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Asymmetric thickness of the left ventricular wall 
resulting from asynchronous electric activation: 
A study in dogs with ventricular pacing and in patients 
with left bundle branch block 

Frits W. Prinzen, PhD, a Emile C. Cheriex, MD, b Tammo Delhaas, MD, PhD, a 

Matthijs F. M. van Oosterhout, MD, a Theo Arts, PhD, c Hein J. J. Wellens, MD, PhD, b and 

Robert S. Reneman, MD, PhD a Maastricht, The Netherlands 

Various kinds of abnormal, asynchronous electric activation 
of the left ventricle (LV) decrease mechanical load in early 
versus late activated regions of the ventricular wall. Because 
myocardium usually adapts its mass to changes in work- 
load, we investigated by echocardiography whether regional 
differences in wall thickness are present in two kinds of 
asynchronous electric activation of different origin and 
conduction pathway: epicardial ventricular pacing in dogs 
and left bundle branch block (LBBB) in patients. In six dogs, 
3 months of epicardial LV pacing at physiologic heart rates 
decreased the thickness of the early activated anterior wall 
by 20.5 +_ 8.1% without significantly changing LV cavity area 
and septal thickness. In a retrospective study of 228 LBBB 
patients, the early activated septum was significantly thin- 
ner than the late activated posterior wall. The asymmetry 
most pronounced was as large as 10% in 28 patients with 
LBBB and paradoxic septal motion. No difference in regional 
wall thickness was present in 154 control patients. In 
conclusion, chronic asynchronous electric activation in the 
heart induces redistribution of cardiac mass. This redistri- 
bution occurs in hearts, which differ in impulse conduction 
pathway, disease, and species and is characterized by thin- 
ning of early versus late activated myocardium. (AM HEART J 
1995; 130:1045-53.) 

Mass and composition of cardiac muscle are known 
to adapt to changes in hemodynamic load. 1, 2 Global 
and regional adaptations are known to occur such as 
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in the left ventricle following myocardial infarction. 3 
Intraventricular conduction disorders, ventricular 
premature beats or tachycardia, and ventricular 
pacing are associated with abnormal asynchrony of 
electrical activation because the conduction of the 
electrical wavefront initially occurs through slowly 
conducting myocardial muscle cells rather  than 
through the Purkinje system. The asynchronous 
electrical activation induces changes of wall motion 
such as paradoxical bulging during systole and 
shortening during relaxation. 4-~ It has been demon- 
strated in dog hearts  that  segment shortening is 
more pronounced farther rather than closer to the 
pacing site. 9 

In previous studies, we have related these changes 
in wall motion to regional mechanical performance. 
It was demonstrated that  during ventricular pacing 
fiber length at the onset of the ejection phase, fiber 
shortening and contractile work during the ejection 
phase (the time integral of fiber shortening × fiber 
stress), and blood flow and oxygen consumption are 
reduced in early-activated regions and increased in 
late-activated regions. 7, s On the basis of these find- 
ings, it was concluded that  asynchronous electrical 
activation causes redistribution of mechanical load 
within the ventricular wall. A similar redistribution 
of mechanical load may also be present in left bun- 
dle branch block (LBBB) because in the septum, 
which is activated relatively early in patients with 
LBBB, wall motion 6, 10 and blood flow have been re- 
ported to be reduced 11, 12 despite the absence of cor- 
onary artery obstruction. These data support the 
idea that  asynchronous electrical activation of vari- 
ous origin generally induces a decrease of mechani- 
cal load in early-activated regions and an increase in 
late-activated regions, irrespective of the presence of 
cardiac disease. 
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Fig. 1. Division of ventricular cross-section on two-di- 
mensional image into sectors according to three anatomic 
landmarks: centers of papillary muscle attachments and of 
attachment of right ventricle to left ventricle at anterior 
wall (X). Line A-B is perpendicular to line connecting pap- 
illary muscle landmarks, a and ~ are sector angles of sec- 
tors I and 3, respectively. Sector angles of sectors 1, 2, and 
5 were equal. RV, Right ventricle; LAD, left anterior 
descending artery. 

This  s t udy  was  conducted to inves t iga te  w h e t h e r  
regional  differences in mechan ica l  load, as induced 
by  a synchronous  electrical  act ivat ion,  a re  re la ted  to 
a s y m m e t r i c a l  changes  in left  ven t r i cu l a r  wal l  thick- 
ness.  In  a prospect ive  s tudy  of dogs, regional  ven-  
t r icu la r  wal l  th ickness  was  d e t e r m i n e d  before and  a t  
va r ious  t ime  in te rva l s  a f t e r  induct ion of asynchro-  
nous  electric ac t iva t ion  by  epicardia l  left  ven t r i cu l a r  
pacing.  Regional  ven t r i cu l a r  wal l  th ickness  was  as- 
sessed by  m e a n s  of two-d imens iona l  echocardiogra-  
phy.  In  addit ion,  i t  was  inves t iga ted  re t rospec t ive ly  
w h e t h e r  sys t ema t i c  a s y m m e t r y  in left  ven t r i cu la r  
wal l  th ickness  is also p r e sen t  in a re la t ive ly  hetero-  
geneous  popula t ion  of pa t i en t s  wi th  LBBB. Because  
the  conduct ion p a t h w a y  dur ing  epicardia l  left  ven-  
t r icu lar  pac ing  is a p p r o x i m a t e l y  opposi te  to t h a t  of 
LBBB, the  a s y m m e t r y  is also expected  to be  opposite.  
I f  th is  is the  case, i t  indicates  t h a t  in the  h e a r t  the  
sequence  of electric ac t iva t ion  is an  i m p o r t a n t  deter-  
m i n a n t  of  local wal l  th ickness ,  i r respect ive  of species 
or cardiac  disease.  

METHODS 
Prospective study in dogs. In the present study of dogs 

we used pacing at the epicardium of the free wall of the left 
ventricle. This induces an impulse conduction pattern ap- 
proximately opposite to that  during LBBB: early activation 
of the left ventricular free wall and late activation of the 

septum. This position of the pacing electrode was chosen 
because previous studies showed that  pacing from this site 
resulted in a pronounced asynchrony of ventricular acti- 
vation. 13 Moreover, with this electrode position both early- 
and late-activated regions could be visualized in one 
echocardiographic cross-section. 

Implantation procedure. In eight mongrel dogs the 
pacemaker and pacing electrodes were implanted during a 
sterile surgical procedure. A Medtronic 4057 (Minneapolis, 
Minn.) endocardial screw-in lead was inserted through the 
wall of the atrial appendix into the right atrial cavity and 
screwed into the endocardial surface of the right atrial 
wall. The ventricular lead was a Medtronic 6917A-35T su- 
tureless lead (four dogs) or a Medtronic 4951M unipolar 
myocardial lead (four dogs). These leads were attached to 
the epicardium of the free wall of the left ventricle, 1 cm 
below the base, by using their screw-in device. A pace- 
maker  (Medtronic Synergist H7027, H7071, or Elite II) 
was implanted subcutaneously over the left lower thoracic 
region, and the leads were guided subcutaneously toward 
the pacemaker pocket. After fixing the leads to the pace- 
maker  and checking proper electric contact, the pacemaker 
was positioned into its subcutaneous pocket and the skin 
over the pocket was closed. The animals were allowed to 
recover from anesthesia and the surgical procedure while 
the pacemaker was not functioning. 

Ventricular pacing was started approximately 2 weeks 
after implantation. Pacing was performed in the DDD- 
mode so the heart  was paced at its own sinus rhythm as 
long as sinus rhythm was below the maximal pacing rate 
of the pacemaker (175 beats/min). The AV stimulation in- 
terval was 25 msec to ensure that  the whole ventricle was 
activated from the site of the pacing electrode rather than 
through conduction through the AV node. 

Measurement of ventricular wall thickness. Two-dimen- 
sional ech0cardiographic images of the left ventricle were 
recorded on videotape with a Hewlett-Packard Ultrasound 
System (77020A; Andover, Mass.) with a 3.5 MHz trans- 
ducer (21206A). One week before and 1, 2, and 3 months 
after onset of pacing, recordings were made while the an- 
imals were conscious. Short axis cross-sectional images 
were made, taking care that  they were as circular as pos- 
sible and that  the tip of the papillary muscles and the pac- 
ing lead were visible. 

Measurements, in an unblinded fashion, were per- 
formed on videoprints (10 x 15 cm by videoprinter) of end- 
diastolic images. For each image, endocardial and epicar- 
dial contours were drawn on overhead sheets. In a first 
step of the analysis, the cross-section of the prepacing im- 
ages was divided into six sectors according to the following 
anatomic landmarks: the centers of the anterior and pos- 
terior papillary muscle attachments and the center of the 
anterior attachment of the right ventricular wall to the left 
ventricular wall (marked as crosses in Fig. 1). The center 
of the cavity was positioned between line A-B (Fig. 1), per- 
pendicular to the line connecting the two papillary muscle 
landmarks. The anterior wall was divided into three sec- 
tors by drawing lines from the center of the cavity to the 
three anatomic landmarks. The sector between the two 
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Fig, 2. Schemat iccomposi teofM-modeechocardiographic  
images.  Four  forms of in te rven t r icu la r  septal  (IVS) motion 
are indicated and pa t t e rn  of poster ior  wal l  motion in 
LBBB. Systolic paradoxic  septal  motion was defined as 
r igh tward  motion in combination with  th inning  of septum 
dur ing  systole (pat tern  III). Pa t ien ts  in group 1 had  IVS 
pa t t e rn  I or II. 

pap i l la ry  muscles was divided into two equal  sectors wi th  
line A-B. Sector 5 was defined to be exact ly opposite to sec- 
tor  2, and sector 4 spanned  the septal  wall  between sector 
5 and sector 3. 

On the images  obtained at  the  t ime in tervals  dur ing  
vent r icu lar  pacing, the  three  anatomic  l andmarks  were 
localized by opt imal  superposi t ion of templa tes  of the  en- 
docardial  (papi l lary  muscles) and  epicardial  contours (RV- 
LV a t tachment )  of the  prepacing image of a par t i cu la r  an- 
imal.  Thereafter ,  the  vent r icu lar  cross-section of the  im- 
ages of paced beats  was also divided into six sectors, as 
described ear l ier  for the  prepacing images. Sector 6 was 
usua l ly  incomplete in the  echocardiographical  images. In  
all an imals  the  pacing lead was located in wall  sector 2. 
Sectors 1 and 3 were adjacent  and  sector 5 was the  most  
remote region, located in the  vent r icu lar  septum. 

The a rea  of the  wall  sectors (sectors 1, 2, and 3, includ- 
ing papi l la ry  muscle) and  the a rea  of the  vent r icular  cav- 
i ty was de termined by planimetry .  The angles spanning  
sectors 1 and 2 (~) and  sector 3 (~) were measured.  From 
these values  the  sector angles 1 through 5 were  de te rmined  
to be ~, ~, ~, 180 ° - 2(~ - ~, and  c~, respect ively (Fig 1). Av- 
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Fig. 3. Time course of changes in cavity a rea  and wall  
thickness  in two sectors o fven t r icu la r  wall  in paced dogs. 
Mean values  -+ SD are  presented.  Numbers  of sectors re- 
fer to division of left vent r icular  cross-section as depicted 
in Fig. 1. *, p < 0.05 compared with t ime = 0; #, p < 0.05 
between sector 2 and sector 5. 

erage wail  thickness (h) of a par t icu la r  sector was 
calculated as: N/h = (Ac~v+360Awj(b)/~ - ~ / -A-~f~ ,  where 
Acav = left vent r icular  cavi ty area,  Awal] = wall  sector area,  
and ~b = sector angle. With  these measurements  an indica- 
tion is obtained about  the  size of the  vent r icular  cavi ty 
volume and of the  length and mass  of the various wall  sec- 
tors. By using rela t ively large wall  sectors, inaccuracies in 
de termining  the endocardial  and  epicardial  boundar ies  a t  
a par t icu la r  site were averaged out. In t raobserver  vari-  
abi l i ty  was 5.7%, and in terobserver  var iab i l i ty  was 5.8%. 
Wall  thickness dur ing pacing was expressed as a percent- 
age of prepacing wall  thickness.  

Retrospective study in LBBB patients 
Selection of patients. From our echocardiographic data-  

base  containing 14,000 pat ients ,  the  following pat ients  
were selected: (1) 228 pa t ien ts  with LBBB but  without  
paradoxic wall  motion (LBBB group, 129 men and 99 
women aged 63.8 _+ 14.0 years); (2) 28 pat ients  with LBBB 
whose echocardiogram revealed systolic paradoxic wall  
motion of the  vent r icular  septum, indicat ing pronounced 
asynchronous electric act ivation 14 (pLBBB group, 13 male  
and 15 female, age 61.1 _+ 12.6 yr) (the definit ion o fpa ra -  
doxic systolic septal  wall  motion is i l lus t ra ted  in Fig. 2 
[pattern III]); and (3) an age-matched "control" group of 
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Fig. 4. Changes in regional  wal l  thickness in five sectors 
of left vent r icu la r  wall  in paced dogs 3 months  af ter  onset  
of experiment .  Mean values  _+ SD are  presented.  Numbers  
of sectors refer to division of left vent r icu lar  cross-section 
as depicted in Fig. 1. 

154 pa t ien ts  (69 men  and 85 women aged 61.6 -+ 7.8 years).  
This group consisted of pa t ien ts  who had  echocardiograms 
made  for diagnostic purposes.  No abnormal i t ies  were 
found in these  pat ients ,  and  none of the  pa t ien ts  had  a 
his tory of cardiovascular  disease  such as myocardia l  in- 
farction, vent r icu lar  hyper t rophy,  or conduction dis tur-  
bances .  

Table I describes the  major  cardiac character is t ics  of the  
three  groups. There  were no myocardia l  infarctions in the  
control group by definit ion bu t  a smal l  number  of mi t ra l  
valve and t r icuspid valve insufficiencies. In  the  LBBB 
group, 53 of 228 pa t ien ts  had  a his tory of myocardia l  
infarction. The major i ty  of the  infarcts  were located in the  
inferior wall,  often combined wi th  e i ther  the  poster ior  or 
the  anter ior  wall. Of all  LBBB pat ients ,  more than  ha l f  had  
mi t ra l  insufficiency and a quar te r  had  t r icuspid insuffi- 
ciency. In  18 pat ients ,  mi t ra l  annu lus  calcifications were 
noted. The percentage of infarctions and va lvu la r  abnor- 
mal i t ies  in the  pLBBB group and the LBBB group was 
s imi lar  (Table I). 

Echocardiography.  Echocardiographic cross-sectional 
projections were made  with  a phased-a r ray  echo- 
cardiographic Doppler  sys tem (Hewlet t -Packard  Sonos 
500 and 1000). This sys tem uses a 3.5 or 2.5 MHz phased  

Table I. Cardiac abnormal i t ies  in three  pa t i en t  groups 

Control LBBB pLBBB 
(n = 154) (n = 228) (n = 28) 

n % n % n % 

Infarction 
Total 0 0 53 23 10 34 
Inferior 0 0 27 12 7 24 
Anterior 0 0 7 3 0 0 
Posterior 0 0 7 3 0 0 
Combination 0 0 15 6 3 10 

Valvular 
Mitral insufficiency 13 8 135 58 t4 48 
Mitral valve prolapse 10 6 7 3 1 3 
Tricuspid insufficiency 9 6 66 29 10 34 
Aortic insufficiency 2 1 32 14 4 14 
Aortic stenosis 0 0 4 2 0 0 

a r r a y  t ransducer .  Da ta  were recorded on a recorder s t r ip  
char t  a t  a speed of 25 mmJsec. S t anda rd  echocardiographic 
views were recorded on videotape. All measurements  were 
performed with  the  pa t ien t  in the  recumbent  position. M- 
mode measurements  were made  on cross-sectional images 
at  the  t ips of the  mi t ra l  valve according to the  recommen- 
dat ions of the  Amer ican  Society of Echocardiography 15 by 
experienced echocardiographers.  The following parame-  
ters  were determined:  end-diastolic and  end-systolic thick- 
ness of the  poster ior  wal l  of the  left ventr icle (PWEDT and 
PWEST, respectively) and of the  in te rvent r icu lar  sep tum 
(IVSEDT and IVSEST, respectively), and  end-diastolic 
and  end-systolic d iameters  of the  left vent r icu lar  cavity 
(LVEDD and LVESD, respectively). 

To assess  whe ther  differences in wall  thickness  between 
the groups were re la ted  to differences in cavity volume, the  
end-diastolic thickness of the  posterior  and  septal  walls  
was normal ized to left vent r icu lar  end-diastolic diameter .  
To assess a symmet ry  in vent r icu lar  wal l  thickness,  the  
rat io  of end-diastolic thickness  of the  vent r icu lar  sep tum 
and the posterior  wall  was calculated. Total  left ventr icu- 
la r  wall  mass  (LV mass)  was es t imated  according to the  
diameter-cubed formula of Devereux and Reichek16: LV 
mass  = 1.04 (LVEDD + PWEDT + IVSEDT) 3 - (LVEDD) 3 
- 13.6 where  LV mass  is left vent r icular  mass  (grams), 
and  echocardiographical  dimensions are  expressed in cen- 
t imeters .  

S t a t i s t i c s .  Differences between the  groups were evalu- 
a ted  for s ta t is t ical  significance with  analysis  of var iance  
and Fisher ' s  LSD tes t  us ing the Superanova  software 
package on an  Apple Macintosh (Cupertino, Calif.) com- 
puter.  Da ta  are  presented  as mean  values  +-- SD. 

RESULTS 
Prospective study in dogs. Dur ing  ventr icu lar  pac- 

ing a t  t h e  e p i c a r d i u m  of  t h e  L V  wa l l ,  t h e  w i d t h  of  t h e  
Q R S  c o m p l e x  i n c r e a s e d  f r o m  41 _+ 8 m s e c  d u r i n g  si-  
n u s  r h y t h m  to  119 _+ 10 msec .  T h i s  i n c r e a s e  w a s  in-  
d e p e n d e n t  of  t h e  d u r a t i o n  o f  pa c ing .  
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Table I I .  Global left ventricular dimensions in three patient groups 

Group Control (n = 154) L B B B  (n = 228) p L B B B  (n = 28) 

End-diastolic LV diameter (mm) 45.07 _+ 4.46 52.96 _+ 8.425 57.71 _+ 8.685 
End-systolic LV diameter (mm) 27.86 _+ 5.32 37.75 _+ 11.915 46.57 _+ 10.115§ 
Systolic LV diameter change (mm) 17.21 +_ 4.61 15.21 _+ 8.44~ 11.14 _+ 3.395§ 
Calculated total LV mass (gin) 155.0 +_ 32.8 227.5 +_ 67.75 244.7 _+ 74.55§ 

Values a re  m e a n  -+ SD. 
tp  < 0.01 compared  wi th  control group. 
Sp < 0.001 compared  wi th  control  group.  
§p < 0.05 compared  wi th  LBBB group.  

During the 3 months of pacing, no consistent 
changes were observed in the angles of the wall sec- 
tors. Left ventricular cavity area tended to increase 
(p = 0.10, Fig. 3). Mean wall thickness per sector de- 
creased in sector 2 (close to the pacing electrode) and 
slightly increased in the remote sector 5 (Fig. 3). The 
decrease in wall thickness in sector 2 (20.5% +_ 8.1%) 
was statistically significant after 3 months of pacing 
(p < 0.05). The difference between the changes in 
wall thickness in the early-activated sector 2 and the 
late-activated sector 5 was consistent (22.8% _+ 7.4%, 
p < 0.01). Fig. 4 illustrates that  wall thickness de- 
creased in the sector where the pacing electrode was 
positioned (sector 2) and also, to a lesser extent, in 
areas 1 and 3. A rather  variable change in wall 
thickness was observed in sector 4. 

Retrospective study in patients. The left ventricular 
end-diastolic and end-systolic diameters were 
smaller in the control than  in the LBBB group (Ta- 
ble II). In the pLBBB group, end-systolic cavity 
diameter was significantly larger than in both other 
groups. The decrease of left ventricular diameter 
during systole was less in the two groups of LBBB 
patients than  in thecontrol group, and smaller in the 
pLBBB than in the LBBB group. In both LBBB 
groups, estimated total left ventricular mass was 
larger than in the control group. The increase in 
mass was most pronounced in the pLBBB group 
(Table II). 

In the control group, thickness ofseptum and pos- 
terior wall were not significantly different 
(8.50 -+ 0.95 mm vs 8.54 +_ 0.93 mm, respectively; 
Fig. 2). In the LBBB patients, the early-activated 
septum was thinner than the late-activated posterior 
left ventricular wall (9.10 + 1.21 mm vs 9.33 _+ 1.03 
mm, respectively; p = 0.012). A more pronounced 
difference between thickness of septum and poste- 
rior wall was observed in patients with pLBBB: 
8.25 _+ 1.38 mm vs 9.14 _+ 0.97 mm, respectively 
(p = 0.017, Fig. 5). In the LBBB group the septum 
was thicker than in the control and pLBBB groups. 
The posterior wall was thicker in both LBBB groups 

than in the control group (Fig. 5). However, the ratio 
of septal wall thickness to cavity diameter was 8% 
and 24% smaller in the LBBB and pLBBB patients 
than in the control patients, respectively (Fig. 6). The 
ratio of posterior wall thickness to cavity diameter 
was also significantly smaller in both LBBB groups 
than in the control group, but the differences were 
smaller (Fig. 6). These data demonstrate that, as 
compared with control patients, left ventricular cav- 
ity diameter in LBBB patients is increased more 
than left ventricular mass, indicating eccentric hy- 
pertrophy in LBBB patients. 

The degree of asymmetry of wall thickness was 
expressed as the ratio of septal to posterior wall 
thickness (Fig. 7). This ratio was 1.00 _+ 0.06 in the 
control group. In 25% and 45% of the LBBB and pL- 
BBB patients, respectively, the septum was thinner 
than the posterior wall, whereas in 9% and 4% of the 
patients the septum was thicker than the posterior 
wall, respectively. Consequently the ratio ofseptal to 
posterior wall was significantly smaller than unity in 
the LBBB patients (0.98 _+ 0.08,p = 0.015) and in the 
pLBBB patients (0.90 + 0.12,p < 0.001; Fig. 7). This 
asymmetry in ventricular wall thickness did not de- 
pend on the presence of myocardial infarction: the 
anterior to posterior wall thickness ratio did not 
change when the patients with myocardial infarction 
were excluded from the analysis (0.97 _+ 0.11 in the 
LBBB group and 0.91 _+ 0.13 in the pLBBB group, 
Fig. 7). 

DISCUSSION 

In this study it was found that  during long-lasting 
ventricular pacing at physiologic heart  rate in nor- 
mal canine hearts, the early-activated free wall of the 
left ventricle became thin relative to the late-acti- 
vated septal wall. In eccentrically hypertrophied 
hearts of patients with LBBB, the early-activated 
septal wall was thinner than the late-activated pos- 
terior wall. These findings indicate that  chronic 
asynchronous electric activation of the left ventricle 
induces asymmetry of left ventricular wall thickness. 
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Fig. 5, End-diastolic thickness of posterior wall and ven- 
tricular septum in three patient groups. LBBB and pLBBB 
indicate groups of patients with LBBB (group 1) and with 
LBBB and systolic paradoxic wall motion, respectively. 
Definition of systolic paradoxic wall motion is depicted in 
Fig. 2. **, p < 0.01 between posterior wall and septum of 
same group; #,p < 0.05 compared with corresponding wall 
thickness in control group. 

Fig, 6, Ratio of wall thickness and left ventricular cavity 
diameter at end-diastole in three patient groups. **, 
p < 0.01 between posterior wall and septum of same group; 
##, p < 0.01 compared with the ratio of control group. 

The approximately opposite sequence of electric activ- 
ation in the paced dogs and LBBB patients coincided 
with an opposite asymmetry: in both studies the 
early-activated region was thinner than the late-ac- 
tivated one. 

Because ventricular activation was made asyn- 
chronous on purpose in the prospective dog study 
and the dogs had no cardiac abnormalities, the rela- 
tion ~ between the asynchrony of electric activation 
and asymmetry ofventricular wall thickness is most 
convincing. In the LBBB patients, concomitant dis- 
ease may have influenced wall thickness. However, 
in mitral insufficiency or hypertension one would 
expect a uniform increase in wall thickness because 
of the global increase in pump load. Although myo- 
cardial infarction may result in regional wall thin- 
ning, it is unlikely tha t  the nonuniformity in ven- 
tricular wall thickness found in the whole group of 
LBBB patients is from LBBB caused by myocardial 
infarction: exclusion of data from patients with my- 
ocardial infarction did not change the degree of 
asymmetry of wall thickness. Therefore as in chron- 
ically paced dogs, the asymmetry ofventricular wall 

thickness in patients with LBBB is most likely 
caused by the asynchronous electric activation of the 
ventricular wall. The relevance of these findings is 
that  asymmetry in wall thickness may occur because 
of asynchronous electric activation of various kinds 
and different conduction pathways. Furthermore, 
they indicate that  the effect of asynchronous electric 
activation on regional wall thickness is large enough 
to be detected in a heterogeneous group of patients. 

Possible explanation for the change in regional wall 
thickness, The observation that  during asynchronous 
electric activation early:activated regions are con- 
sistently thinner than late-activated regions seems 
related to the difference in workload between these 
regions. In previous experiments with acute ventric- 
ular pacing, we demonstrated that  fiber shortening, 
mechanical work, and blood flow were lower in ear- 
ly- rather than in late-activated regions. 7, s, 13 There- 
fore the asymmetry in wall thickness during long- 
lasting asynchronous electric activation may be ex- 
plained by local adaptation of myocardial mass to 
local differences in mechanical load. Evidence for 
such local control of myocardial growth is found in 
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several other studies. After experimental systemic 
hypertension, hypertrophy is found in the left ven- 
tricle but  not in the right ventricle. 17 Also, stretching 
induces a hypertrophic response in isolated myo- 
cytes.lS, 19, 20 The findings this study indicate that  
different degrees of wall thickness can be induced 
within one ventricle. 

The exact stimulus for cardiac hypertrophy or at- 
rophy is not well understood. Both pressure and vol- 
ume overload are known to increase myocardial 
muscle mass: From this kind of observation, fiber 
stress and stretch are regarded to be involved in in- 
ducing hypertrophy. 21 It is interesting to note that  in 
our previous studies ventricular pacing induced 
substantial  changes in local end-diastolic fiber length 
and systolic shortening but  hardly any changes in fi- 
ber stress. 8 In recent simulations in a mathematic 
model the role of various factors on the origin of my- 
ocardial growth was investigated. The results indi- 
cate that, in addition to global contractility, regional 
fiber shortening and maximal stretch during the 
cardiac cycle are important determinants of muscle 
growth and fiber orientation through feedback con- 
trol. In these simulations feedback through fiber 
stress was not a compelling condition for such con- 
trol. 22 Extrapolation of these data to the situation 
during asynchronous electric activation suggests 
that  regional differences in fiber stretch and systolic 
shortening7, 8, 13 may be held responsible for the lo- 
cal differences in wall thickness in the patients with 
LBBB and in the chronically paced dogs. 

The data  from the dog study (Figs. 3 and 4) dem- 
onstrate that  reduction in wall thickness occurs in 
the segment where the pacing electrode is located 
and, to a lesser extent, in the adjacent wall sectors, 
which are activated slightly later than the former 
sector. As a consequence, ventricular pacing may in- 
duce atrophy in a considerable part  of the ventricu- 
lar wall around the site of stimulation and hypertro- 
phy in a region opposite to the stimulation site. The 
gradual transition from atrophy in the earliest acti- 
vated anterior wall sector to hypertrophy in the lat- 
est activated septal sector is in keeping with the hy- 
pothesis that  structural adaptations of the myocar- 
dium are related to the sequence of electric activation. 
This hypothesis is supported by the observation that  
in the patients with the most abnormal wall motion 
patterns (the pLBBB group, indicating a more asyn- 
chronous activation) a larger fraction showed asym- 
metry in left ventricular wall thickness. 

The asymmetry in wall thickness was more pro- 
nounced in the paced dogs than in the LBBB pa- 
tients. This difference may be from factors causing 

Fig,  7. Ratio of end-diastolic thickness of septum and 
posterior wall in three patient groups. *, **, ***, p < 0.05, 
<0.01, and <0.001 compared with control group, respec- 
tively; #, p < 0.05 compared with corresponding LBBB 
group. Inf, Same group after exclusion of patients with in- 
farction. 

underestimation in the patient study. Because of the 
prospective design of the dog study, we were able to 
relate wall thickness of a particular region during 
pacing to the thickness of the same region before on- 
set of pacing. In contrast, in the retrospective patient 
study ventricular wall thickness was compared at 
the two standard sites used in diagnostic echocardi- 
ography and without knowledge of their thickness 
before onset of the conduction abnormality. More- 
over, the variability in cardiac anatomy in the LBBB 
patients can be expected to be larger than in the con- 
trol patients and in the dogs because of the other 
concomitant cardiovascular diseases in the LBBB 
patients. Also, the variability in anatomy of the left 
bundle branch 23 and the variability in wall motion 
patterns in patients with LBBB 6, 24 probably led to 
interindividual differences in location and extent of 
the decrease in wall thickness. Therefore relative 
changes in wall thickness, as large as observed in the 
dogs with ventricular pacing, might have occurred in 
the earliest and latest activated region of each 
patient with LBBB. 

Another difference between the two studies was 
slightly increased left ventricular cavity volume in 
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the paced dogs versus markedly increased cavity 
volume in LBBB patients (than volume in control 
patients). This finding suggests that  the consider- 
able cavity dilation in LBBB patients may not be en- 
tirely from the asynchronous electric activation. 
Factors such as mitral insufficiency (Table I) and 
hypertension 25 may contribute to the cavity dilation 
in LBBB patients. The short AV interval in the paced 
dogs (25 ms), used to prevent ventricular activation 
through AV nodal conduction, however, may have 
limited ventricular preload and therefore the devel- 
opment of eccentric hypertrophy. 

The larger left ventricular cavity in LBBB patients 
likely explains the observation that  in these patients 
the early-activated septum is thicker than in t h e  
control group, although a thinner wall would have 
been expected on the basis of the results in the dog 
study. However, when wall thickness ;is normalized 
to cavity diameter,  it decreases at all sites in the 
LBBB patients, with the smallest ratios present in 
the early-activated septum. The increased estimated 
left ventricular mass, the decreased wall thickness to 
cavity diameter ratio, and the regional difference in 
this ratio illustrate that  these patients have asym- 
metric eccentric hypertrophy. 

Possible clinical implications. Regional wall motion 
abnormalities have also been described in patients 
with Wolff-Parkinson-White syndrome, 26 ventri- 
cular tachycardia, 27 and patients with a ventricular 
pacemaker. 1° Our previous studies indicate that  
such wall motion abnormalities indicate redistribu- 
tion of mechanical load within the ventricular wall.7 
Moreover, we demonstrated that  the extent of local 
fiber shortening is related to the time interval 
between local electric activation and the maximal 
rate of rise of left ventricular pressure. This relation 
was independent of the site of pacing 13 and thus in- 
dependent of the pattern ofintraventricular impulse 
conduction. Therefore it is most likely that  any kind 
of asynchronous electric activation is associated with 
nonuniform distribution of mechanical load. Because 
this study supports a relation between regional me- 
chanical load and adaptation in wall thickness dur- 
ing ventricular pacing and LBBB, it seems justified 
to suggest that  asymmetry of wall thickness may 
also be present in patients with the previously men- 
tioned forms of impulse conduction disturbances. 

These data seem of special interest for the applil 
cation of  ventricular pacing in the t reatment  of hy- 
pertrophic obstructive cardiomyopathy. Ventricular 
pacing of these hearts  with extremely thickened 
septa results in promising improvements. Immedi- 
ately after onset of pacing significant reductions in 

ventriculoaortic pressure gradients and subjective 
improvements have been reported. 2s, 29 After long- 
lasting pacing the ventriculoaortic gradient was 
found to remain reduced even after switching from 
ventricular pacing to sinus rhythm. 2s This observa- 
tion suggests that  pacing caused a change in septal 
anatomy. The data from this study support this idea. 
Because the septum is activated relatively early in 
right ventricular apex pacing, local mechanical load 
is expected to decrease, which leads to a decrease in 
wall mass in normal canine hearts. In this way 
asynchronous electric activation could be used to 
correct asymmetric hypertrophy. This idea is sup- 
ported by recent findings of Fananapazir  et al. 3° in 
a study on the effects of right ventricular apex pac- 
ing in patients with obstructive hypertrophic cardi- 
omyopathy. These investigators found a reduction in 
thickness of the early activated septum of >4 mm in 
23% of their  patients. Future  studies will be required 
to elucidate the structural and functional relevance 
of the asymmetry in wall thickness in patients with 
asynchronous electric activation and in patients 
with hypertrophic obstructive cardiomyopathy. 

Conclusions. These results indicate that  long-last- 
ing asynchronous electric activation of the left ven- 
tricle induces asymmetry of wall thickness. The pat- 
tern of this asymmetry is similar to the patterns of 
early systolic fiber stretch, as observed in previous 
experiments with acute ventricular pacing. The data 
therefore indicate that  local differences in mechani- 
cal load may be responsible for local differences in 
myocardial growth. 

We t h a n k  R u u d  K r u g e r  a n d  Theo  v a n  der  Nagel  for t he i r  tech- 
nical  suppor t  a n d  Vincen t  Schou ten  (Bakken  Resea r ch  Center ,  
Medtronic)  for h i s  suppor t  a n d  scientif ic i n t e r e s t  d u r i n g  th i s  
s tudy.  
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