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CLINICAL INVESTIGATIONS 

Intracoronary ultrasound imaging before and 
after directional coronary atherectomy: In vitro 
and clinical observations 

The rate of restenosis after directional coronary atherectomy (DCA) is higher than expected. To 
elucidate why, the current study used intravascular ultrasound (IVUS) imaging to investigate the 
mechanism of DCA. An in vitro validation study was performed to determine the accuracy of the 
measurement of plaque removal by IVUS. DCA was performed in eight human atherosclerotic 
artery segments. The volume of removed plaque was measured by water displacement and was 
compared with the volume calculated from IVUS images. A clinical study of DCA was performed 
in 32 lesions. IVUS was performed in 28 lesions after successful DCA. Measurements of lumen 
dimensions from digital angiograms before and after DCA were compared with observations of 
lumen and plaque size from the cross-sectional IVUS images. In the in vitro study, the mean 
plaque volume removed by DCA was 19.9 _ 8.5 #1. The calculated estimate of removed plaque 
volume by IVUS was 18.6 ± 7.9 p.I and correlated closely with the volume by water displacement 
(r = 0.92). The calculated volume of plaque removed from histologic sections was 14.3 ± 6.0 ~l 
and was linearly correlated with plaque volume by water displacement (r = 0.81). In the clinical 
study, the angiographic mean minimum lumen diameter increased from 1.0 ± 0.4 to 2.7 ± 0.5 mm 
and the percentage stenosis decreased from 70% to 19% (p < 0.0001). The IVUS images before 
and after DCA showed that the lumen DCA improved from 2.9 ± 1.5 to 7.0 ± 1.5 mm 2 
(p < 0.0001). In addition the vessel cross-sectional area (CSA) increased from 17.1 ± 5.9 to 
18.7 ± 5.5 mm 2. The atheroma CSA was reduced from 14.2 ± 5.0 to 11.7 ± 4.8 mm 2. This 
combined effect of reduction in atheroma CSA and stretching of the outer vessel diameter 
resulted in an improvement in percentage plaque area stenosis from 83% ± 7% to 61% ± 9%. It 
is concluded that despite a successful angiographic appearance, DCA removed an average of 
2.5 mm 2 from the atheroma, which corresponds to only 18% of the atheroma CSA. The total 
lumen CSA increased 4.1 mm2; 61% of the new lumen was created by cutting and removal of 
plaque, whereas 39% of the new lumen was made by stretching the external wall of the artery. 
Despite an excellent angiographic result, IVUS imaging reveals that after DCA a significant 
amount of residual atheroma remains. As in balloon dilatation, a stretching effect is a significant 
component of DCA. (AM HEART J 1995;129:841-51.) 
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Directional coronary a therectomy (DCA) was devel- 
oped to address the high incidence of restenosis after 
percutaneous t ransluminal  coronary balloon angio- 
plasty (PTCA). 15 The underlying hypothesis  of this 
technique is tha t  restenosis may be diminished if a 
sufficient amoun t  of plaque can be removed. A second 
hypothesis  is tha t  a more successful initial result may  
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be obta ined  compared  with s t andard  balloon di lata-  
tion. 6-9 However ,  despi te  angiographic  evidence of a 
sa t i s fac tory  acute  gain, the  ra tes  of restenosis  are 
similar  to those  af ter  P T C A  (27 % to 4 6 % ) J ° l s  T h e  
resul ts  f rom the Coronary  Angioplas ty  Versus Exci- 
sional A the rec tomy  Tria l  (CAVEAT)  show a modes t  
i m p r o v e m e n t  in res tenosis  compared  with  restenosis  
af ter  PTCA,  bu t  the  angiographic  restenosis  ra te  for 
DCA is higher t h a n  expected,  at  50% .! 9 This  obser-  
va t ion  challenges the  a s sumpt ion  t h a t  removing 
a t h e r o m a  will reduce restenosis;  an  a l te rnat ive  ex- 
p lana t ion  is t h a t  the  a the r ec tomy  device does not  re- 
move as much  plaque as predicted.  In  addi t ion  to 
cut t ing the  plaque,  the  device may  act in a mechan-  
ical fashion to s t re tch  the  lumen  and outer  wall of  the  
ar tery.  Angiography  is incapable  of  dis t inguishing 
be tween the  cut t ing effect and  the  mechanica l  
s t re tching effect. In t ravascu la r  u l t rasound (IVUS) 
imaging provides  a m e t h o d  for obta ining quant i t a -  
t ive in fo rmat ion  abou t  the  cross-sectional  area  (CSA) 
of the lumen  and the a t h e r o m a  burden.  2°-26 By imag- 
ing the  nar rowed segments  with IVUS before as well 
as af ter  a therec tomy,  it m a y  be possible to obta in  a 
be t t e r  unders t and ing  of the mechan i sm of act ion of 
DCA. 

METHODS 
In vitro study, To visualize the morphometric effects of 

DCA and to validate the quantitative findings by IVUS, an 
in vitro study was performed. Eight human atherosclerotic 
specimens from the iliac artery were obtained at autopsy. 
Each artery was cut into 3 cm-long segments. The arteries 
were stored in normal saline at 4 ° C and were not fixed in 
formalin until after the images were obtained. The artery 
segments were connected to an 8F coronary guiding cath- 
eter. Two surgical needles were placed through the adven- 
titia of the artery approximately 15 mm apart to provide 
acoustic reference points. 27 A 25 MHz IVUS catheter (In- 
terTherapy/CVIS, Sunnyvale, Calif.) was advanced 
through a Touhy-Borst adaptor on the guiding catheter 
into the artery segments. The guiding catheter was con- 
nected to pressurized normal saline within a closed system 
to permit imaging under physiologic pressures. The eight 
arterial segments were imaged before DCA between the two 
reference needles with use of a motorized pullback device 
at 0.21 mm/sec. Cross-sectional images were obtained con- 
tinuously at 30 frames/sec. 

After the initial images were obtained, the artery was re- 
moved from the guiding catheter platform, and a 7F device 
(Simpson Atherocath, Devices For Vascular Intervention, 
Redwood City, Calif.) was placed within the lumen. Mul- 
tiple passes of the device were made between the two ref- 
erence needles to acquire material from only one side of the 
artery. No attempt was made to remove all of the visible 
atheroma, and one side of the artery was left unaltered to 
provide a visual comparison of the atherectomy results. 
The cut pieces o f  plaque were weighed on an electronic 

balance. The removed plaque was then dropped into a 
small graduated cylinder filled with saline with marked 
gradations of 0.1 ml. The volume of water displaced by the 
atherectomized plaque was used as the measure of cut 
plaque volume. After the measurements of weight and vol- 
ume, the artery was remounted for IVUS imaging after 
DCA in the same locations relative to the position of the 
needles in the artery. 

At the completion of the study, the arterial segments 
were pressure perfused for 12 hours in 10% formalin and 
then placed in decalcification solution for 24 hours. The 
arteries were imbedded in paraffin after the needle site had 
been marked with silk suture. Histologic sections were ob- 
tained at 1 mm intervals along the length of artery between 
the reference needle sites. The sections were stained with 
trichrome. A video image of each histologic section was fed 
from a microscope (Leica, WILD M3Z, Deerfield, Ill.) 
through a video camera (Sony, DXC-151A, Tokyo, Japan) 
into a computer (Macintosh IIci, Apple, Cupertino, Calif.) 
and digitized (RasterOps 24STV board; Mediagrabber 
software, Santa Clara, Calif.). Quantitative measurements 
of the lumen, the plaque, and the atherectomized areas 
were made with an operator-directed cursor (NIHimage). 
The IVUS images were digitized from the super-VHS vid- 
eotape at 0.5 mm intervals along the artery length. The 
CSAs of the lumen and the plaque before and after 
atherectomy were measured with the same graphics soft- 
ware as that used for the histologic sections. Each pair of 
IVUS images (before and after DCA) were placed next to 
each other to facilitate the identification of the DCA cut. 
The atherectomized area was measured at each digitized 
cross-sectional image along the length of the DCA cut. A 
calculated estimate of plaque volume removed by DCA was 
obtained by integrating the cut area on each IVUS cross 
section over the length of the artery segment. A similar 
calculation of plaque volume was derived from the mea- 
surements of the cut areas from the histologic images. The 
calculated atherectomy plaque volumes from the IVUS 
images and histologic cross sections were compared by re- 
gression analysis with the measured plaque volume by wa- 
ter displacement. 

Clinical study 
Patient population. Thirty-two lesions in 29 patients 

were treated with DCA and were studied with IVUS imag- 
ing. Of the 32 lesions, 30 (94 %) were treated successfully 
with DCA alone or adjunctive PTCA. Twenty-four (75 %) 
lesions had atherectomy performed alone, without adjunc- 
tive PTCA. IVUS imaging was performed in 28 lesions af- 
ter completion of the procedure and was obtained before 
and after DCA in 19 of the lesions. Patients were selected 
for DCA rather than conventional PTCA on the basis of 
presence of localized stenosis in a nontortuous proximal or 
mid-portion of a major epicardial vessel the reference di- 
ameter of which was >--2.5 mm. Successful DCA was 
defined as removal of tissue, a residual diameter stenosis 
<50% on digital quantitative angiographic assessment, 
and absence of major complications (death, myocardial in- 
farction, or emergency coronary artery bypass graft sur- 
gery). 

DCA. Before initiation of the atherectomy procedure, 
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Fig. 1, Schematic  cross-section of coronary ar tery demonstrates  how measurements  were made from IVUS 
images. Boundary of vessel was taken as intersection of echogenic a theroma and echolucent band of media. 
Lumen CSA was measured at  intersection of echolucent lumen and echogenic plaque. Atheroma CSA was 
then calculated by  subtract ing lumen CSA from total  vessel CSA. Percentage plaque area stenosis was de- 
fined as a theroma CSA divided by total  available vessel CSA within boundary of media. This definition is 
similar to histologic definition of percentage area stenosis and differs from angiographic definition of per- 
centage stenosis, which uses proximal  segment of vessel as normal reference. 

the iliac ar tery  size was determined by angiography to en- 
sure tha t  a 10F or l l F  sheath would fit adequately in the 
ar tery without  causing obstruction. The  preshaped DCA 
guiding catheter  was posi t ioned at  the coronary ostium. 
Hepar in  was given to each pat ient  to mainta in  act ivated 
clotting t ime >300 seconds. Baseline coronary angiograms 
were obtained in several projections, and then a 0.014- 
inch-d iameter  flexible guide wire was manipula ted  across 
the  stenosis. A 3.9F rapid  exchange IVUS imaging cathe- 
ter  ( In terTherapy/CVIS)  was advanced over the guide wire 
across the stenosis with fluoroscopic control. The  catheter  
consisted of a mechanically rotat ing 25 MHz ul t rasound 
t ransducer  1 mm in diameter  and was posit ioned within a 
1.3 mm plastic introducing sheath. A full description of the 
technique of IVUS imaging has been publ ished previous- 
ly. 24 IVUS imaging was recorded continuously during 
manual  pul l -back from the distal  segment of the ar tery to 
the ostium of the aortic root. Very severe stenoses tha t  
would not  ini t ial ly accept ei ther the  IVUS catheter  or DCA 
catheter,  were predi la ted with a 2.0 mm balloon. Pat ients  
in whom the IVUS catheter  could not  be passed before 
DCA were analyzed separately.  The DCA catheter  was ad- 
vanced across the stenosis with manual  rotation. 2s A 6F or 
7F catheter  was chosen depending on the size of the artery. 
The s tandard  recommended procedure was used. 29 Several 
cuts were made with various orientat ions of the cutt ing 
window as moni tored by fluoroscopy. The a therectomy de- 
vice was withdrawn from the coronary ar tery after 6 to 10 
cuts to remove the tissue in the nosecone. If  subsequent  
angiography showed incomplete resolution of the stenosis, 
the device was reintroduced and addi t ional  cuts were per- 
formed using a higher inflation pressure. After  DCA was 
completed as de termined by angiography, a second IVUS 
examination was performed. If  the IVUS images showed a 
significant amount  of residual plaque, the information 
from the IVUS s tudy was used to guide addit ional  DCA 
cuts. 

Analysis of coronary angiograms. Digital coronary an- 
giograms were recorded in at  least two projections before 
and after DCA. These angiograms were stored on computer  
disk of a digital-acquisi t ion x-ray system (DCI Philips, 
Skelton, Conn.) and were archived onto 35 mm cine film. 
After  the a therectomy procedure was completed,  the dig- 
ital angiograms were recalled from the x-ray system mem- 
ory, and the lumen diameter  of the  t rea ted  area and the 
proximal angiographically normal segment were measured. 
The diameter  of the guiding catheter  was used as a refer- 
ence for calibration. Measurements  were made with an op- 
erator-defined digital  caliper from end-diastolic frames or 
the frame tha t  best  demonst ra ted  the stenotic area. Per-  
centage diameter  stenosis was calculated by comparing the 
diameter  of the  stenotic segment with an angiographically 
normal proximal segment as the reference point. Lumen 
CSA was calculated from orthogonally projected anglo- 
grams; internal  cross-sectional geometry was assumed to be 
an ellipse. Lesion length was measured as the distance from 
the proximal to the distal  shoulder of the lesion in the pro- 
jection tha t  best  elongated the stenosis. 3° An eccentric le- 
sion was defined as a stenosis with asymmetry  in any an- 
giographic projection. 7 Calcification was defined as a ra- 
diopaque density within the vascular wall of the ar tery at  
the site of the stenosis. 3° 

Analysis of IVUS images. IVUS measurements  were 
calculated as demonst ra ted  in Fig. 1. The lumen CSA was 
defined as the area encompassed by the inner boundary of 
the int imal  surface. The major and minor  lumen diameters  
were measured at  the long axis and short  axis of the  lumen. 
The vessel CSA was defined as the area bounded by the 
hypoechoic medial  ring. If  the vessel area could not  be 
t raced because of calcium, a proximal adjacent  noncalcified 
site was measured as the vessel area. The major and minor 
vessel diameters  were measured at  the long axis and short  
axis of the vessel at the border  between the a theroma and 
media.  The a theroma CSA was calculated as the vessel CSA 
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Fig. 2. Atherectomy in vitro. Left, IVUS image before DCA shows catheter in center of vessel surrounded 
by thin echogenic band caused by reflections from catheter sheath. Echolucent lumen is oblong. Speckled 
echogenic plaque is visible (top and bottom). Middle, After one passage of DCA device a trough has been 
cut in upper section of artery between 12- and 1-o'clock positions. Arrow indicates calcification. Right, 
Trough observed on the IVUS image corresponds closely with area (*) on histologic section. There is small 
area of calcification (arrow) at base of plaque. 

Table I. In vitro data 

Water Histologic 
displacement section IVUS 

Plaque volume (/zl) 19.9 + 8.5 14.3 +_ 6.0 18.6 _+ 7.9 
(mean + SD)* 

Linear regression analysis 

r Value p Value 

Water displacement vs 0.81 0.01 
histologic section 

Water displacement 0.92 0.001 
vs IVUS 

IVUS vs histologic 0.74 0.04 
section 

*p = NS. 

minus the lumen CSA. The percentage area stenosis was 
defined as the atheroma CSA divided by the vessel CSA. 
This approach is similar to a histologic definition of steno- 
sis and does not depend on a proximal reference segment. 
All measurements were performed during diastole. 

To quantitate plaque eccentricity, an eccentricity index 
was calculated from the IVUS image as the thinnest 
dimension of the plaque divided by the width of the oppo- 
site wall. 25 A stenosis was defined as concentric if the ath- 
erosclerotic plaque was distributed circumferentially, cor- 
responding to an eccentricity index _>0.50. The stenosis 
was defined as eccentric if the index was <0.50. Calcified 
tissue was defined as an area of intense echogenicity with 
acoustic shadowing. The calcium score was quantified as 
absent (0), mild (1+) when calcification was localized to 
_<90 degrees of arc, moderate (2+) when it involved 91 to 

180 degrees of arc, severe (3+) when it incorporated 181 to 
270 degrees of arc, and (4+) when >270 degrees of arc was 
calcified. 

Statistics. Group data were tabulated as means + SDI 
Comparison of the CSA of the lumen, vessel, plaque, and 
percentage stenosis before and after the atherectomy pro- 
cedure were performed by the paired Student's t test. 
Two-by-two comparison tables were assessed by chi square 
analysis. Differences were considered to be statistically 
significant at p < 0.05. Linear regression analysis was per- 
formed to compare different measurements. Comparisons 
between more than two groups were performed by analysis 
of variance. The variability of IVUS measurements from 
our laboratory has been reported previously. 31 Correlation 
coefficients for intra- and interobserver measurements of 
minimum lumen diameter (MLD) and lumen CSA ranged 
from 0.92 to 0.99 after PTCA. 

RESULTS 
In vitro study. The  mean  plaque volume removed  by  

the  DCA device f rom the eight a r te ry  segments  was 
19.9 +_ 8.5 #l as measured  by  water  displacement .  
T h e  mean  weight  was 21.0 + 7.0 mg. Represen ta t ive  
cross-sectional  IVUS images  before and  af ter  DCA 
compared  with  the histologic section are p resen ted  in 
Fig. 2. All of the  a r te ry  segments  demons t r a t ed  the  
typical  groove cut  into the  fibrous p laque  capsule.  
The  DCA plaque  volume calculated f rom the ul t ra-  
sound images  was 18.6 + 7.9 #l, and the  value calcu- 
la ted f rom the histologic cross sections was 14.3 _+ 6.0 
/~1. The  correlat ion be tween the  m e a s u r e m e n t s  of  cut  
p laque  volume between IVUS images and  histologic 
sections was r = 0.74. The  corre la t ion coefficients 
be tween the  measured  p laque  volume by  water  dis- 
p l acemen t  compared  with histologic sections and 
IVUS images are p resen ted  in Tab l e  I. 
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Table II. Patient profile 

Patients (no.) 29 
Age (yr) 61.5 ± 11.1 
Male/female (%) 93/7 
Unstable angina (%) 54 
Acute myocardial infarction (%) 7 
Angina class 

I or II (%) 43 
III or IV (%) 57 

Previous myocardial infarction (%) 55 
Previous coronary artery bypass 10 

graft operation 
Coronary risk factors 

Diabetes (%) 21 
Hypertension (%) 54 
Family history ( % ) 65 
Hyperlipidemia (%) 58 
Smoking (%) 14 

The  compar i son  of the  IVUS images before and 
af ter  DCA showed significant var iabi l i ty  in lumen 
dimensions  caused by  s t re tching of the a r te ry  dur ing 
the man ipu la t ion  to mechanica l ly  cut the  p laque  
f rom the ar ter ial  segments .  The  mean  lumen CSA 
before a t h e r e c t o m y  was 25.4 + 2.2 m m  2 and was 
28.2 _+ 1.9 m m  2 af ter  DCA (p < 0.05). 

Clinical study. Tab le  I I  summar izes  the  clinical 
character is t ics  of  the pa t i en t s  who were t r ea t ed  with 
DCA during this s tudy.  Tab le  I I I  lists the stenosis 
and  procedure  characterist ics.  T h e  average lesion 
length was 10.1 + 4.8 mm.  Only 4 of the  stenoses 
showed obvious calcification by  cineangiographic  
criteria. E ighteen  (54 % ) of  the  s tenoses were eccen- 
tric by  angiography.  The  n u m b e r  of  cuts ob ta ined  
with the  a the r ec tomy  ca the te r  var ied be tween 7 and 
73 (average of 25 + 22 cuts). The  average balloon in- 
flation pressure  dur ing a the rec tomy  was 28 + 16 
(range 10 to 60) psi. Twen ty - fou r  (75 % ) lesions were 
successfully t r ea ted  with DCA alone. Because of the  
severi ty  of disease, P T C A  before DCA was pe r fo rmed  
in six pa t i en t s  to facil i tate passage of the  atherec-  
t o m y  catheter .  Six (19%) pa t i en t s  also received ad- 
junct ive  P T C A  af ter  DCA. 

In  two pa t ien t s  DCA was unsuccessful.  In  1 case, 
the p rocedure  was pe r fo rmed  dur ing an acute myo-  
cardial  infarct ion in the  proximal  r ight  coronary  ar- 
tery.  I t  was difficult to  deliver the  DCA device 
because of super ior  angula t ion in the p rox imal  seg- 
ment .  The  o ther  pa t i en t  had  previous bypass  surgery 
with severe disease in the  left  main  coronary  artery.  
The re  was c i rcumferent ia l  dense calcification in the  
area  of s tenosis  as revealed by  IVUS examina t ion  
before DCA. I t  was difficult to es tabl ish p roper  posi- 
t ioning of the  guiding ca the te r  in this case, and  the 

Table I I I .  Lesions and procedures 

Vessel (n = 32) 
Left anterior descending 21 

coronary artery 
Right coronary artery 9 
Left circumflex 1 
Saphenous vein graft 0 
Left main coronary artery 1 

Restenosis lesion 9 (27 %) 
Predilatation 6 (18%) 
Angiographic calcified lesion 4 (12%) 
Eccentric lesion 18 (54 % ) 
Lesion length (ram) 10.1 + 4.8 
Reference vessel diameter (mm) 3.3 _+ 0.6 
Lesion type 

A 1 
B1 7 
B2 19 
C 6 

Device Size 
7F 27 (84%) 
6F 5 (16%) 

Maximum balloon pressure (psi) 28 ± 16 
Cuts (No.) 25 _+ 22 
Adjunctive PTCA 7 (21% ) 
DCA alone (success rate) 75 % 
DCA and PTCA (success rate) 94% 

Table IV. Angiographic measurements 

Before After DCA alone All patients 
DCA (n = 24) (n = 30) 

MLD (ram) 1.0 ± 0.4 2.7 _+ 0.5* 2.7 + 0.5I 
Angiographic 1.1 ± 0.8 6.4 +_ 2.2* 5.8 ± 2.0~ 

lumen CSA (ram 2) 
Percentage 70 _+ 12 19 _+ 14" 19 ± 14t 

diameter stenosis 

of all patients, 24 received DCA alone, and 6 had DCA and PTCA. 
*p < 0.0001 (before and after DCA alone). 
tp < 0.0001 (comparison of all patients before and after DCA). 

DCA device could not  be del ivered appropr ia te ly .  
These  two pa t ien ts  underwent  successful P T C A  
alone. 

Q u a n t i t a t i v e  resul ts .  The  angiographic  measure-  
men t s  before and  af ter  DCA or DCA plus P T C A  are 
l isted in Tab le  IV. The  mean  M L D  increased signif- 
icantly, f rom 1.0 + 0.4 m m  to 2.7 _+ 0.5 m m ,  and the  
percentage  stenosis decreased f rom 70% to 19% 
(p < 0.0001). The re  was a smooth  angiographic ap- 
pearance  in 23 lesions; 5 lesions had  a hazy luminal  
border;  and 2 revealed a dissection (1 resul t ing f rom 
adjunct ive PTCA) .  

Tab le  V provides the quant i t a t ive  m e a s u r e m e n t s  
f rom the IVUS studies before and  af ter  DCA at  the 
same cross section. Da ta  are p resen ted  only for the  
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Fig. 3. Angiographic images before (A) and after (C) DCA performed with a 6F DVI catheter. The angio- 
gram of this 49-year-old woman shows severe eccentric stenosis in mid-left anterior descending coronary 
artery. IVUS image (B) taken at level of stenosis demonstrates eccentric plaque that completely surrounds 
IVUS imaging catheter. Guide wire is demonstrated as bright echo reflection just external to IVUS sheath 
at 3-o'clock position (÷). The angiographic result after DCA (C) demonstrates large lumen without any ap- 
parent residual atheroma. IVUS image (D) taken at same level shows that significant amount of plaque has 
been removed and lumen enlarged. However there also is stretching effect as demonstrated by enlargement 
of major vessel diameter from 3.5 to 4.3 ram. Vessel CSA has increased 28%. Original atheroma CSA of 7.4 
mm 2 was reduced to 6.1 mm 2. Excellent angiographic result is attributable to Combination of removal of 
some atheroma and stretching of external arterial wall. 

Table V. IVUS measurements (DCA without adjunctive 
PTCA) 

After DCA 
Before DCA (n = 19) 

Lumen CSA (mm 2) 2.9 + 1.5 7.0 _+ 1.5" 
Major lumen diameter (ram) 1.9 + 0.5 3.2 _+ 0.3* 
Minor lumen diameter (ram) 1.7 _+ 0.4 2.5 _+ 0.4* 

Vessel CSA (ram 2) 17.1 + 5.9 18.7 +_ 5.5 t 
Major vessel diameter (mm) 4.7 + 0.8 5.0 + 0.85 
Minor vessel diameter (mm) 4.3 + 0.7 4.5 + 0.6§ 

Atheroma CSA (ram 2) 14.2 _+ 5.0 11.7 _+ 4.8§ 
Atheroma CSA/vessel CSA (%) 83 + 7 61 + 95 
Calcium score 1.5 _+ 0.7 1.2 _+ 0.9 
Eccentric lesion 8/18 (44 % ) 11/18 (61% ) 
Eccentric index 0.57 _+ 0.27 0.35 +_ 0.235 

*p < 0.0001. 
~p < 0.001. 
:[:p < 0.01. 
§p < 0.05. 

pat ients  who received DCA without  adjunct ive P T C A  
to prevent  mixing the effects of these two procedures  
(n = 19). After DCA, the lumen CSA improved sig- 
nificantly, f rom 2.9 _+ 1.5 mm 2 to 7.0 +_ 1.5 mm 2. 
Major and minor  lumen diameters  also were im- 
proved,  by 70 % and 47 9 ,  respectively. In addition, 
the  vessel CSA increased from 17.1 +_ 5.9 mm 2 to 

18.7 + 5.5 mm 2. This  increase corresponded to an 
increase in the d iameter  of the vessel (measured at 
the boundary  of the media  and atheroma)  from 
stretching. The  a theroma CSA was reduced from 
14.2 + 5.0 mm 2 to 11.7 _+ 4.8 mm 2. This  combined 
effect of reduct ion in a theroma CSA and stretching 
of the outer  vessel d iameter  resul ted in an improve- 
ment  in percentage area stenosis f rom 83 % _+ 7 % to 
61% + 9% (Fig. 3). 

The  calcium score as measured  from the IVUS im- 
ages was 1.5 + 0.7 before and 1.2 _+ 0.9 after  DCA (p 
not  significant). This  indicates tha t  the vessels cho- 
sen for DCA were not  heavily calcified nor  was there  
a significant amount  of calcium removed from the 
plaque (Fig. 4). The  majori ty  of these lesions were 
mildly concentr ic  stenoses as measured  by intravas- 
cular cross-sectional imaging, with a mean  eccentric- 
i ty index of 0.57 _+ 0.27 at baseline. This  index was 
reduced to 0.35 + 0.23 after  DCA. The  increase in the 
eccentrici ty of the plaques indicates tha t  the atherec- 
tomy cuts were not  circumferential ly uniform bu t  
t ended  to remain in one quadran t  despite a t t empts  
to rota te  the cut te r  (Fig. 5). 

Figs. 6 and 7 demons t ra te  the correlat ion between 
IVUS and angiography for the MLD and lumen CSA 
af ter  DCA without  adjunctive PTCA.  The  t ightest  
angiographic MLD was selected from at least two 
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Fig. 4. This patient had diffuse coronary artery disease and had undergone coronary artery bypass oper- 
ation. PTCA was performed in proximal left anterior descending coronary artery, but patient returned with 
unstable angina, and angiogram (A) demonstrated restenosis of proximal left anterior descending coronary 
artery with diffusely narrowed vessels. This stenosis was initially dilated with 2.0 mm balloon at 3 atm. IVUS 
imaging was then performed (B) and revealed concentric atheroma with mild calcification as demonstrated 
by more intense echoes at 12- to 2-o'clock and 8-o'clock positions. After successful DCA with 7F device and 
14 cuts, residual lumen (C) appears adequate and is as large as other segments of artery. IVUS imaging af- 
ter DCA (D) demonstrates that only small percentage of atheroma CSA was removed. Despite some 
enlargement of lumen to diameter of 2.7 mm, there is still large residual plaque burden. 

Fig. 5. This 83-year-old man had class I angina with tandem lesions in proximal and mid-right coronary 
artery (A). There was no evidence of calcium by fluoroscopy. IVUS revealed 3+ calcification in proximal 
lesion (B) and 2+ calcification in mid lesion (C) in this vessel. After multiple cuts, IVUS was performed but 
revealed significant residual atheroma in the vessel wall. Additional DCA cuts were performed. In the mid 
lesion, a small amount of additional plaque was removed (12 o'clock) (F). In proximal lesion (E), although 
atheroma area did not change, lumen was stretched, resulting in satisfactory angiographic result (D). 
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projections. If the lesion was observed in only one 
projection, the lesion was excluded for analysis. Fif- 
teen lesions were obtained with orthogonal projec- 
tions. There was a significant correlation of MLD be- 
tween angiography and IVUS after DCA (r = 0.73; 
p = 0.002). There also was a significant correlation of 
lumen CSA between both measurements after DCA 
(r = 0.74; p = 0.0015). 

Complications. There were no instances of myo- 
cardial infarction, emergency bypass surgery, or 
death during any of these procedures. One patient 
had ventricular tachycardia during DCA associated 
with prolonged ischemia from the guiding catheter 
and the cutter. The patient recovered after removal 
of the catheter and electric cardioversion. The pro- 
cedure was continued and yielded a successful result 
with significant improvement in blood flow. 

D I S C U S S I O N  

The IVUS observations obtained in this study help 
to explain the mechanism of DCA more accurately 
than does angiography. DCA removed an average of 
2.5 mm 2 from the atheroma, which corresponds to 
18% of the atheroma CSA. The total lumen CSA in- 
creased 4.1 mm2; thus 61% of the new lumen was 
created by DCA, and 39 % of the new lumen was made 
by stretching the external wall of the artery (Fig. 8). 

It has been assumed that the fundamental mech- 
anism of DCA is the excision of plaque. However, lu- 
men diameter improvement on angiography does not 
prove that all of the effect is attributable to removal 

of plaque. Safian et al. 32 concluded that lumen 
enlargement with DCA is caused in part by mechan- 
ical dilatation in addition to tissue removal. Their 
conclusion was derived from angiographic observa- 
tions compared with the amount of tissue removed. 
In another angiographic study Penny et al. 33 con- 
cluded that the average cutting effect contributed 
28 % of the new lumen. Our study corroborates this 
data by direct observation with IVUS imaging. In 
contrast to our findings, Tenaglia et al. 34 using IVUS 
reported that the effect of stretching during DCA was 
small. 

In vitro study. The results from the companion in 
vitro studies demonstrate that  IVUS imaging accu- 
rately represents the amount of plaque that is re- 
moved by DCA. Compared with direct measurement 
by water displacement of removed plaque volume, 
IVUS provided a close estimate of the mean  plaque 
volume (19.9 vs 18.6 ul). In addition the individual 
IVUS measurements correlated more closely with 
water displacement (r = 0.92) than did histologic 
measurements (r = 0.81). These observations give 
credibility to the IVUS measurements obtained dur- 
ing the clinical studies. During the clinical cases, 
measurements were made of the residual lumen and 
plaque CSAs. Although plaque volume calculations 
were not performed during the clinical studies, the 
method of integrating the areas over the length of the 
treated artery could be applied at the time of the 
procedure to quantitate the volume of plaque re- 
moved. 
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Fig. 8. Mechanism of DCA: total vessel CSA plotted before and after DCA. Total vessel area after DCA 
is composed of plaque, original lumen, and new lumen. Portion of this new lumen was produced by removal 
of some atheroma, but 40 % of new lumen was produced by external stretching of media. 

The in vitro IVUS images showed that  a successful 
DCA demonstrated a smooth groove or "bite" in the 
atheroma, without separation of plaque from the 
media. In distinction to a previous study using this 
imaging technology to understand the mechanism of 
PTCA no intimal dissections were observed with the 
DCA device. 27 

Clinical study. The angiographic results in our pa- 
tients are similar to the results from larger series of 
patients that  were analyzed with angiography only. 
Popma et al. 35 reported that  the lumen CSA in- 
creased from 1.2 + 0.9 mm 2 to 6.4 + 4.4 mm 2 after 
DCA in left anterior descending lesions. 35 Ellis et al. 7 
demonstrated that  the lumen dimensions increased 
from 1.1 +_ 1.0 mm to 2.6 + 2.3 mm. The diameter 
stenosis reported by Mueller et al. 36 improved from 
69% _+ 10% to 22% + 20%. These studies did not 
use IVUS imaging to assess the effect of DCA. 

Angiography versus IVUS. There was a significant 
correlation between angiography and IVUS for the 
measurements of lumen diameter after DCA 
(r = 0.73). This is in distinction to previous studies 
using IVUS to assess the results of PTCA alone. 24 In 
those series the correlation coefficient range was 
r = 0.12 to 0.21 after PTCA. It was concluded that  the 
poor correlation was due to the dissections produced 
by balloon angioplasty. Contrast streaming into these 
dissection planes produces a wider apparent diame- 
ter on projection imaging techniques compared with 
that  produced by cross-sectional imaging methods 
such as IVUS. Garratt et al. 37 showed no plaque 
fracturing or medial dissection after DCA in an au- 
topsy study. The current study also demonstrated a 
low rate of dissection following DCA in vivo or dur- 

ing the in vitro studies. Penny et al. 33 suggested that  
DCA produces cloverlike bites into the plaque. Al- 
though this may be true for larger peripheral ar- 
teries, in coronary arteries the cross-sectional IVUS 
images suggest that  an eccentric single trough is the 
usual morphologic result. 

The majority of the stenoses that  were studied be- 
fore DCA had a concentric morphology by IVUS. The 
IVUS description of eccentricity corresponds to a 
histologic definition using measurements of the max- 
imum and minimum thickness of the plaque. A 
plaque wall ratio >0.5 is considered a concentric 
stenosis with relatively equal distribution of plaque 
around the circumference of the lumen, whereas a 
major to minor plaque wall thickness of <0.5 is 
defined as an eccentric stenosis. The mean eccentric- 
ity index was 0.57 _+ 0.27 at baseline, consistent with 
a definition of mildly concentric stenoses. After DCA 
the lesions were transformed to a predominately ec- 
centric morphology with an index of 0.35 + 0.23 
(p < 0.01). This observation indicates that  DCA did 
not cut the atheroma uniformly despite the attempt 
to rotate the atherectomy canoe radially and the use 
of IVUS to redirect the cutting assembly. This result 
may be caused by areas along the circumference of 
the plaque that  are more resistant to the cutting ef- 
fect of the DCA device (perhaps because of dense fi- 
brosis or calcium). Alternatively, it is possible that  
once an initial trough is made in the atheroma, the 
canoe tends to slip back into the same position, 
resulting in an eccentric morphology. This may help 
explain the observation that  despite an increased 
number of cutting passes, no more material may be 
removed. 
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Fig. 9. Varieties of calcification as demonstrated by IVUS imaging. Areas of calcification may be present 
in various distributions in artery that cannot be appreciated by angiography. A, Two areas of calcium at 
4- and 9-o'clock positions occur at base of plaque. B, Hemicircle of calcium occurs at base of plaque near 
media. C, Three fourths of circumference is involved with thin band of calcified matrix. D, Circumferential 
calcified atherosclerotic plaque has fibrocalcific cap in contact with lumen from 6- to 1-o'clock positions. 

Whether a plaque is designated to be concentr ic  or 
eccentric may have a significant effect on the treat- 
ment strategy. This is usually defined angiographi- 
cally, and the information is used by the operator to 
direct the cutting blade. However, the results of 
IVUS imaging demonstrate a poor correlation be- 
tween angiography and IVUS for the diagnosis of ec- 
centricity. 25 In the present study, 55% of angio- 
graphic eccentric lesions were found to be concentric 
on cross-sectional IVUS imaging. In addition, 70 % of 
angiographic concentric lesions were found by IVUS 
to be eccentric. This information was used by the op- 
erator in an iterative process to alter the approach 
and direction of the DCA device. In addition, the in- 
formation provided by the IVUS images was used to 
perform further DCA cuts despite an adequate an- 
giographic result in 17 % of cases. 

The low calcium score indicates a bias of patient 
selection for less calcified lesions. The calcium score 
did not improve after DCA, consistent with previous 
observations that DCA is less effective for calcified 
lesions 3s especially if the calcium is located superfi- 
cially at the lumen interface. 39, 40 Cross sectional im- 
aging by IVUS is more explicit than angiography in 
defining the presence and location of calcified plaque 
(Fig. 9). 

Conclusions. Although DCA produces significant 
improvement in angiographic lumen dimensions, ob- 

servations from IVUS imaging reveal that 40 % of the 
angiographic effect is due to stretching of the exter- 
nal vessel wall. There is frequently a large residual 
plaque after DCA which encompasses a mean of 59 % 
of the available vessel CSA. These findings may help 
to explain the unexpectedly high incidence of rest- 
enosis after DCA. Because only 18 % of the atheroma 
CSA is removed by DCA, it would require a relatively 
minor amount of cellular matrix proliferation and 
elastic recoil to produce restenosis with a 50 % lumen 
diameter. 

We t h a n k  Cons tance  Taylor  for ass is tance  in prepar ing  th i s  
manusc r ip t .  Spec imens  for th i s  s t udy  were provided  by  the  Orange 
Coun ty  Coroner ' s  Office, J a m e s  Beisner ,  Chief  D e p u t y  Coroner.  
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