status

In the NICM subset, non-responders had signifi-

cantly less septal R-MM than responders 13.1%, (8.3,

16.3) compared to 27.1%, (21.8, 33.8), P = .012, see

Figure 2). There were correlations between the extent of

septal R-MM and the increase in LVEF (r = 0.692,

P = .0004, Figure 4A) and reduction in LVESV (r =

-0.579, P = .004, Figure 4B). Also for each 5%

absolute increase in extent of septal R-MM the odds

ratio of being a responder was 2.17 (95% CI 1.15, 4.11,

P = .017) (Table 4).

In the ICM group non-responders had less septal

R-MM than responders: 12.4%, (7.9, 22.6) compared to

18.2%, (3.9, 27.7), but this was non-significant P = .54.

There was a modest borderline correlation between

extent of septal R-MM and increase of LVEF

(r = 0.371, P = .056). There was no correlation with

reduction in LVESV with CRT.

The relationship between etiology of cardiomyop-

athy, responder status, and extent of septal R-MM was

further explored using a general linear model. In the

NICM sub-set, there was a significant interaction

between responder status and extent of septal R-MM

(P = .012). In contrast, there was no interaction in the

ICM group (P = .419).

There were no other differences in the extent of

global R-MM or regional R-MM (data not shown),

between non-responders and responders in either subset.

Relationship Between Septal Glucose
Metabolism (R-MM), Scar, MD, and Other
Variables

There were also no differences in RMM score for

those who did or did not have the clamp and those who
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did or did not have diabetes. There was a moderate

inverse correlation between extent of septal R-MM and

extent of septal scar (r = -0.443, P= .0014). This was

consistent in both NICM (r = -0.410) and ICM (r =

-0.422) subsets. ICM patients had significantly more

septal scar (40.0%, 7.8, 80.0) than NICM patients

(15.5%, 3.4, 36.6, P = .050). There were no correlations

between the extent of septal R-MM and any of age,

etiology, LVEF, QRS duration, extent of MD, or extent

of lateral wall scar.

Reduced Septal Glucose Metabolism
(R-MM) to Predict Response to CRT

In the NICM subset, a cut point of R-MM extent of

17.2% had 92% sensitivity and 78 % specificity for

predicting response to CRT with a negative predictive

value of 87.5% and a positive predictive value 85.7%.

Figure 5 shows the ROC curve.

Additional Analysis

We repeated the primary analysis (i.e., R-MM

Quantification—stratified by etiology and responder

status) using the 17-segment standardized ACC/AHA

model36 and found almost identical results (data not

shown).

DISCUSSION

In our study, in patients with NICM, the greater

reduction of septal glucose metabolism relative to

perfusion (septal R-MM) on perfusion-FDG PET imag-

ing, predicted response to CRT. To our knowledge, our

study is the first to examine whether septal R-MM

Figure 2. Extent of septal R-MM in sub-sets (black non-
responders, white responders).

Figure 3. A, Example of reconstructed polar maps in a 60-year-old woman with NICM with a pre-
implant NYHA Class III, LV-EF of 30%, LVESV 233 mL, and LBBB with QRS duration of
166 ms. The left panel shows perfusion and the right panel shows FDG uptake. B, R-MM map, (a
display of the perfusion-FDG) shows is extensive R-MM in the septum with a septal R-MM score
of 40.8%. Following CRT, her EF improved to 67% and she improved to NYHA Class I. Color
scales are 0%-100%, S, septum; L, lateral wall; P, posterior.
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predicts LV remodeling response to CRT. We show that

septal R-MM had good sensitivity (92%) and specificity

(78%) to predict response to CRT in patients with NICM

but not in the ICM group.

Our study supports the preliminary findings of a small

pilot study which examined 14 patients (11 NICM, 3 ICM)

with spontaneous or pacer-induced LBBB.20 The survivor

group (7 NICM 3 ICM) had significantly more R-MM

segments in the septum than the non-survivors (3.3 ± 1.5

vs 0.5 ± 0.6). While this previous pilot study was too small

to draw definitive conclusions, it does support our findings

regarding the importance of septal R-MM for predicting

improvement in the left ventricle.

It is well established that many patients with LBBB

and LV dysfunction have reduced septal glucose utilization

using FDG PET relative to perfusion imaging.21,23,24,37,38

This is almost universal in patients with NICM and we have

previously shown that it is also common in patients with

ICM.21 While the precise mechanism remains unclear, it

appears to be independent of perfusion. Altered transmem-

brane glucose transport or phosphorylation kinetics have

been proposed.23 As noted by Nowak23 reductions in septal

work would be expected to reduce ATP demand and ergo

reduce the need for glucose. Decreased gene expression for

GLUT-4 and reduced glucose oxidation have been dem-

onstrated by Depre et al39 in rats whose hearts have been

unloaded by transplantation to the abdominal aorta. This

supports that reduction in glucose utilization may be due to

unloading effects.23,39

There was a moderate inverse correlation between

extent of septal R-MM and extent of septal scar.

Ischemic cardiomyopathy patients had significantly

more septal scar than non-ischemic cardiomyopathy

patients. These latter two observations likely explain the

non-significant differences in the extent of septal

R-MM, between non-responders and responders, in the

ischemic cardiomyopathy subgroup

The finding of a moderate inverse correlation

between extent of septal R-MM and quantity of septal

scar is in contrast to our previous study where we found

lateral wall scar was more common in a small group of

patients without septal R-MM.21 These dissimilar obser-

vations are likely explained by differences in the study

populations. Most importantly the patients in the current

study had more extensive scar, both global and regional,

than in the previous study. It should also be noted that

the relationship between septal scar and septal R-MM

can be more readily explained, i.e., with more severe

septal scar the amount of perfused myocardium that can

have R-MM is reduced. However, we need to study a

larger population with a full spectrum of scar extent and

R-MM extent to more precisely define the relationship

between scar and septal R-MM.

The extent of MD did not predict response to CRT.

This may in part reflect our relatively homogeneous

Figure 4. Correlation between extent of septal R-MM and
change in LVEF (A) and LVESV (mL) (B) with CRT in NICM
group.

Table 4. Global and segmental scar stratified by responder status

Variables

Non-responders (n 5 18) Responders (n 5 31)

P valueMedian Q1, Q3 Median Q1, Q3

Global scar size 38.3 29.6, 45.4 35.4 21.5, 49.3 .641

Lateral scar size 24.5 10, 49 5.6 0, 20 .008

Inferior scar size 32.8 18.9, 68.9 24.4 10.1, 47.7 .134

Septal scar size 31.7 7.8, 56.8 34.4 4.4, 56.6 .926

Anterior scar size 26.7 2.2, 47.8 23.4 2.2, 58.8 .585

Apical scar size 62.0 32.0, 73.0 65.0 46.0, 87.0 .227
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study population (mostly LBBB, all with QRS greater

than 130 ms, no RBBB) and, therefore, likely relatively

homogenous extent of MD. We did, however, find the

responders had a major reduction in MD and non-

responders did not and this is consistent with previous

literature.40 The whole role of MD assessment in

predicting response to CRT still needs much clarification

and each of the techniques for measuring MD has some

advantages and disadvantages. MRI probably provides

the most comprehensive measurement of segmental

contractions of the ventricles in three dimensions.

However, its cost, inaccessibility to many centres, and

the inability to perform the test after device implantation

are all issues. Newer echocardiographic techniques are

being explored with promising initial results.11,12 Phase

imaging of myocardial perfusion studies have the

advantage of providing information on both scar and

MD.41,42

Limitations

The sample size of this study was small but

sufficient to address the primary objective which was

to determine the association between LV scar, septal

R-MM, and response to CRT. This observational study

was conducted as a proof of concept pilot for a larger

study where the cut point values identified in the current

study will be further evaluated. FDG uptake is known to

be variable. As such, when perfusion data is acquired

with FDG PET, it is often recommended to normalize

FDG to regions of maximal perfusion to properly define

scar and mismatch. However, the presence of septal

R-MM makes approaches for normalization of FDG to

perfusion data challenging. There is no standard method

for analysis in this scenario. In order to address this, and

to facilitate the proof of concept investigation in the

current study, we restricted FDG normalization to

perfusion values in the lateral half of the ventricle. This

or any normalization approach may underestimate

R-MM to some degree. Likewise the presence of a very

large lateral wall scar could lead to over-normalization.

However, it is unlikely that in most circumstances to

significantly affect the relationships observed with CRT

response. Standardized and normalization approaches to

quantify R-MM that also enable accurate measure of

match and mismatch, will need to be developed and

evaluated in future studies if this concept is to be applied

clinically.

Clinical and Research Implications

NICM patients appear to have greater response to

CRT than ICM patients.5,43 We extend this finding by

showing that the pathophysiology of LBBB and

response to CRT seems to be different in the different

populations. In NICM patients, we found that the extent

of reverse metabolic mismatch in the septum could have

important clinical utility in determining which patients

are likely to respond to CRT. These findings require

further validation in larger groups of patients before they

can be implemented in clinical practice. Also, the

relative importance of MD, scar extent, and septal

R-MM in different populations needs to be further

elucidated.

CONCLUSIONS

In our study, in patients with NICM, the greater

reduction of septal glucose metabolism relative to

perfusion (septal R-MM) on perfusion-FDG PET imag-

ing, predicted response to CRT. While the mechanism

for R-MM remains unclear, this may be a useful

parameter in defining patients more likely to respond

to CRT.

Figure 5. ROC curve analysis in NICM subset on extent of
septal R-MM before CRT implantation and response after
3 months of CRT. A, Sensitivity curve is broken line and
specificity is continuous line. B, There is good predictive value
(AUC = 0.855) to predict response.
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