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Fig. 2. Myocardial protein expressions of tumor necrosis factor-¢. (TNF-0,) and matrix metalloproteinases (MMPs) in normal control rabbits

(NC, n = 3), rabbits with reperfused myocardial infarction (MI) (n

6), and MI rabbits treated with vagal nerve stimulation (M1-VS)

rabbits (n = 6). (A) Representative Western blots of TNF-a (17 kDa) as well as corresponding B-actin bands (43 kDa) and band intensities
normalized to NC values are shown. (B) Representative zymogram shows pro-MMP-9 band at 92 kDa and pro-MMP-2 band at 72 kDa.
Note the faint 83 kDa band in MI hearts, which represents active MMP-9. Densitometric analysis of MMP-9 and MMP-2 contents ex-
pressed in integrated optical density (A.U.) relative to background. Data are means = SEM. *P < 05. 'P < 01 versus NC. 'P < 05

versus Ml

blot analysis of other species of MMPs is summarized in
Table 2. Myocardial protein levels of MMP-1 (50 kDa,
pro-MMP-1) and MMP-7 (28 kDa, pro-MMP-7) decreased
significantly to similar degrees in the MI and MI-VS groups
compared to NC values. Myocardial protein level of MMP-
8 (75 kDa, pro-MMP-8) increased significantly in the MI
group compared with NC and MI-VS values (Table 2).

Table 2. Myocardial Protein Expression (Study 1)

NC (n) MI (n) MI-VS ()
IL-1B, % of NC 100 + 6 (3) 79 £ § (6) 105 = 25 (5)
IL-6, ng/g protein 52 2 2(3) 00 = 7 (3 = 97 = 13 (4)*
MMP-1, % of NC 100 = 6 (3) S4 = 86y ! 71 12 (6
MMP-7, % of NC 100 =18 (3) 40 = 10(3)* 18 =23
MMP-8, % of NC 100 £ 153y 510 =823 " 236 = 65 (3)}
TIMP-1. ng/g protein 39 = 1 (3) 1394 = 101 (6)' 1387 = 164 (6)
CRP, pg/g protein 13 = 3(3) 1926 = 225 (&) 1741 + 114 (6)'

IL., interleukin; MMP, matrix metalloproteinase; TIMP, tissue inhibitor
of metalloproteinase; CRP, C-reactive protein.

Data are means = SEM. The number of hearts used for each experiment
is given in parentheses.

P05,

'P < 01 versus NC.

P < 05 versus ML

Myocardial level of TIMP-1 protein increased signifi-
cantly to similar degrees in MI and MI-VS groups com-
pared with NC values (Table 2).

Myocardial level of CRP increased significantly to simi-

lar degrees in the MI and MI-VS groups compared with NC
values (Table 2).
Neutrophil Infiltration. No myocardial neutrophil infil-
tration was found in NC rabbits, whereas intense neutrophil
infiltration into the infarcted myocardium was observed in
MI rabbits (Fig. 3A). On the other hand, a significantly
reduced neutrophil density in the infarcted myocardium
was cvident in MI-VS rabbits compared with MI animals
(Fig. 3A, B). In accordance with neutrophil counts, myelo-
peroxidase activity in MI-VS rabbits was significantly
reduced compared with MI animals (Fig. 3C).

Study 2: Chronic Phase after Ml

Body Weight and Survival. Baseline body weights were
comparable among the NC (2693 = 184 g), MI (2530 = 38
). and MI-VS (2462 = 24 g) groups. At 3 days after cor-
onary reperfusion, body weights decreased to the same ex-
tent in both the MI (2325 * 38 g) and MI-VS (2361 = 53 )
groups. At 8 weeks after reperfusion, body weights in-
creased to similar degrees in the MI (2843 = 69 g) and
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Fig. 3. (A) Photomicrographs of hematoxylin-cosin stained left ventricle cross-sections in infarcted regions obtained from rabbits with re-
perfused myocardial infarction (MI) and MI rabbits treated with vagal nerve stimulation (MI1-VS) rabbits at 24 hours after coronary reper-
fusion. Arrows indicate infiltrating neutrophils. Bars = 50 pm. (B) Neutrophil counts of sections in infarct regions from MI (n = 6) and MI-
VS (n = 6) rabbits. (C) Myocardial myeloperoxidase (MPO) activity in NC rabbits (n = 3), and in the infarct regions from MI (n = 4) and

MI-VS (n = 4) rabbits. *P < .01 versus NC, tp<0.01 versus ML

MI-VS (2899 + 53 g) groups compared with the respective
baseline values.

Five MI and four MI-VS rabbits died and the mortality
rate up to 8 weeks after coronary reperfusion was compara-
ble between the MI and MI-VS groups (31% versus 29%,
P = NS). Of these deaths, 2 MI (13%) and 3 MI-VS (21%)
rabbits died from arrhythmia at MI induction (P = NS).
Hemodynamics and LV Function. HR at 3 days after
coronary reperfusion significantly increased in both the
MI and MI-VS groups from their respective baseline values
(Table 1). There were no significant differences in HR be-
tween the MT and MI-VS groups at baseline, after 30 min-
utes of coronary occlusion, and at 3 days after coronary
reperfusion.

Baseline LV diameters and fractional shortening were
similar in the MI and MI-VS groups (Table 3). At 3 days
after coronary reperfusion, LV fractional shortening was re-
duced and I.VESD was increased from baseline in both the
MI and MI-VS groups to similar degrees. However, further
deterioration of LV fractional shortening at 8 weeks after
reperfusion observed in MI rabbits was prevented in MI-
VS rabbits (Table 3). At 8 weeks after coronary reperfusion,
MI-VS rabbits showed significantly smaller LVESD and
LVEDD compared with MI rabbits. Data of invasive hemo-
dynamic study are summarized in Table 4. Because 2 rab-
bits in the MI group with severely depressed LV function
(LVEDD >20 mm, LV fractional shortening <14%) de-
veloped cardiac arrest during the induction of anesthesia.

they were excluded from the invasive hemodynamic study.
LV end-diastolic pressure was significantly increased in MI
rabbits, which was significantly attenuated in MI-VS
rabbits.

LV Passive Pressure-volume Relationship and LV
Weight. Plots of ex vivo LV passive pressure-volume re-
lationship are shown in Fig. 4A. A marked difference

Table 3. Changes in FEchocardiographic Parameters with
Time (Study 2)

Baseline 3 Days 8 Weeks

LVESD, mm

Ml 78 £ 02 109 + 0.2/ 155 = 0.6

MI-VS 7.9+ 04 9.8 £ (.5% 114 £ 1.0
LVEDD, mm

MI 13.0 = 0.3 14.6 + 0.3 192 + 0.6

MI-VS 12.8 = 0.3 13.3 £ 05 155 + Lo
TS, %

MI 399 = 1.3 249 + 1.5 19.6 = 1.6

MI-VS 386 = 1.9 271+ 1.2 272 = 2.6M

3 d, 3 days after coronary reperfusion; 8 w, 8 weeks after coronary re-
perfusion; LVESD, left ventricular (LV) end-systolic diameter; LVEDD.
LV end-diastolic diameter; FS, LV fractional shortening.

Data are means = SEM.

n = 11 in MI group.

= 10 in MI-VS group.

*P < 05.

Ip < .01 versus baseline.

P < .05.

5%p < 0] versus 3 days.

P < 05.

"p < 01 versus ML
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Table 4. Invasive Hemodynamic Parameters 8 Weeks after
Coronary Reperfusion (Study 2)

NC MI MI-VS
HR. beat/min 335 = 14 3205 322 %5
MAP, mm Hg 110 =3 112 =3 112 = 4
LV dP/dt,,. mm Hals 4622 x 234 4546 = 229 4770 = 348
LV EDP, mm Hg 4+ 1 16 + 3 7 =2

NC. normal control; HR, heart rate;: MAP, mean arterial pressure; LV
dP/dt ., the maximumn first derivative of left ventricular pressure; LV
EDP, left ventricular end-diastolic pressure.

Data are means = SEM.

n =7 in NC group, n = 9 in MI group, n = [0 in MI-VS group.

*P o< 01 versus NC.

Ip < .05 versus ML

between NC and MI hearts is evident, whereas the average
curve derived from MI-VS hearts is close to that of NC
hearts. As shown in Fig. 4B, LV size, indexed by LVV,q,
of MI-VS hearts was significantly smaller than that of MI
hearts (P < .01) and reached values close to those of NC
hearts. LV weight normalized by body weight increased
significantly in both MI and MI-VS hearts compared with
NC value (Fig. 4C), but was significantly lower in MI-VS
hearts than in MI hearts (P < .01).

Histomorphologic Anpalysis of LV. The risk area sizes
were comparable in MI and MI-VS hearts (47 = 3% vs.
51 *= 5%, P = NS). A transverse LV section demonstrated

o

20

ex-vivo LV Pressure (mmHg)

a smaller LV cavity in the heart receiving VS (Fig. 5A). The
LV infarct size was significantly reduced in MI-VS hearts
(P < .05) compared with MI hearts as shown in Fig. 5B.
Because the risk area sizes were comparable in MI and
MI-VS hearts, the reduction of infarct size seen in MI-VS
rabbits was due to the VS treatment, not insufficient ische-
mic insults. Wall thickness in LV septum (non-infarct
region) was comparable in MI and MI-VS hearts, whereas
LV infarct wall thickness was significantly greater in MI-
VS hearts than in MI hearts. This resulted in higher thin-
ning ratios in MI-VS hearts than in MI hearts (Fig. 5B).
Myocyte hypertrophy in the septum was attenuated in
MI-VS hearts as demonstrated by significantly reduced my-
ocyte cross-sectional area compared with MI hearts. Colla-
gen densities in viable myocardial tissue were similar in MI
and MI-VS hearts (11 * 1% versus 9 = 0%, P = NS).
Plasma MMP. Relative MMP-9 level in plasma was
comparable among NC (156 = 19 AU, n = 6), Ml (147
=28 AU, n =7), and MI-VS (146 = 22 AU, n = 7)
groups. Relative MMP-2 level in the MI-VS group (164
+ 20 A.U.) was significantly lower compared with those
in the NC (226 = 17 A.U.) and MI (230 = 16 A.U.) groups
(P < .09).

Subgroup Analysis of Effects of VS on LV Remodeling
in Large MI. Because the progression of LV remodeling
is problematic, especially in patients with large infarct
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Fig. 4. Ex vivo left ventricular (LV) examinations of normal control (NC) (n = 7)., reperfused myocardial infarction (MI) (n = 11), and MI
rabbits treated with vagal nerve stimulation (MI-VS) (n = 10) hearts. (A) LV passive pressure-volume relationship in NC ((J), MI (@), and
MI-VS (O) hearts. (B) Ex vivo LV volume at LV pressure of 10 mm Hg (LVV ). (C) LV weight normalized by body weight. *P < .01

versus NC. 1P < .01 versus ML
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Fig. 5. (A) Transverse LV sections obtained from reperfused myocardial infarction (MI) and MI rabbits treated with vagal nerve stimulation
(MI-VS) hearts 8 weeks post-MI. The sections were stained with Masson’s trichrome. Blue stained area indicates scared infarct area. Bars
= 3 mm. (B) Histomorphometric analyses of LVs in MI (n = 11) and MI-VS (n = 10) hearts. *F < .05, TP < .01 versus ML

size,! we evaluated the cffects of VS on the parameters of
LV remodeling (LV weight and LVEDD at 8 weeks after
coronary reperfusion) in animals with large infarct size
(>30% of LV, 8 MIL. and 4 MI-VS rabbits). LV infarct
size was comparable in MI and MI-VS hearts (49 = 3%
versus 44 = 6%, P = NS). However, LV weight was signif-
icantly lower in MI-VS hearts than in MI hearts (2.2 = 0.1
versus 2.6 = 0.1 mg/g body weight, P < .05). There was
a strong trend of reduction in LVEDD in MI-VS hearts
compared with MI hearts, although the difference did not
reach statistical significance (15.1 = 2.0 versus 18.9 =
0.8 mm, P = .052).

Discussion

The major new findings of the present study were as fol-
lows. In the acute inflammatory phase of reperfused MI, VS
decreased TNF-o protein level and suppressed neutrophil
infiltration in the infarcted myocardium. In the chronic
phase of reperfused MI, VS markedly attenuated LV dys-
function and remodeling, even though VS was limited to
a short period early after MI. Although several acute exper-
imental studies examined the cardioprotective effects of VS
in reperfused MI, they lacked detailed assessment of LV
function and structure as done in this study.”’

Cardioprotective Effects of VS and Cytokine
Expressions

The beneficial effects of VS on reperfused MI are pri-
marily attributable to the reduction of infarct size."?!
Several cardioprotective mechanisms of VS in ischemic

myocardium have been reported previously. In a

neutrophil-free isolated heart preparation, VS attenuated
ischemia-reperfusion injury by protecting the myocytic mi-
tochondria.” In a non-reperfused MI model, VS protected
cardiomyocytes by upregulating hypoxia-inducible factor-
low pathway, and reduced infarct size.”? Acetylcholine, the
principal vagal neurotransmitter, mediated these direct pro-
tective effects on cardiomyocyte through the muscarinic
acetylcholine receptor pathway.>** These mechanisms
may have contributed to the reduction of infarct size by
VS in the present study. In addition, suppression of myocar-
dial neutrophil infiltration in acute MI phase might also
contribute to the reduction of infarct size by VS. Although
reperfusion of the ischemic myocardium is necessary to sal-
vage viable myocytes from eventual death. reperfusion also
causes tissue damage.” Reperfusion injury in the acute
phase of MI shares many characteristics with inflammatory
reactions. Neutrophils feature prominently in this inflam-
matory reaction.” It is well known that in the reperfused is-
chemic myocardium, upregulated TNF-o accelerates the
infiltration of neutrophils.*** In this study, VS suppressed
neutrophil infiltration into the infarcted myocardium possi-
bly through inhibition of TNF-a expression, which might
suppress the neutrophil-induced myocyte injury, thereby re-
ducing the infarct size. Acetylcholine attenuates the release
of TNF-o from macrophages through the nicotinic acetyl-
choline receptor pa[hway.m’” Cardiac mast cell is an im-
portant source of TNF-a in ischemic myocardium,*® and
expresses the nicotinic receptor.”* In our model, VS might
have directly reduced TNF-o expression on cardiac mast
cells via the nicotinic acetylcholine receptor pathway.
Myocardial IL- 10 protein content was not changed in our
MI model. Previous experimental study also reported
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similar results and suggested an insignificant role of IL-1B
as an upstream inducer of post-reperfusion inflammatory
reactions.”> Myocardial 1L-6 protein expression was not
affected by VS in this study. Previous clinical study indi-
cated that VS decreased plasma IL-6 concentration in
patients with advanced heart failure, but the reduction
was transient and noted only at 3 months after commencing
VS.* Although the increase in plasma IL-6 has been associ-
ated with progression of LV contractile dysfunction in
patients with heart failure, recent experimental research
suggests that IL-6 expression in viable myocardium may
play a pivotal role in cytoprotection.” Several biochemical
and hemodynamic factors have been shown to regulate 11.-6
expression after MI. IL-6 mRNA expression in mononu-
clear cells infiltrating the infarcted myocardium is upregu-
lated by TNF-o.® Gwechenberger et al’® have shown the
reperfusion-dependent expression of 11.-6 mRNA in cardio-
myocytes in the viable border zone. Perfusion dependency
of IL-6 expression was also observed in patients with reper-
fused MI, where plasma IL-6 concentration positively cor-
related with ischemic myocardial collateral flow.”® In the
present study, VS-induced TNF-o reduction might have
decreased myocardial 1L-6 expression. On the other hand,
the beneficial effect of VS on myocardial perfusion’’ or
the direct cardiomyocyte-protecting effect of VS® might
have increased de novo synthesis of IL-6 in the jeopardized
but viable myocardium. In VS, all these factors may oper-
ale simultaneously.

Myocardial CRP expression increased drastically after
MI, which was not affected by VS in this study. After
Mi, CRP is produced from the liver partly as a response
to stimulation by TL-6 released from the damaged heart.”
Because we found that cardiac expression of IL-6 was sim-
ilar in the MI and MI-VS groups, it is reasonable that myo-
cardial CRP content was not different between the 2 groups
in the present experiment. CRP-mediated complement acti-
vation in the myocardium was associated with increase in
infarct size and LV remodeling after M1 in several experi-
mental and clinical studies,”®?° although this association
remains controversial !

Our previous studies suggest that bradycardia plays a sig-
nificant role in cardioprotection by VS.?> However, the pres-
ent results indicate that the cardioprotective effect of VS
does not necessarily require strong bradycardia. Huston et
al demonstrated that in a mouse model of sepsis, mild inten-
sity of VS drastically reduces serum TNF-a without induc-
ing bradycardia.'' Furthermore, the cardioprotective effect
of VS through protecting myocytic mitochondria is also
independent of the degree of bradycardia.’ Increasing VS
intensity to attain strong bradycardia can cause unwanted
side effects such as local pain in animals and also in pa-
tients.>® Although the degree of bradycardia has been the
primary parameter used in adjusting the intensity of VS,*
additional parameters may be required for deciding the
proper therapeutic strategy of VS in clinical application.
MMP Inhibition and LV Remodeling. Subgroup analy-
sis of study 2 demonstrated that VS attenuated LV

hypertrophy when comparing MI and MI-VS hearts with
similarly large infarct size. This finding indicates that VS
indeed confers an antiremodeling effect beyond that
through reduction in infarct size. Reduction of MMP-9 ac-
tivity in the infarcted myocardium early after MI may con-
tribute to this antiremodeling effect of VS§.!83273¢ 1y
addition to the loss of contractile cardiomyocytes, patho-
logical degradation and reconstitution of extracellular ma-
trix contribute to the progression of LV remodeling after
MI, where MMP and TIMP play crucial roles. After MI,
pharmacological MMP inhibition attenuated 1.V remodel-
ing without affecting infarct size even if given for a short
period.”®** Suppression of the infiltration of neutrophil,
an important source of MMP-9 after myocardial ischemia
reperfusion,”® may be one reason of the reduction of
MMP-9 contents by VS in infarct observed in this study.
VS did not change the collagen content of the viable myo-
cardium at 8 weeks after MI in spite of reduced MMP-9 ex-
pression early after MI. Several studies also reported that
MMP inhibition improved LV remodeling without chang-
ing the collagen contents within the infarcts or in viable tis-
sues after ML'®* Lindsey et al demonstrated in a rabbit
model of MI that inhibition of MMP activities attenuated
LV dilatation and preserved the infarct wall thickness and
the thinning ratio without changing the tissue collagen con-
tent.>® Their findings are almost compatible to the present
results., These observations suggest that a non-
collagenolytic mechanism may also play a critical role in
regulating LV remodeling. Plasma MMP-9 concentration
measured 8 weeks after MI was not reduced in MI-VS rab-
bits compared with MI rabbits and controls. This indicates
that the MMP-9 suppressive effect of VS delivered early af-
ter MI did not last long. This might be beneficial in terms of
LV remodeling. A previous experimental study®* demon-
strated that MMP inhibition early after MI conferred bene-
ficial effects on LV remodeling, but chronic prolonged
MMP inhibition was associated with adverse effects on
LV remodeling. MMP-8, a neutrophil collagenase, has
been shown to increase in cardiac tissue after MI and relate
to LV rupture in MI patients.*” In this study, suppression of
neutrophil infiltration is probably the primary reason for the
reduction of myocardial MMP-§ contents by VS.

MMP-1 is mainly produced by cardiac fibroblasts. MMP-
2 is mainly expressed in cardiomyocytes after ischemic
injury.>> MMP-7 is expressed in macrophages and cardio-
myocytes after ML After reperfused MI, myocardial
protein contents of MMP-1, -2, and -7 were not affected
by V8. Taken together, VS appears to specifically affect
neutrophil-associated MMPs.

Myocardial TIMP-1 protein level was not affected by VS
in this study, which seems incounsistent with our previous
finding.'? TIMP-1 level increased drastically after 24 hours
of coronary reperfusion in the present study (> 1200 ng/g
protein, compared with that observed after 3 hours of reper-
fusion in rabbits in our previous study (<500 ng/g pro-
lein‘).'z On the other hand, the intensity of VS in this
study was rather mild compared with that in the previous
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study. These factors together may have obscured the TIMP-
I—~inducing property of VS in this study.

Clinical Implication

Early short-term VS strategy appears to be clinically fea-
sible in patients with acute MI. Furthermore, this strategy
may be both timely and sufficient based on the following
evidence. First, upregulation of plasma and myocardial
TNF-¢ as well as myocardial infiltration of neutrophils
are mostly confined to within 3 days after ML ">”" Mean-
while, the anti-inflammatory effects of VS are long-
lasting. In mice, only 30 seconds of VS significantly
suppressed TNF-« activation in response to lipopolysaccha-
ride challenge even at 48 hours after VS."’ Second, pharma-
cological inhibition of MMP activity for 48 hours after MI
preserves the original extracellular matrix, thereby lessens
LV remodeling.'®

Although the present findings suggest clinically useful
strategy of VS, several issues remain to be solved before
VS can be considered for clinical application in patients
with MI. First, it is unclear whether VS is able to provide
additional therapeutic benefits to current pharmacological
treatments such as renin-angiotensin-aldosterone inhibition
or B-blockade, the efficacy of which has been well estab-
lished in patients with MI.%® Second, it is unclear whether
VS started after reperfusion is also capable of attenuating
LV remodeling after MI. Although we started VS during
coronary occlusion in this study, initiating VS after coro-
nary reperfusion may simulate a more clinically relevant
situation, because prompt reperfusion of occluded coronary
artery is given the utmost priority in the management of pa-
tients with acute ML Further studies to solve these prob-
lems are clearly required.

VS did not afford any survival benefit in this study, which
is inconsistent with previous findings that VS improves
acute’ or chronic® survival in rats after MI by preventing
malignant arrhythmia and heart failure. However, the mor-
tality rate in Ml rats was ~60% within the first 24 hours in
the previous study,” which is undoubtedly higher than that
seen in MI rabbits of this study (~30%). Low mortality
rate in MI rabbits may have masked the impact of VS on
survival in this study.

L.imitation

We focused on the antiremodeling effects of VS but did
not include a detailed mechanistic investigation into how
VS reduces LV infarct size. Inflammatory responses to MI
play a significant role in determining the infarct size.” On
the other hand, the infarct size, which reflects the degree
of myocardial necrosis, is also one of the determinants of
post-MlI inflammatory reactions. Therefore, direct cardio-
myocyte protection of VS possibly through the muscarinic
acetylcholine pathway and the anti-inflammatory effect
possibly through the nicotinic pathway may have contrib-
uted synergistically to the infarct size-reducing effect of
V8. Selective inhibition of the muscarinic and nicotinic

pathway by atropine and methyllycaconitine,* respec-
tively, may allow elucidation of how these different mech-
anisms contribute to the beneficial effects of VS in
a reperfused MI model. Further studies on these issues
are clearly required.

Acute surgical trauma associated with open-chest prepa-
ration may have exaggerated the expression of CRP and
TNF-e in Ml and MI-VS rabbits in this study. For a more
rational comparison of acute inflammatory reactions among
NC, MI, and MI-VS animals, use of sham-operated rabbits
as NC would be more appropriate. Closed-chest animal
models of myocardial ischemia-reperfusion®” may be an al-
ternative to eliminate acute surgical trauma and allow as-
sessment of inflammation strictly from myocardial injury.
In this study, MI and MI-VS rabbits underwent identical
surgical preparation. Therefore, it is fair to say that the dif-
ference in TNF-a expression in infarcts between the MI and
MI-VS groups was valid in the present study.

In conclusion, early short-term VS attenuated cardiac
dysfunction and myocardial structural remodeling in a rab-
bit model of reperfused MI. The beneficial effects of VS
were associated with suppression of excessive TNF-o acti-
vation and myocardial infiltrations of neutrophils.
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Abstract The internal thoracic artery (ITA) is harvested
by either the pedicled or the skeletonized technique in
coronary artery bypass grafting (CABG), with no clear
advantage of one technique over the other. We compared
graft flow between the pedicled and skeletonized ITA
grafts while varying myocardial oxygen demand. CABG
was performed to the left anterior descending artery in five
anesthetized dogs using a pedicled ITA graft and the graft
was subsequently skeletonized. Graft flow was measured
during stepwise electrical stimulation of the stellate gan-
glion. The baseline graft flow before sympathetic stimu-
lation was higher in skeletonized (27.8 + 1.9 ml/min)
than that in pedicled ITA grafts (22.6 &+ 2.7 ml/min)
(P <0.05). In both ITA grafts, however, graft flow
increased to a similar level during sympathetic stimulation
that doubled the double product, correlating with the
double product. Based on these results, we conclude that
metabolic demand can override the potential difference in
sympathetic vasoconstriction in both pedicled and skele-
tonized ITA grafts.
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Introduction

The internal thoracic artery (ITA) is the gold standard
conduit for coronary artery bypass grafting (CABG)
because of its long-term patency [1]. The ITA is harvested
by either the pedicled or the skeletonized technique, and
which of these two techniques is the better option has been
the subject of an extended debate—with as yet no clear
conclusion being drawn. Although some human studies
[2-4] have demonstrated higher free (pre-anastomosis)
flow through skeletonized grafts (with or without topical
papaverine), suggesting that the loss of sympathetic nerve-
mediated graft vasoconstriction confers an advantage,
perfusion pressure was not controlled in these studies. In
one study [5] in which the perfusion pressure was con-
trolled, free flow even tended to be lower in skeletonized
grafts prior to the administration of intravenous papaverine.
Onorati et al. [6] found that graft flows were comparable
between the two techniques in the absence of intraluminal
papaverine, while Takami and Ina [7], in a comparison of
the flow through the anastomosed graft, found that flow
was higher through the skeletonized graft.

Flow in the anastomosed graft is likely to be largely
dependent on myocardial oxygen demand, suggesting the
importance of comparing the flow between the pedicled
and skeletonized ITA grafts under varying conditions of
myocardial oxygen demand. If the skeletonization proce-
dure were to result in an increased flow capacity, surgeons
may be able to perform additional anastomoses to other
vessels using the skeletonized ITA, thereby making the
skeletonized ITA procedure even more advantageous. If
the skeletonization procedure were not able to increase
flow capacity, the skeletonized ITA would not be recom-
mended for additional use due to a higher flow reserve. We
hypothesized that the skeletonized ITA would have larger
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flow capacity due to the loss of sympathetic nerve-medi-
ated graft vasoconstriction.

Materials and methods
Animal preparation

Animal care was provided in accordance with the Guiding
Principles for the Care and Use of Animals in the Field of
Physiological Sciences approved by the Physiological
Society of Japan. All protocols were approved by the
Animal Subject Committee of the National Cerebral and
Cardiovascular Center. Five adult mongrel dogs (weighing
24-35 kg) were anesthetized with intravenous pentobarbi-
tal sodium (25 mg/kg) and intubated endotracheally for
artificial ventilation with isoflurane and 100% O,. After a
median sternotomy, the heart was suspended in a pericar-
dial cradle. To measure systemic arterial pressure, we
placed a fluid-filled catheter in the left subclavian artery via
the left brachial artery and connected it to a pressure
transducer (DX-200; Nihon Kohden, Tokyo, Japan). The
junction of the inferior vena cava and the right atrium was
taken as the reference point for zero pressure. An ultrasonic
flowmeter (20A594; Transonic Systems, Itaca, NY) was
placed around the ascending aorta to measure cardiac
- output. Electrocardiography leads were also placed for the
monitoring electrocardiogram. A catheter was inserted into
the femoral vein for fluid replacement (1 ml/kg/h of
Ringer’s solution). All protocols were performed under
open chest conditions.

Pedicled ITA grafting

The left internal thoracic artery (LITA), together with the
surrounding veins, muscle, and fascia, was harvested as a
pedicled graft using electrocautery. The LITA was har-
vested from the bifurcation of the musculo-phrenic and
superior epigastric arteries up to the upper margin of the
first rib or higher. All intercostal branches of the LITA
were ligated. After systemic heparinization, the LITA was
clamped, and the distal end of the LITA was cut and
anastomosed to the left anterior descending artery (LAD).
The same surgeon (D.U.) performed the LITA-LAD
anastomosis without cardiopulmonary bypass. The heart
and the LAD were stabilized using a compression-type
mechanical stabilizer (Mini-CABG system; United States
Surgical Corporation, Norwalk, CT). A shunt tube was
inserted into the LAD to prevent myocardial ischemia
during anastomosis. The anastomosis was placed in the
mid-LAD [8]. The anastomosis was created using a con-
tinuous 7-0 polypropylene suture. The proximal LAD was
first ligated after the LITA-LAD anastomosis, and then the
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LITA was declamped. An angiography was performed
after the anastomosis to confirm the absence of stenosis or
spasm in the LITA-LAD anastomosis. The LITA graft was
sprayed with dilute papaverine (4 mg/ml) to prevent
spasm. An ultrasonic flowmeter (2.55261; Transonic Sys-
tems) was placed around the LITA just proximal to the
anastomosis. The left stellate ganglion was carefully
exposed through a median sternotomy, and a pair of plati-
num electrodes was attached to it without decentralization.
The nerve and electrodes were covered with a mixture of
silicone gel (Kwik-Sil; World Precision Instrument, Sara-
sota, FL). Protocol 1, described below, was carried out
following the pedicled LITA grafting.

Skeletonized ITA grafting

Following the completion of protocol 1, the tissue sur-
rounding the graft (including fascia and lymphatics) was
stripped up to the most proximal part of the LITA graft in
order to skeletonize the LITA graft. The side branches of
the LITA were ligated. Fat tissue around the graft was
removed as completely as possible based on macroscopic
inspection. The adventitia was left as the outermost layer
of the graft. The graft was not touched directly with
forceps. The graft was sprayed with dilute papaverine
(4 mg/ml). After skeletonizing the LITA graft, protocol 2
followed.

Experimental protocols

Since skeletonization always followed pedicled harvesting,
protocol 1 (pedicled LITA graft flow measurement) was
performed before protocol 2 (skeletonized LITA graft flow
measurement) in all dogs. The stimulation of the left
sympathetic stellate ganglion for adjusting the voltage
amplitude was performed at least 30 min before protocol 1
was initiated.

Protocol 1

The left sympathetic stellate ganglion was electrically
stimulated at least 30 min after the completion of the
experimental preparation of the pedicled LITA grafts. The
frequency of stimulation was increased stepwise from 0 to
10 Hz with increments of 2 Hz. Each step was maintained
for 60 s. The pulse duration of the stimulus was set at 5 ms.
The voltage amplitude of stimulation (2-5 V) was adjusted
in each animal to yield an increase in arterial pressure of
approximately 30 mmHg with 10 Hz stimulation. Graft
flow, arterial pressure, and cardiac output were recorded
for 7 min, which included a 2-min baseline and 5 min of
stimulation. These data were sampled at 200 Hz using a
12-bit analog-to-digital converter [AD12-16U(PCDE;
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CONTEC, Osaka, Japan] and stored on the hard disk of a
dedicated laboratory computer system.

Protocol 2

At least 30 min after the completion of the experimental
preparation of the skeletonized LITA grafts, the left sym-
pathetic stellate ganglion was electrically stimulated in a
similar fashion to protocol 1, while all variables were
recorded and stored.

Data analysis

Heart rate was calculated from the arterial pressure wave-
form. Myocardial oxygen demand was estimated as double
product (pressure-rate product) and calculated as the
product of systolic arterial pressure and heart rate [9]. All
variables were averaged during the last 20 s of each elec-
trical stimulation level.

Statistical analysis

All data are presented as the mean =+ standard error (SE).
In each protocol, one-way repeated measures analysis of
variance (ANOVA) followed by Dunnett’s test was used to
compare variables at each stimulation against the baseline
value. The paired r test was used to compare variables
between pedicled and skeletonized LITA grafts at each
stimulation level. Linear regression analysis was used to
examine the relationship between the double product and
graft flow. Differences were considered to be significant at
a threshold of P < 0.05.

Results

Prior to sympathetic stimulation, baseline graft flow
(under spontaneous sympathetic outflow) was greater in
skeletonized ITA than pedicled ITA (Table 1). Other

Table 1 Hemodynamic parameters and graft flow before stimulation

Hemodynamic parameters Pedicled Skeletonized P value

Heart rate (beats/min) 104 4+ 8 106 8 NS

Mean arterial pressure 94 £7 93+7 NS
(mmHg)

Cardiac output (ml/min/kg) 83 £ 17 74+£9 NS

Double product 11368 + 834 11346 £ 621 NS

(mmHg beats/min)

Graft flow before stimulation 226 £2.7 278+ 19 <0.05

(ml/min)

Values are given as the mean =+ standard error (SE)
NS Not significant

hemodynamic parameters, including heart rate, cardiac
output, mean arterial pressure, and double product, did not
differ significantly regardless of harvesting technique.

Graft flow patterns at baseline and under sympathetic
stimulation are shown in Fig. la. Sympathetic stimulation
increased graft flow (P < 0.05) similarly in skeletonized
and pedicled ITA grafts, and maximal flow was compara-
ble to each other at 10-Hz stimulation [nonsignificant (NS)
difference] (Fig. 1b). Increases in systemic arterial pressure
and heart rate did not differ significantly between the two
techniques (Fig. 2), and increases in myocardial oxygen
demand in response to sympathetic stimulation, as esti-
mated by double product, were likewise similar.

Graft flow (y) correlated well with the double product
(x) in both pedicled (y = 2.6 x 10™°x — 8.4, R* = 0.73)
and skeletonized ITA (y = 2.3 x 1073x — 0.7, R?> = 0.69).
The slope and y-intercept did not differ statistically
between the two techniques (Fig. 3).

Discussion

The choice of either skeletonized or pedicled ITA grafts for
CABG may be an important decision from both the tech-
nical and clinical viewpoints; however, clear evidence
demonstrating the advantage of either method over the
other is not yet available. In this study, we have shown that
graft flow increased to a similar level during maximal
sympathetic stimulation in both pedicled and skeletonized
ITA grafts. These results do not support our hypothesis that
the skeletonized ITA would provide larger flow capacity
and indicate that coronary vasodilatation in response to
increased myocardial oxygen demand is a stronger deter-
minant of graft flow than any possible increase in the
vascular resistance of ITA itself. Our study also demon-
strates that both skeletonized and pedicled ITAs were able
to supply adequate graft flow after CABG even during
intense sympathoexcitation.

There are several possible explanations for the differ-
ence in graft flow under baseline conditions. First, a loss of
sympathetic innervation in the skeletonized graft may have
dilated the ITA relative to the pedicled graft under baseline
conditions. In support of this explanation, Takami et al. [7]
reported that the diameter of the ITA just proximal to the
anastomosis is significantly larger in the skeletonized ITA
than that in the pedicled ITA. Dénmez et al. [10] reported
that the diameter of ITA becomes statically larger by the
stellate ganglion blockade. In a preliminary study, we
observed that electrical stimulation of the stellate ganglion
decreased ITA flow before harvest. Therefore, vasocon-
striction may occur in the pedicled ITA during sympathetic
stimulation. However, in this study we did not perform
simultaneous measurements of the graft flow and diameter
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Fig. 1 a Typical representative
recording of graft flow with
pedicled and skeletonized
internal thoracic arteries (/TAs)
during sympathetic nerve
stimulation. b Mean graft flow
with pedicled (closed circle)
and skeletonized (open circle)
ITAs during sympathetic nerve
stimulation. Data are shown as
the mean =+ standard error (SE).
TP < 0.05 vs. baseline,

P < 0.01 vs. baseline,

*P < 0.05 pedicled vs.
skeletonized

Fig. 2 Changes in mean arterial
pressure, cardiac output, heart
rate, and double product with
pedicled (closed circle) and
skeletonized (open circle) ITAs
during sympathetic nerve
stimulation. Data are shown as
the mean & SE. TP < 0.05 vs.
baseline, P < 0.01 vs. baseline
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because the use of contrast medium in angiography may
have affected the graft flow through its vasodilatative effect
on the coronary artery [11].

Another explanation may be the difference in back-
ground sympathetic tone. As the skeletonized graft flow
was always studied in the later phase of the experiment,
when background sympathetic tone and myocardial meta-
bolic demand may be higher, skeletonized graft flow may
have been higher for this reason. The presence of similar
hemodynamics during the two protocols, however, does not
directly support this explanation. The hemodilution seen
predominantly in the later phase of the experiment may
also have contributed to higher flow through the skele-
tonized graft under baseline conditions.

The fact that graft flows were similar between the
skeletonized and pedicled ITAs during maximal sympa-
thetic excitation indicates that the resistance of the ITA
graft was much smaller than that of the native coronary
bed, even when the coronary bed was maximally dilated to
meet the oxygen demand present with maximal sympa-
thetic stimulation. In other words, both the skeletonized
and pedicled ITAs would appear to provide sufficient flow
reserve to the LAD area. In contrast, it has been reported
that free flow, which may represent the maximal flow
capacity of the ITA itself, is greater in the skeletonized ITA
than in the pedicled ITA [2, 3]. Despite these previous
findings, because the maximally dilated native coronary
bed would be the most practical downstream conduit to test
the difference between the skeletonized and pedicled ITAs,
we believe that the difference in sympathetic innervation
does not affect the maximal flow significantly under
anastomosed conditions.

In addition to the effects of downstream resistance,
local mechanisms would also contribute to the observed
difference in flow between the pedicled and skeletonized
ITA grafts. Complete sympathetic denervation with the
local application of phenol to the skeletonized ITA further
increased graft flow (unpublished observation), suggesting
that there remains a certain sympathetic innervation in the
skeletonized ITA. Even though sympathetic denervation
may not be complete after skeletonization, we believe that
our skeletonization did not differ greatly from those
clinically performed by surgeons. Deja et al. [4] reported
that skeletonization increases the reactivity of ITA to
norepinephrine in vitro. Their study may support our
results. Prior to sympathetic stimulation but under spon-
taneous sympathetic outflow, the amount of endogenous
norepinephrine release to the skeletonized ITA may be
relatively smaller than that to the pedicled ITA; as such,
the sympathetic vasoconstriction would be negligible in
the skeletonized ITA. This may explain the larger graft
flow in the skeletonized ITA prior to sympathetic stimu-
lation. Under maximal sympathetic stimulation, however,
hyperreactivity to endogenous norepinephrine in the
skeletonized ITA may cause the sympathetic vasocon-
striction similar to that occurring in the pedicled ITA.
This local mechanism may also partly account for why
graft flow was comparable between the pedicled and
skeletonized ITAs during maximal sympathetic stimula-
tion. Although the results from several pharmacological
studies suggest that norepinephrine-induced vasoconstric-
tion does occur in the ITA [12, 13], there have been no
reports assessing the tissue norepinephrine concentration
of ITA during sympathetic stimulation. Further investi-
gations are necessary to gain an understanding of the
difference in norepinephrine reactivity between the pedi-
cled and skeletonized ITAs.

Some publications have reported several advantages of
the skeletonized ITA grafts other than the potential
increase in graft flow at rest [1, 14]. Firstly, skeletonization
lengthens the ITA, thereby providing access to more distal
targets in the coronary artery [15]. Second, skeletonization
improves blood supply to the sternum (measured by single
photon emission computed tomography) [16] compared
with pedicled harvesting. Third, skeletonization decreases
the incidence of postoperative respiratory dysfunction
because of less invasive harvesting (i.e., preserved pleural
integrity in skeletonized ITA vs. pleurotomy in pedicled
ITA) [17, 18]. Lastly, skeletonization markedly reduces
anterior chest pain and dysesthesia 3 months after surgery
[19]. In contrast to these advantages, skeletonization has
the minor disadvantages of greater technical difficulty,
longer harvesting duration, and potential damage to the
graft.
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Limitations

This study has several limitations. First, because skele-
tonized graft flow measurements always follow pedicled
graft flow measurements in the same dog, the effect of time
sequence on graft flows cannot be ruled out. Nevertheless,
the similar hemodynamic response to sympathetic stimu-
lation between protocol 1 and 2 (Fig. 2) suggests that the
animal conditions did not deteriorate considerably. Second,
the perfusion area of LITA was limited to the LAD region.
If we had used a much larger perfusion area of LITA, the
possible small difference between the pedicled and skele-
tonized ITAs may have been revealed. Third, a histological
comparison between the pedicled and skeletonized ITA
was not performed because the pedicled ITA was always
skeletonized after the protocol 1, and the tissue samples
from the pedicled ITA could not be obtained. Further
investigations that include histological comparison are
necessary for examining the effect of skeletonization on
sympathetic innervations.

Conclusion

Both the pedicled and skeletonized ITA techniques sup-
plied similar, adequate blood flow to the LAD, meeting
myocardial oxygen demand during sympathetic excitation.
Metabolic demand can override the possible difference in
sympathetic vasoconstriction, increasing the flow in both
pedicled and skeletonized ITA grafts to a similar extent
when they are anastomosed to LAD. The results of this
study have an important implication in terms of clinical
application. Following anastomosis, graft flow is highly
variable and is dependent on myocardial oxygen demand.
Because the quality of CABG may be judged based on flow
through anastomosed grafts, one has to take into consid-
eration the potential change in flow in response to myo-
cardial oxygen demand.
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BACKGROUND Spectral components of atrial fibrillation (AF) other
than the dominant frequency (DF) may represent macroreentrant
circuits that coexist with higher-frequency sources during AF.

OBJECTIVE The purpose of this study was to determine whether spec-
tral components of AF can be eliminated by targeted linear ablation.

METHODS Antral pulmonary vein isolation (APVI) and linear ab-
lation were performed in 26 patients (age 60 % 11 years) to
eliminate long-standing persistent AF (duration 3 * 2 years).
Spectral analysis of atrial activation at multiple atrial sites was
performed during AF, at baseline, after APYI, and immediately
before and after liner ablation along the roof of the left atrium,
mitral isthmus, and cavotricuspid isthmus. The prevalence and
spatial distribution of spectral components of AF were examined
before and after each step of ablation.

RESULTS Twelve (46%) of 26-patients had conversion of AF to
atrial tachycardia (AT) during ablation. Mean cycle length of AT
was 237 = 25 ms. A spectral component of AF (3.7 = 1.2 Hz) other
than the DF (6.0 * 0.9 Hz) was present in 74 (43%) of 173
baseline AF periodograms at multiple atrial sites. Following APVI,

no difference in the prevalence of spectral components was seen
(38% vs 43%, P = .38). However, linear ablation resulted in a
significant decrease in the prevalence of spectral components
(24% vs 43%, P <.01), but only when complete conduction block
was achieved.

CONCLUSION Elimination of spectral components of AF by tar-
geted linear ablation suggests that spectral components may in-
dicate site-specific ATs that coexist with AF despite a lower fre-
quency than the DF of AF.

KEYWORDS Atrial fibrillation; Atrial tachycardia; Catheter abla-
tion; Spectral analysis

ABBREVIATIONS AF = atrial fibrillation; APVI = antral pulmo-
nary vein isolation; AT = atrial tachycardia; CFAE = complex
fractionated atrial electrogram; €S = coronary sinus; DF =
dominant frequency; LA = left atrium; PV = pulmonary vein;
RA = right atrium

(Heart Rhythm 2010;7:1732-1737) © 2010 Heart Rhythm Society.
All rights reserved.

A study that analyzed the spectral characteristics of atrial
fibrillation (AF) suggested that atrial tachycardias (ATs) fo
which AF converts during radiofrequency ablation may
represent organized tachycardias that coexist with AF de-
gpite a lower frequency than the dominant frequency (DF)
of AF.! If this were the case, targeted linear ablation might
eliminate the lower-frequency components.

The purpose of this study was to determine whether linear
ablation at sites frequently used by ATs eliminates specific
~ spectral components of AF in patients with persistent AF.
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Methods

Study subjects

The study consisted of 26 patients (23 men and 3 women;
mean age 60 = 11 years, range 35-77 years) with persistent
AF who underwent radiofrequency catheter ablation. Mean
left atrial (LA) diameter was 46 *= 6 mm, and left ventric-
ular ejection fraction was 0.54 *= 0.09. AF was first diag-
nosed 8 = 8 years before presentation and was persistent for
3 * 2 years before ablation (range 1-7 years). Two patients
had coronary artery disease. The clinical characteristics of
the patients are listed in Table 1. Patients with a prior
ablation procedure were excluded from the study.

Electrophysiologic study

The study protocol was approved by the Institutional Re-
view Board. All patients provided informed written consent.
Antiarrhythmic drug therapy was discontinued =35 half-
lives before electrophysiologic study, except for amioda-
rone, which was discontinued >8 weeks before the proce-

doi:10.1016/j.hrthm.2010.05.040




Yokokawa et al

Ablation and Spectral Components of Fibrillation 1733

Table 1  Patient characteristics

Age (years) 60 *= 11
Gender {male/female) 19/7
Duration of atrial fibrillation (years) 3+2
Left atrial diameter (mm) 46 = 6
Left ventricular ejection fraction 0.54 = 0.09
Corconary artery disease (%) 2 (8)

Values are given as mean = SD.

dure. Electrophysiologic study was performed in the fasting
state under conscious sedation using fentanyl and midazolam.
Vascular access was obtained through a femoral vein. A de-
capolar catheter (E-Z Steer CS Decapolar, Biosense Webster,
Diamond Bar, CA, USA) was positioned in the coronary sinus
(CS). Immediately after the transseptal puncture, systemic an-
ticoagulation was achieved with intravenous heparin, and the
activated clotting time was maintained between 300 and 350
seconds throughout the procedure. The pulmonary veins (PVs)
were mapped with a decapolar ring catheter (Lasso, Biosense
Webster) advanced to the LA. Mapping and ablation were per-
formed using a 3.5-mm open irrigation tip catheter (ThermoCool
NaviStar, Biosense Webster). Bipolar electrograms were dis-
played and recorded at filter settings of 30 to 500 Hz during the
procedure (EPMed Systems, West Berlin, NI, USA). Electro-
grams were also recorded at 0.5 to 200 Hz for offline spectral
analysis.

Catheter navigation and ablation were performed with guid-
ance from an electroanatomic mapping system (CARTO, Bio-
. sense Webster). Radiofrequency energy was delivered at a max-
imum power of 20 to 25 W at a flow rate of 17 mL/min near the
PVs, along the posterior wall, and within the CS and at a maxi-
mum power of 35 W at a flow rate of 30 mL/min elsewhere in the
atria. Maximum temperature was set at 48°C.

Study protocol and ablation strategy

All patients presented to the laboratory in AF, and ablation
was performed during AF. First, antral pulmonary vein
isolation (APVI) was performed to isolate all PVs and

A.

Figure 1  Antral pulmonary vein isola-
tion and linear ablation. Shown is the
three-dimensional reconstruction of the

Al X . RI
left atrium and pulmonary veins during
ablation of atrial fibrillation (A: craniocau-
dal projection; B: left posterior oblique
projection). Electrograms were recorded
for =230 seconds at =2 different positions
at each atrial site. Red tags indicate abla-
tion sites. Yellow lags and pink tags indi-
cate sampling sites. LI = left infedor; LS =
left superior; RI = right inferior; RS =
right superior.

@RS

resulted in termination of AF in 1 of 26 patients. Therefore,
the study protocol was completed in the remaining 25 pa-
tients who remained in AF after APVI. In these 25 patients,
linear ablation along the LA roof and mitral isthmus was
performed (Figure 1). At the discretion of the operator,
complex fractionated atrial electrograms (CFAEs) were tar-
geted in 20 (80%) of 25 patients. CFAE ablation was per-
formed before linear ablation in 12 (60%) of 20 patients and
afier liner ablation in 8 (40%) of 20 patients. Linear ablation along
the cavotricuspid isthmus was performed in 5 patients who had a
history of typical atrial flutter. Whenever AF converted to an AT,
entrainment and activation mapping were performed to guide
ablation of the AT. Sinus rhythm was restored by transthoracic
cardioversion in patients who remained in AF after ablation. After
sinus rhythm was restored, conduction block across the LA roof,
mitral isthmus, and cavotricuspid isthmus lines was assessed.” ™ If
necessary, additional ablation was performed to achieve complete
block.

Prior to ablation, all PVs were mapped with a decapolar
ring catheter. Electrograms then were recorded for =30 sec-
onds at =2 different locations (tagged on the map; Figure 1) at
each of the following sites: (1) LA roof, (2) mitral isthmus, (3)
LA appendage, (4) LA septum, (5) CS, (6) cavotricuspid isth-
mus, and (7) right atrial (RA) appendage. Caution was exer-
cised to create linear lesions =5 mm from the sampling sites.
Sampling was performed at baseline, after APVI, (and also
after CFAE ablation when applicable), and immediately before
and immediately after linear ablation without any CFAE ab-
lation between the two sampling times.

Digital signal processing and data analysis

Electrograms were processed offline in the MatLab envi-
ronment (MathWorks, Inc., Natick, MA, USA) using cus-
tom software as described previously.' In brief, first digi-
tized bipolar electrograms sampled for =30 seconds at
2,000 Hz underwent preprocessing steps of bandpass filter-
ing at 40 to 250 Hz, rectification, and low-pass filtering at
20 Hz. Then the discrete Fourier transform of the prepro-
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cessed signal was computed using the fast Fourier transfor-
mation algorithm to analyze the 0.5- to 80-Hz spectral band.
DF was defined as the frequency of the highest peak of the
smoothed periodogram in the interval from 0.5 to 20 Hz.
The periodogram during AF was systemically analyzed to
identify spectral components with peak power =20% that of
the DF. The spatial distribution of the spectral components
of AF and the effect of APVI and linear ablation at specific
sites were examined. A site was considered to have a spec-
tral component when a spectral component was identified at
any of the sampling sites. When far-field ventricular depo-
larizations were recorded at the annulus, CS, or appendage,
the QRS complexes were subtracted. Electrograms without
adequate signal-to-noise ratio were excluded from analysis.

Statistical analysis

Continnous variables, expressed as mean £ SD, were com-
pared using Student’s t-test. Sequential continuous variables
were compared using one-way analysis of variance with
repeated measures. Post hoc comparisons were made with
the Scheffe test. Categorical variables were compared using
Fisher’s exact test. P <.05 was considered significant.

Results
DF and spectral components of AF at baseline

At baseline, a spectral component with peak power =20%
that of the DF was identified at 74 (43%) of 173 sites in 23

DF=5.51 Hz

of 26 patients (3 & 2 per patient; Figure 2). The mean
frequency of the spectral components was 3.7 = 1.2 Hz,
whereas mean DF at the corresponding sites was 6.0 = 0.9
Hz (P <.0001). There was no significant difference in the
spatial distribution of the spectral components among the
LA, CS, and RA (P = .48; Table 2 and Figure 3).

Antral PV isolation

APVI resulted in complete PV isolation in all patients. AF
converted to an AT in 1 (4%) of 26 patients after APVL
APVI resulted in a significant decrease in the DF of AF (5.8 =
0.9 Hz vs 6.1 = 0.9 Hz, P = .03). There was no significant
difference in the prevalence of spectral components before
(74/173 sites [43%]) and after APVI (42/112 sites [38%],

Table 2  Effects of APVI and linear ablation on the prevalence
of spectral components

Baseline After APV After linear ablation
All 74173 (43) 42/112 (38) 27/114 (24)*t
Left atrium  47/104 (45) 24/65 (37) 14/66 (21)*t
Coronary sinus  12/26 (46)  8/19 (42)  4/23 (17)
Right atrium  15/43 (35) 10/28 (36)  9/25 (36)

Percent values are shown in parentheses.

APVI = antral pulmonary vein isolation,
*P <01 compared to baseline; P <.05 compared to immediately before
linear ablation.
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Prevolence of A Spectral Component (%)

Coronary Sinus

Left Atrium Right Atrium
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[&] Before Linear Abiation

{0 After Linear Ablation
Figure 3  Effect of antral pulmonary vein isolation and linear ablution on
the prevalence of spectral components in the left atrium, coronary sinus,
and right atrium. *P <.01 and ¥# = .07 vs compured to baseline; 3£ <.05
compared to immediately before linear ablation.

P = .38; Table 2 and Figure 3). The spatial distribution of
the spectral components was also similar before and after
APVI (P = 90). There was no sigpificant difference in the
mean frequency of the spectral components before and after
APVI (32 = 1.2 Hz vs 3.7 = 1.2 Hz, P = .15).

Ablation of CFAEs did not have a significant effect on
the prevalence of spectral components. Among the 12 pa-
tients in whom CFAE ablation was performed after APVI
but before linear ablation, the prevalence of spectral com-
ponents was 32% (19/59) after APVI alone and 34% (16/47)
after APVI and CFAE ablation (P = .97). Furthermore, the
prevalence of spectral components immediately before linear
ablation was 34% (16/47) in the 12 patients who had APVI and
CFAE ablation before linear ablation and 44% (16/36) in the 8
patients who had CFAE ablation only after linear ablation
(P =.33)

Linear ablation

Linear ablation was performed along the LA roof and mitral
isthmus in 25 patients and along the cavotricuspid isthmus
in S patients who remained in AF after APVL AF converted
to an AT in 11 (44%) of 25 patients: after additional linear
ablation in 2 patients and after lincar and CFAE ablation in
9 patients. Linear ablation was associated with a significant
decrease in mean DF in the LA compared to baseline (5.7 =
0.9 Hz vs 6.1 = 0.9 Hz, P <.01). There was no significant
difference in mean DF after linear ablation compared to the
DF after APVI (P = .66). Sinus rhythm was restored by
cardioversion in the remaining 14 patients.

Linear ablation resulted in a significant decrease in the
prevalence of spectral components with a power =20% that
of the DF compared to baseline (27/114 sites [24%] vs
74/173 sites [43%], P <.01) and just prior to linear ablation
(277114 sites [24%] vs 42/112 sites [38%]}, P = .02; Table
2 and Figures 2 and 3). There was a significant decrease in
the prevalence of these spectral components after linear
ablation at LA sites compared to baseline (14/66 sites [21%]
vs 47/104 sites [45%], P <.01) and just prior to linear

ablation (14/66 sites [21%] vs 24/65 sites [37%], P <.05).
There was a trend toward a decrease in the prevalence of
spectral components in the CS (4/23 sites after linear abla-
tion [17%] vs 12/26 sites [46%], P = .07). However, there
was no significant change in the prevalence of spectral
components at RA sites after linear ablation (9/25 sites
[36%] vs 15/43 sites [35%], P = .93). ’

Linear conduction block and spectral components
of AF

Because linear ablation was performed during AF, com-
pleteness of conduction block could be assessed only atter
restoration of sinus rhythm. Complete block was present
along the LA roof in 15 (60%) of 25 patients, along the
mitral isthmus in 5 (20%) of 25, and along the cavotricuspid
isthmus in 2 (40%) of S immediately after restoration of
sinus rhythm. The spectral components with power =20%
that of the DF were still present at 12 (55%) of 22 sites with
incomplete conduction block and at 0 (0%} of 17 sites with
complete conduction block after linear ablation (P <.01).
There was no significant change in the mean frequency of
spectral components compared to baseline after incomplete
linear ablation (3.4 = 1.0 Hz vs 3.7 &= 1.2 Hz, P = .55).

Prevalence and characteristics of ATs to which AF
converts

AF converted to an AT during ablation in 12 (46%) of 26
patients. The mechanism of the ATs was macroreentry in all
12 patients, and their mean cycle length was 237 * 25 ms
(4.3 + 0.4 Hz). The macroreentrant circuit involved the
mitral isthmus in 3 patients, LA roof in 3, interatrial septum

- in 4, and cavotricuspid isthmus in 2. A spectral component

of AF before ablation that matched the frequency of AT was
identified at the macroreentrant sites in 6 (50%) of 12
patients (Figure 4). ATs were successfully ablated in all but
4 patients who had pleomorphic ATs. Sinus rhythm was
restored by cardioversion in these 4 patients.

DF and termination of AF

At baseline, mean DF was higher among patients who still
were in AF after ablation (6.4 = 0.8 Hz) than among those
in whom AF terminated during ablation (5.7 * 0.9 Hz,
P <.0001). Linear ablation was associated with a significant
decrease in the DF of AF among patients in whom AF
persisted (5.9 = 0.8 Hz vs 6.4 £ 0.8 Hz, P <.01; Figure 5)
and among those in whom AF terminated during ablation
(5.3 = 0.8 Hzvs 5.7 = 0.9 Hz, P <.01). However, mean DF
after linear ablation was still significantly higher when AF
persisted than when AF terminated during ablation (5.9 =
0.8 Hz vs 5.3 = 0.8 Hz, P <.0001), particularly in the LA
appendage (6.1 = 0.7 Hz vs 52 = 0.9 Hz, P <.01).

Prevalence of spectral components and
termination of AF ,

The prevalence of speciral components of AF at baseline
was significantly higher among patients in whom AF per-
sisted than in those in whom AF terminated during ablation
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(53/92 sites [58%] vs 21/81 sites [26%], P <.0001). At
baseline, the mean frequency of spectral components was
3.7 &= 1.3 Hz when AF persisted and 3.8 + 0.9 Hz when AF
terminated during ablation (P = .79).

Discussion

Major findings

The main findings of this study were as follows. (1) A
spectral component with power =20% that of the DF was
present in 43% of baseline periodograms in patients with
persistent AF. (2) Linear ablation, but not APVI, resulted in
a significant decrease in the prevalence of these spectral com-
ponents when complete conduction block was achieved. (3)
Spectral components were more prevalent at baseline
among patients in whom AF persisted than in those in
whom AF terminated during ablation.

Taken together, these findings suggest that spectral com-
ponents other than the DF may reflect site-specific tachy-
cardias that coexist with AF and can be eliminated by
targeted linear ablation. Spectral components of AF appear
to reflect contributors of AF perpetuation.

Speciral components of AF

As suggested in a prior study,' spectral components of AF'

may indicate ATs that coexist with AF and that are uncov-
ered after elimination of higher-frequency drivers and fibril-

latory conduction by ablation. Because the frequency of the
spectral components often matches the frequency of ATs to
which AF converts during ablation and because these ATs
frequently are macroreentrant circuits that use the roof and
mitral isthmus, this study investigated the effects of linear
ablation on spectral components.

APVI did not affect the prevalence and frequency of
spectral components. CFAE ablation was also performed
before (60%) or after linear ablation (40%) in a majority of
patients in this study. Similar to APVI, ablation of CFAEs
did not have a significant effect on the prevalence of spec-
tral components. However, complete conduction block after
linear ablation at these sites led to a significant decrease in
the prevalence of spectral components, with no change
when conduction block was incomplete. This finding sug-
gests that the spectral components represent underlying
macroreentrant circuits eliminated by linear ablation and not
simply passive bystander activation or fibrillatory conduc-
tion. Furthermore, LA linear ablation had an effect only on
the LA spectral components. There was no change in the
prevalence of RA spectral components.

An important observation is that APVI resulted in a
significant decrease in the DF of AF but had no effect on the
frequency of spectral components. Therefore, spectral com-
ponents likely are not due to passive activation from high-
frequency drivers of AF, such as PV tachycardias. If spec-
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tral components were secondary due to passive activation, a
decrease in the DF of AF should have to led to a decrease
in the frequency of the spectral components.

Spectral components and termination of AF
Spectral components were more prevalent among patients in
whom AF persisted than among those in whom AF termi-
nated during ablation in this study. Because it can be spec-
ulated that spectral components represent underlying drivers
of AF masked by fibrillatory conduction, a higher preva-
lence of spectral components may indicate a larger number
of contributors to perpetuation of AF and a higher degree of
complexity.

This observation suggests that elimination of a few driv-
ers with the highest frequency often may not be sufficient
for termination of AF during ablation. The presence and
multiplicity of drivers with a tower frequency than the DF
of AF may also be important in perpetuating AF.

A prior study demonstrated that linear ablation is neces-
sary to terminate AF in approximately 90% of patients with
long-standing persistent AF.® Because the roof, mitral isth-
mus, and cavotricuspid isthmus seldom are the sites with the
highest frequency, it is possible that linear ablation exerts its
beneficial effect by eliminating underlying secondary or
slower drivers of AF.® It also is possible that fibrillatory
conduction develops out of macroreentrant circuits repre-
sented by spectral components during AF

Study limitations

One limitation of this study is that the-prevalence of spectral
components may have been underestimated because simul-
taneous high-density mapping of the LA was not performed.
A second limitation is that, due to the effects of ablation and
the signal-to-noise ratio, some of the matching electrograms
before and after ablation could not be analyzed. However, a
sufficient number of electrograms were available for anal-
ysis, and the distribution of poor-quality electrograms was

~a- AF Persisted
-8~ AF Terminated

random among different sites. Furthermore, there was no
difference in the prevalence of spectral components at base-
line among sites where samples after linear ablation were
and were not available. A third limitation is that because RA
ablation was limited to the cavotricuspid isthmus and was

‘performed in only five patients, the effect of RA ablation on

prevalence of RA spectral components may have been un-
derestimated.

Clinical implications
The findings of this study suggest that speciral components
of AF other than DF may represent underlying ATs likely to
play a role in the perpetuation of AF. The ATs that coexist
with AF can be eliminated by targeted linear ablation, but
only when complete conduction block is achieved, under-
scoring the importance of assessing conduction block once
sinus rhythm has been restored.

Whether spectral components can be identified in real
time and used to guide linear ablation during catheter abla-
tion of AF remains to be determined in future studies.
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