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Left bundle branch block (LBBB) is common in patients with
heart failure (HF) and contributes to left ventricular (LV) dysfunc-
tion. The abnormal septal motion may alter septal metabolic de-
mand but this has not been well characterized in patients with
ischemic cardiomyopathy (ICM) and LV dysfunction. The aim of
this study was to determine the effect of LBBB on septal metab-
olism in patients with ICM, LV dysfunction, and LBBB.Methods:
Fifty-three patients with LV dysfunction and ICM were identified:
34 with LBBB, 19 with normal QRS (#100, control patients).
PET using 18F-FDG and 82Rb was used to measure myocardial
glucose metabolism and perfusion, respectively. Perfusion-
metabolism differences were determined. Scar scores (matched
decreases in 18F-FDG and 82Rb), mismatch scores (hibernating
myocardium with decreased 82Rb relative to 18F-FDG), and
reverse-mismatch (R-MM) scores (reduced 18F-FDG relative to
82Rb) were assessed in the septum and lateral wall. Results:
18F-FDG uptake in the septum was reduced in patients with
LBBB (64.0% 6 15.4%) compared with control patients
(74.9% 6 14.3%; P , 0.05). Mean septal R-MM was greater in
patients with LBBB (19.1% 6 15.3%) versus control patients
(4.7% 6 10.6%; P , 0.05). However, 32% (11/34) of patients
with LBBB did not demonstrate septal R-MM, 91% (10/11) of
whom demonstrated lateral wall perfusion defects. Of the 68%
(23/34) of patients with LBBB and septal R-MM, 52% (12/23)
demonstrated lateral wall perfusion defects (P , 0.05). There
was a significant difference in the percentage of the lateral wall
with scar between those with septal R-MM (9.3% 6 10.5%)
and those without (19.9%6 14.3%; P, 0.05).Conclusion: Pre-
viously, LBBB was believed to be characterized by reduced glu-
cose metabolism relative to perfusion in the septum; however,
this is not always the case in ICM. LBBB is not associated with
septal R-MM in .30% of this patient population. Absence of
this finding was often associated with lateral wall perfusion de-
fects, suggesting an alteration in the metabolic demand on the

septum. This may have implications for HF therapies such as
resynchronization and requires further study.
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Congestive heart failure (CHF) is a debilitating and
common disorder affecting approximately 1%–2% of the
adult population and 6%–10% of the elderly population in
developed countries (1). The most common cause of CHF in
North America is ventricular dysfunction due to ischemic
heart disease (IHD) (1). Left bundle branch block (LBBB),
which has been reported to increase disease severity as well
as mortality risk, is present in approximately 25% of patients
with CHF and decreased systolic function (2). LBBB is also
present in approximately 30% of patients with idiopathic
dilated cardiomyopathy (IDC) (3,4).

Cardiac resynchronization therapy (CRT) is an important
new treatment for patients with advanced CHF and LBBB. It
has been shown to improve left ventricular (LV) function and
reduce hard clinical endpoints, including hospitalization and
death (5–12). Many questions remain to be answered about
CRT; perhaps most important is the issue of nonresponse to
this therapy. The nonresponder rate has been estimated to be
up to 50% (6,11–17). Furthermore, emerging data suggest that
the etiology of CHF is an important factor in determining
response. Recent work has suggested that patients with ische-
mic cardiomyopathy (ICM) gain only a minor and transient
benefit from CRT, with LV volumes deteriorating back to
preimplant levels after 12 mo (18). This lack of response is not
fully understood; hence, it is necessary to achieve a more
complete comprehension of the pathophysiology of LBBB.

Changes in metabolism have also been observed in
patients with IDC treated with CRT (4,7,9,19). Previous
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studies evaluating myocardial metabolism in patients with
LBBB have focused primarily on the patient population
with IDC, with few studies assessing the impact of LBBB
in patients with ICM (4,9,20). The aim of this study was to
determine the metabolic alterations in the septum of pa-
tients with LBBB, LV dysfunction, and ICM.

MATERIALS AND METHODS

Patient Population
The study population was composed of adult patients (age,

.18 y old) who met inclusion criteria and who underwent 82Rb
perfusion and 18F-FDG viability PET at the University of Ottawa
Heart Institute. Study inclusion criteria were documented: (a) IHD
by previous myocardial infarction, coronary angiography, prior
coronary artery bypass grafting/percutaneous transluminal coro-
nary angioplasty interventions, or a positive stress perfusion scan;
and (b) LV dysfunction on radionuclide angiography, echocardi-
ography, gated perfusion SPECT, or left ventriculography.

Eighty-eight patients with QRS . 100 ms were identified.
Among these patients, 38 had criteria for LBBB and served as the
study group. The remaining 50 patients had an intraventricular
conduction delay or right bundle branch block (RBBB). Of the 38
patients with LBBB, the etiology of heart failure (HF) in 4 patients
was IDC; thus, these 4 patients were excluded. Nineteen patients
with normal QRS duration (#100 ms) served as the control group.
The Human Research Ethics Board of the University of Ottawa
Heart Institute approved this study.

LBBB Electrocardiographic (ECG) Criteria
A 12-lead ECG was acquired for each patient. LBBB status

was determined by a single board-certified cardiologist who was
unaware of the patient’s clinical or PET findings. The following
criteria were used to confirm LBBB: QRS duration of .0.12 s;
absence of Q waves in leads I, V5, and V6; monophasic broad R
wave in leads I, V5, and V6; delayed intrinsicoid deflection in
leads V5 and V6; and displacement of ST segment and T wave in a
direction opposite to the major deflection of the QRS complex
(21).

82Rb PET Protocol
Patients were positioned in a whole-body PET scanner (ECAT

ART; Siemens), and a 4-min 137Cs transmission scan was perfor-
med for attenuation correction (22). Immediately after obtaining
the transmission scan, 8 MBq/kg of 82Rb were administered
intravenously over 30 s. The PET perfusion imaging was acquired
at rest with a standard 82Rb protocol (23–25). A 7.5-min acquisi-
tion was initiated 2.5 min after tracer administration, as previously
described (23–25).

18F-FDG PET Protocol
After an oral glucose load, a 4-min 137Cs transmission scan was

performed for attenuation correction, and 35–215 MBq of 18F-
FDG were administered intravenously. For patients with diabetes
mellitus, a standard hyperinsulinemic-euglycemic clamp protocol
was used (24–26). Forty minutes after injection, a 30-min 18F-
FDG PET acquisition was initiated.

PET Image Processing
Perfusion and 18F-FDG images were reconstructed using fil-

tered backprojection with a Hann window of the ramp filter and a
cutoff frequency of 0.6 cycle/cm. A custom program (myoPC;

Robert deKemp, University of Ottawa Heart Institute) was used to
reorient images automatically along the long axis of the heart and
sample the LV myocardium into polar maps with 460 sectors (24).
The polar maps were expressed as a percentage of maximal uptake
and divided into 5 segments, where each of the 4 walls has 180
sectors, and the apex has 100 sectors. In an effort to isolate any
regional differences due to the LBBB, which may overlap with
anterior or inferior walls, the current study focused on the
differences between septal and lateral wall 18F-FDG and 82Rb
uptake.

Tissue Characterization
The images were analyzed to assess the metabolic nature of the

myocardium based on our viability scoring method (24). Briefly,
perfusion was considered to be normal where uptake was $80%
of maximum, excluding the septal wall. 18F-FDG activity was then
normalized to the normal perfusion-zone value. Within the abnor-
mal perfusion zone, a summed hibernating score (mismatch) was
calculated from the sectors where 18F-FDG . perfusion, and a
summed scar score (match) was calculated as the magnitude of the
perfusion defect (100% 2 perfusion) minus the summed hiber-
nating score. In this way, the perfusion defect is divided into
components of hibernating myocardium and scar that can poten-
tially coexist.

A reverse-mismatch score (R-MM) was calculated for each
sector from the difference of perfusion minus 18F-FDG score.
Thus, sectors with 18F-FDG , perfusion would yield a positive
R-MM score. For the entire segment, a R-MM score of .10% was
considered abnormal. This was based on similar cutoffs for
differences in perfusion and 18F-FDG used to define match and
mismatch (27). Hence, patients with LBBB and septal R-MM
scores of .10% were considered ‘‘R-MM 1ve,’’ whereas those
with septal R-MM scores of #10% were considered ‘‘R-MM
2ve.’’

Statistical Analysis
Data are expressed as mean 6 SD. The nonparametric

Wilcoxon Mann2Whitney test for independent samples was
performed to identify any significant differences between groups.
Paired t tests were performed between septal and lateral walls to
assess within-group differences. The Fisher exact or Yates’ cor-
rection x2 tests were used to assess any significant differences
between groups of categoric data. In all cases, significance was
considered valid at P , 0.05. All statistical analyses were per-
formed with SPSS version 10.0 (SPSS Inc.).

RESULTS

Patient Characteristics

Fifty-three patients (35 male, 18 female; age, 66.3 6 9.8
y) were included in the study, all with LV dysfunction and
IHD. The demographic characteristics of the 2 groups of
patients (LBBB group [n5 34] and control group [n5 19])
are given in Table 1. Patients with LBBB were older than
the control patients (P 5 0.03). There was a trend (P 5

0.07) for an increased number of women in the LBBB
group compared with the control group (previous reports
have found a greater proportion of women with LBBB
(28)). As expected, there was a significant difference in
QRS duration between the groups (P , 0.001).
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Myocardial Tracer Uptake

The mean uptake of 82Rb in the lateral wall was signifi-
cantly reduced in patients with LBBB compared with control
patients (79.0% 6 9.0% vs. 84.8% 6 7.5%; P, 0.05). This
may reflect a greater amount of scar in the LBBB group, as
the mean percentage of the lateral wall with scar for the
control group was 4.9% 6 10.9% compared with 12.8% 6

12.7% for the LBBB group (P, 0.05). In the septum, there
were no differences in perfusion between groups (LBBB 5

83.1% 6 8.1% vs. control 5 79.7% 6 10.9%; P 5 0.32).
There were also no differences in the scar score in the septum.
Within each group, there were no significant differences in
myocardial perfusion between the lateral and septal myocar-
dial walls. However, there was a trend in the LBBB group
(P 5 0.07). The average septal wall 18F-FDG uptake was
64.0%6 15.4% for the LBBB group, which was significantly
reduced, compared with 74.9% 6 14.3% for the control
group (P, 0.05). However, the mean 18F-FDG uptake in the
lateral wall was not significantly different between patients
with and without LBBB (P 5 0.98). Figure 1 demonstrates
example 18F-FDG and 82Rb polar maps for a typical patient
with a septal R-MM score of .10% (Fig. 1A) and an R-MM
score of #10% (Fig. 1B).

R-MM Scores

The R-MM scores for the lateral and septal myocardial
segments are shown in Figure 2. There was a significant
difference between the LBBB and control groups in both
segments. The R-MM score was greater in the septum of
patients with LBBB (19.1% 6 15.3%) versus control
patients (4.7% 6 10.6%; P , 0.01). Patients with LBBB
(but not control patients) demonstrated significant differ-
ences in R-MM scores (P, 0.001) between the septum and
the lateral wall.

Figure 3 demonstrates the relationship between the R-MM
score and the QRS for all patients in the study. Among
patients with LBBB, 23 of 34 (68%) demonstrated septal
R-MM (.10%), whereas 11 of 34 (32%) did not. An almost

uniform finding from previous studies in patients with IDC
(i.e., nonischemic) is that almost 100% of patients with IDC
and LBBB have R-MM (4,9,20). We, therefore, conducted
further analyses to better characterize the patients with
LBBB in the current study with and without R-MM.

Characterization of LBBB Population

The patients with LBBB and septal R-MM scores of
.10% were considered R-MM 1ve, whereas those with
septal R-MM scores of #10% were considered R-MM 2ve
(27). Comparison of the mean 82Rb and 18F-FDG percent-
age uptake revealed significant differences in septal wall
18F-FDG and lateral wall 82Rb uptake (Fig. 4). Qualitative
and semiquantitative analyses of the polar maps confirmed
that all but one of the patients in the LBBB R-MM 2ve
group (91%) had a perfusion defect in the lateral wall
compared with 48% of the patients in the LBBB R-MM
1ve group (Table 2).

The mean lateral wall scar score in the group of LBBB
R-MM 2ve patients was 19.9% 6 14.3% compared with
9.3% 6 10.5% in LBBB R-MM 1ve patients (P , 0.05).
There was no significant difference in the scar scores of
the septal wall. However, there was a small, but significant,
difference in the amount of hibernating myocardium (or
mismatch) in the septum between the LBBB R-MM 2ve

TABLE 1
Demographic Characteristics

Characteristic

Control

(n 5 19)

LBBB

(n 5 34)

Age (y) 62.9 6 9.6 68.3 6 9.5*

Male (% of total) 16 (84) 19 (56)
Diabetes mellitus (% of total) 8 (42) 11 (32)

Previous CABG (% of total) 3 (16) 9 (26)

NYHA class 2.21 2.68

QRS duration 94 6 6 159 6 19y

Ejection fractionz (%) 27.3 6 5.7 28.1 6 12.0

*P 5 0.03.
yP , 0.0001.
zAvailable for 47 patients, P 5 not significant.

CABG 5 coronary artery bypass grafting; NYHA 5 New York

Heart Association.

FIGURE 1. Examples of septal R-MM 1ve (A) and R-MM 2ve
(B) polar images reflecting perfusion (82Rb) and 18F-FDG uptake
across the myocardium. Red reflects maintained tracer uptake,
whereas yellow and green reflect decreased tracer uptake. (A)
Note reduced septal 18F-FDG uptake with maintained per-
fusion. (B) Note large lateral wall perfusion defect and cor-
responding relatively preserved septal wall perfusion and
18F-FDG uptake. A 5 anterior wall; S 5 septal wall; L 5 lateral
wall; P 5 posterior wall.
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and R-MM 1ve groups (1.7% 6 4.2% and 0.0% 6 0.0%,
respectively;P, 0.05). Therewas no difference in the amount
of hibernating myocardium in the lateral wall between R-MM
2ve and R-MM 1ve groups. There were also no significant
differences between the extent of scar in the other myocardial
regions (anterior, inferior, apex) when the R-MM 1ve and
R-MM 2ve LBBB subgroups were compared.

DISCUSSION

In the current study, patients with LBBB and ICM often
demonstrate septal R-MM. However, this occurrence is not
universal. Patients with LBBB without septal R-MM had
significantly reduced perfusion in the lateral wall. There
was also significantly increased 18F-FDG uptake in the
septal wall of LBBB R-MM 2ve patients compared with
LBBB R-MM 1ve patients. To our knowledge, this is the
first study of its size to assess myocardial perfusion and
metabolism in patients with IHD and LBBB compared with
those patients with only IHD.

A small number of published reports have evaluated the
effects of IDC and LBBB on septal myocardial function,
flow, and metabolism (3,10,19,20). Significantly increased
lateral wall perfusion and wall thickening relative to the
rest of the ventricle, and in particular the septum, have been
reported (10). In the current study, there were no significant
differences in myocardial perfusion between the lateral and
septal myocardium in either group. Significantly reduced
18F-FDG septal-to-lateral ratios have been reported in
patients with LBBB and ‘‘no significant coronary stenosis’’
compared with non-LBBB patients (20). Similarly, this
study reported reduced 18F-FDG uptake in the septum
compared with the lateral wall in the LBBB group.

Septal R-MM was common (present in 68%) but was not
a uniform finding in our study. LBBB R-MM 1ve patients
revealed significantly reduced septal wall 18F-FDG uptake

FIGURE 3. Mean R-MM score vs. mean QRS duration for
control and LBBB lateral (triangles) and septal (squares) walls,
with vertical and horizontal SD error bars. *P , 0.001 for LBBB
septum vs. LBBB lateral wall, control septum, and control
lateral wall.

FIGURE 2. Septal and lateral wall R-MM scores in patients
with ICM and LV dysfunction in LBBB and control groups.

FIGURE 4. Lateral wall and septal wall mean 82Rb uptake (A)
and 18F-FDG uptake (B) for LBBB R-MM 2ve and 1ve patients
only.

TABLE 2
Presence or Absence of Lateral Wall Defects in Patients

with LBBB

Lateral wall defect

LBBB (n 5 34)

R-MM 1ve
(n 5 23)

R-MM 2ve
(n 5 11)

Presence (% of total) 11 (48) 10 (91)

Absence (% of total) 12 (52) 1* (9)

*P , 0.05.
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compared with LBBB R-MM 2ve patients. Concomitantly,
82Rb uptake was significantly decreased in the lateral wall
of LBBB R-MM 2ve patients. Almost all had a moderate-
to-large perfusion defect. To our knowledge, these findings
have not been reported elsewhere in the LBBB literature.
Previously, in 2 case reports and a small study (n 5 6) of
patients with ICM and LBBB, septal R-MM was demon-
strated in each individual (29–31).

The LBBB subgroup of patients with ICM but without
R-MM and lateral wall defect demonstrates distinctively
different findings. One hypothesis is that the lateral wall is no
longer capable of adjusting its workload to compensate for
the asynchronous septum because of the reduced perfusion.
Thus, previously ineffective early septal wall contractions
are crucial for systolic function when opposed by a hypo-
perfused lateral wall. With PET, this may manifest itself with
decreased 82Rb uptake in the lateral wall and maintained 18F-
FDG metabolism in the septum despite a LBBB.

With the emergence of CRT, many patients with LBBB
are now being treated with biventricular pacing for their HF
(32). A relative increase in septal 18F-FDG uptake com-
pared with either baseline or a control population has been
clearly demonstrated, which has been linked to improved
LV function (4,9,33). However, a large proportion of
patients receiving CRT (up to 50%) gains no benefit
(6,11–17,34–36). The main factors impacting CRT re-
sponse have been postulated as (a) the degree of LV
dyssynchrony, (b) lead placement within the lateral wall,
and (c) the degree of lateral wall scarring. All 3 factors can
be markedly altered in the setting of ICM. Thus, it is not
surprising to note that recent reports have suggested an
association between the etiology of LBBB and the response
to CRT (5,8,11,13,34,36–39). Recently, Bleeker et al. re-
ported that patients with IHD, LBBB, and transmural pos-
terolateral scar tissue were ‘‘nonresponders’’ after CRT (34).

In the current study, patients with LBBB, but without a
R-MM, frequently exhibit decreased uptake of 82Rb in the
lateral wall. We hypothesize that this could drive the septal
metabolic demand in some patients such that the septum is
contributing more to forward stroke work of the LV. These
patients may not respond to the benefits of CRT but this
notion remains speculative and requires further study. It is
also conceivable that the presence of R-MM may indicate a
metabolic imbalance due to the conduction delay and thus
reflect a degree of metabolic reserve in the septum with
potential for recovery after CRT. Alternatively, the extent of
scar in the lateral wall may be the more important factor,
countering any metabolic reserve in the septum (8,11,37,39).
This too remains speculative and requires further study.

These previous studies, as well as the current study,
highlight the need for a comprehensive understanding of
the pathophysiology of all etiologies of LBBB, and in
particular that of ICM. The rate of nonresponse to CRT is
high, particularly in patients with ICM. We have found a
distinct difference between patients with ICM and IDC, in
that septal R-MM can no longer be considered pathogno-

monic for LBBB. This is most likely due to the lateral wall
scar described in the current study as well as in the study of
Bleeker et al. (34). Consequently, this may contribute to the
large CRT nonresponder rate in patients with ICM and is
likely also the reason for the lack of septal R-MM.
Currently, there is still much to be discerned in the setting
of ICM and LBBB. PET may prove to be a useful tool not
only for uncovering these ambiguities but also for screening
patients before CRT.

These data are limited by the lack of a direct measure of
LV function and the phase of contraction. Unfortunately,
wall motion studies were often not available for the patients
included in this study—patients either did not get a wall
motion study or were referred from another center. Besides
the obvious differences related to LBBB, our patients with
LBBB also had a greater amount of lateral wall scar than
control patients, although other parameters were compara-
ble. Larger studies will be required to determine if this is
true in other LBBB populations.

Future studies are planned to assess the utility of defining
R-MM for predicting response to CRT. The R-MM param-
eter may be useful in this regard but may also have
limitations. Specifically, like any cutoff parameters, pa-
tients near the cutoff may be inappropriately categorized.
Likewise, whereas these R-MM patterns tend to encompass
most or all of the septum, this does not necessarily match
the artificial boundaries of the septum segment. This could
lead to slight overestimation or underestimation of the
R-MM score. Normalization to a perfusion defect could
also affect the R-MM score but this is unlikely unless there
is an extensive perfusion defect. Future prospective studies
will need to consider these limitations.

We included only those patients meeting specific LBBB
criteria to determine the specific septal metabolism altera-
tions in this condition. The cohort of patients with mixed
intraventricular conduction-delay abnormalities has not
been included in the current study. Lastly, the study was
not intended to evaluate clinical outcomes. This will be
addressed in future work.

CONCLUSION

Altered septal glucose metabolism, reflected by a R-MM
pattern on PET, is common in patients with IHD, LV
dysfunction, and LBBB. However, this phenomenon is not
universal, with .30% of patients not exhibiting septal
R-MM. More than 90% of patients with LBBB, but without
R-MM, have a lateral wall perfusion defect. Further studies
are needed to fully elucidate the mechanism, as well as the
disparity, of septal metabolism alterations in patients with
LBBB and to determine whether such alterations can help
predict the therapeutic response.
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