
E
T

Evolving Technology Brazio et al
Harmonic scalpel versus electrocautery for harvest of radial artery
conduits: Reduced risk of spasm and intimal injury on optical
coherence tomography
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Objective: Vasospasm is the primary obstacle to widespread adoption of the radial artery as a conduit in coronary

artery bypass grafting. We used optical coherence tomography, a catheter-based intravascular imaging modality,

to measure the degree of radial artery spasm induced by means of harvest with electrocautery or a harmonic scal-

pel in patients undergoing coronary artery bypass grafting.

Methods: Radial arteries were harvested from 44 consecutive patients with a harmonic scalpel (n ¼ 15) or elec-

trocautery (n¼ 29). Vessels were imaged before harvesting and after removal from the arm, with saphenous vein

tracts serving as internal controls. Optical coherence tomographic findings for the degree of harvesting-induced

injury were validated against histologic measures.

Results: Optical coherence tomographic measures of endovascular dimensions and injury correlated strongly

with histologic findings. Mean luminal volume, a measure of vasospasm, decreased significantly less after har-

vesting with a harmonic scalpel (9%� 7%) than with electrocautery (35%� 6%, P¼ .015). Completely intact

intima was present in 11 (73%) of 15 radial arteries harvested with a harmonic scalpel (73%) compared with 9 of

29 arteries harvested by means of electrocautery (31%, P¼ .011). Intraoperative flow measurements and patency

rates at 5 days postoperatively were not significantly different among groups.

Conclusions: Optical coherence tomography provides a level of speed and accuracy for quantifying endothelial

injury and vasospasm that has not been described for any other modality, suggesting potential as an intraoperative

quality assurance tool. Our optical coherence tomographic findings suggest that the harmonic scalpel induces less

spasm and intimal injury compared with electrocautery.
Although the internal thoracic artery is the conduit of choice for

coronary artery bypass grafting (CABG), the saphenous vein

and radial artery (RA) continue to be harvested and used for pa-

tients who require multiple grafts.1 A recent randomized trial has

shown that RA grafts retain better patency 1 year after revascu-

larization compared with saphenous vein grafts (SVGs).2 In this

same trial, however, 7% of RA grafts had diffuse spasm, as evi-

denced by means of radiographic ‘‘string sign’’ and suboptimal

or Thrombolysis In Myocardial Infarction grade 1 blood flow.3

Although the SVG is limited by acute thrombosis and neointi-

mal hyperplasia, spasm is the predominant factor preventing

the routine adoption of the RA as a conduit in CABG.

The risk of RA spasm relates to several factors, one of which

is the degree of stenosis within the native vessel that is being
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grafted. It is well established that placing the RA onto a target

coronary vessel that has less than 70% stenosis creates com-

petitive flow and is associated with a higher risk of RA spasm

compared with target arteries with greater degrees of stenosis.4

Additional evidence implicates risk factors at the level of the

graft itself. Comorbid conditions linked to endothelial disease,

such as diabetes and peripheral atherosclerosis, have been

found to predispose this conduit to vasospasm.5-8 An impor-

tant and modifiable risk factor that influences the status of

the RA endothelium is the method used to harvest the vessel.

Improvements in techniques have been instrumental in main-

taining endothelial integrity and returning the RA to popular-

ity as a conduit for CABG in the 1990s.9

One harvesting technique that has been purported to re-

duce spasm of the RA graft is the use of a harmonic scalpel

instead of electrocautery with hemoclips.10 Although it has

been suggested that this technique improves endothelial in-

tegrity, other studies have failed to confirm this finding. Ver-

ifying the optimal technique for RA harvest would be greatly

aided by an accurate, objective, reproducible method for de-

tecting spasm and intimal integrity within this conduit. At

present, the only widely used objective measure of vaso-

spasm is catheter-based angiography. This technique is not

feasible for intraoperative use and has suboptimal resolution

for quantifying RA spasm or injury.

Optical coherence tomography (OCT) is a novel imaging

modality that measures the reflection of emitted infrared
rgery c November 2008
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Abbreviations and Acronyms
CABG ¼ coronary artery bypass grafting

CTA ¼ computed tomographic angiography

OCT ¼ optical coherence tomography

RA ¼ radial artery

SVG ¼ saphenous vein graft

radiation and is particularly suited for imaging the luminal

surface of blood vessels. We have demonstrated that OCT

images obtained during the course of CABG provide clini-

cally meaningful information in real time about the quality

of harvested bypass conduits.11,12 In addition, image-pro-

cessing software used with OCT can detect the luminal

boundaries of the RA as a means of quantifying spasm.

The purpose of this study was to assess the incidence of

vasospasm and endothelial injury, as defined by OCT and

validated against histologic measures, among patients un-

dergoing CABG with a harmonic scalpel or electrocautery.

MATERIALS AND METHODS
Patient Population

Consecutive patients were eligible if they were considered for an RA

conduit during isolated CABG between March 2006 and April 2007 at

our institution. Exclusion criteria included a serum creatinine level of

greater than 2.0 mg/dL, refusal or inability to provide informed consent,

an abnormal oximetric Allen’s test result, hemodialysis requirement, uncon-

trolled diabetes (HgA1c>7%), or Raynaud’s disease.13 The protocol (no.

H25350) was approved by the University of Maryland, Baltimore institu-

tional review board, and all patients provided written informed consent.

Surgical Technique
RAs were harvested by a single technician (KS) with either a harmonic

scalpel (Ethicon, Somerville, NJ) using an open incision technique or the

combination of electrocautery and clips for the vessel branches. Group as-

signment was nonrandomized. All patients also had SVGs harvested endo-

scopically and evaluated by means of OCT as an internal control for

comparison of vessel friability versus the RA.14 After removal of the RA

from the forearm and before re-examination by means of OCT, the conduit

was flushed with heparinized saline and stored in a Plasmalyte (Baxter

Healthcare Corp., Deerfield, Ill.) solution containing glyceryl trinitrate

and verapamil.15

A single surgeon (RP) carried out off-pump CABG through a median

sternotomy, with distal anastomoses performed with the use of suction-

based exposure and stabilizing devices (Octopus 4.3; Medtronic, Inc, Min-

neapolis, Minn). Heparin was administered at the completion of harvesting

at a dose calculated to obtain an activated clotting time of longer than 300

seconds and reversed by half the dose of protamine calculated by means

of heparin–protamine titration. Aspirin (325 mg) was administered orally

before the procedure and continued after the operation.

OCT Imaging
The RA was first imaged in situ by means of insertion of an OCT catheter

(ImageWire; LightLab Imaging, Westford, Mass) into the forearm (Figure 1,

A) by using an upper-arm tourniquet and infusion of heparinized saline to

clear blood. The catheter was then withdrawn at 1.0 mm/s by using an au-

tomated pullback device, yielding sequential transverse views of the vessel

with a frame rate of 10 Hz and a slice width of 0.1 mm. The RA was exam-
The Journal of Thoracic and C
ined again after harvesting and removal from the limb (Figure 1, B), as was

the harvested tract of saphenous vein.

OCT images were analyzed by 2 different technicians (PL and PB) who

were unaware of the harvesting technique. Harvesting injury was catego-

rized as minor when intimal disruption was restricted to the ostia of branch

points or severe if it involved the luminal surface.16 The luminal volume of

the RA was calculated from OCT images by using automated imaging–pro-

cessing software; perioperative change was quantified by comparing the

luminal volume before and after harvesting.

Biopsy Confirmation of OCT Findings
Biopsy specimens were obtained from specific regions of interest within

the discarded segment of RAs. Regions of vascular trauma visualized by

means of OCT imaging were marked externally on the vessel at the location

of the catheter tip and visualized by means of gross examination of a rotating

infrared light (Figure 1, B, inset). These ‘‘image-guided’’ biopsy sections

were embedded and frozen in cutting compound (Tissue-Tek O.C.T.; Ted

Pella, Inc, Redding, Calif) and sectioned at 5 mm. Sections were stained

for elastin by using a kit (SciTec Laboratories, Logan, Utah) and endothelial

integrity, as previously described.17 Luminal tissue factor activity was deter-

mined in vessel biopsy specimens isolated in a custom-designed chamber. A

reaction buffer was added containing Factors VIIa (2 U/mL; American Di-

agnostica, Greenwich, Conn) and X (2 U/mL, American Diagnostica), with

ethylenediamine tetraacetic acid used to stop the reaction. The generation of

Factor Xa was measured in the supernatant by adding a chromogenic sub-

strate (Spectrozyme FXa, American Diagnostica), and the absorption was

measured at 405 nm.

Graft Patency Analysis
Blood flow was measured in each RA graft intraoperatively by using

transit-time ultrasonography (VeriQ; Medi-Stim, Inc, Oslo, Norway). Mea-

surements were obtained before and after native artery occlusion to rule out

competitive flow.18 Graft patency at 1 week was determined by means of

blinded review (CW) of computed tomographic angiographic (CTA) im-

ages (420-ms rotation, 100–150 mL of contrast agent administered intrave-

nously at 5 mL/s) with retrospective electrocardiographic gating.19 Patency

was defined as FitzGibbon grade A (ie, luminal diameter of the RA conduit

exceeding that of its coronary target through the entire length of the graft).20

Statistical Analysis
The primary end point of this study was the degree of intraoperative va-

sospasm and intimal injury in RA conduits harvested with a harmonic scal-

pel versus electrocautery. Previous use of OCT as a quality assurance tool

demonstrated a 5-fold difference in intimal injury between open and endo-

scopic methods for RA conduit harvesting.11 We assumed a more conserva-

tive 50% relative difference in the incidence of intimal injury between the 2

groups in this study. Therefore 25 patients per group were expected to pro-

vide 80% power to detect this difference at a P value of .05 in 2-tailed test-

ing. Spasm, defined as the percentage change in mean luminal volume

between the in situ and ex vivo OCT scans, was compared by means of

the t test. The reproducibility of our OCT interpretations was quantified

by using interobserver k correlation coefficients.

The relation between demographic and clinical patient characteristics

and the degree of RA spasm was assessed by means of univariate regression

analysis (for continuous variables) and the t test (for categorical variables).

Statistical analysis was performed with the InStat statistical package (ver-

sion 3.0; GraphPad Software, Inc, San Diego, Calif) with assistance of a bio-

statistician (AJ).

RESULTS
Study Population

OCT examinations were performed on a total of 44 pa-

tients, with the harmonic scalpel used for 15 harvests and
ardiovascular Surgery c Volume 136, Number 5 1303
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electrocautery for 29 harvests within an average examina-

tion time of 2.7 � 0.3 minutes per conduit. Baseline charac-

teristics and comorbid conditions were similar between the 2

groups, except there were significantly more patients with

peripheral vascular disease in the harmonic group (Table

1). Predischarge CTA was performed in all but 3 patients be-

cause of a serum creatinine level of greater than 2.0 mg/dL.

Validation of OCT Findings
Analysis of registered biopsy sections demonstrated that

endothelial integrity, tissue factor, and disruption to the in-

ternal elastic lamina, as defined by elastin staining, differed

significantly between portions of RA diagnosed by means of

imaging as normal versus severely injured (Figure 2). Iden-

tification of intimal damage with OCT was highly reproduc-

ible, as evidenced by interobserver k correlation values of

0.85 for minor trauma and 1.0 for severe trauma. A subset

of RAs in this study underwent targeted biopsy of abnormal

areas detected by means of OCT imaging to obtain further

histologic and biochemical analyses (Table 2). Areas with

severe intimal injury per OCT had significantly higher tissue

factor activity, lower endothelial integrity (as measured by

means of CD31 staining), and a higher number of intimal

FIGURE 1. Localization of the optical coherence tomographic imaging

probe within the radial artery. The infrared light emitted from the tip of

the optical coherence tomographic probe (A) can easily be visualized

through the luminal wall of the radial artery (arrow, B) during image acqui-

sition. This enables external marking of abnormal areas of the artery,

thereby providing a roadmap for selecting the optimal portion of the conduit

for bypass. Imaging-guided biopsy specimens also can be obtained for his-

tologic confirmation of optical coherence tomographic findings.
1304 The Journal of Thoracic and Cardiovascular Su
tears on elastin staining compared with areas with no intimal

injury per OCT.

Intraoperative Vasospasm
The luminal volume of the RA, as determined by means of

OCT imaging, was similar between groups at baseline. Re-

assessment of RA luminal volume after harvest showed a sig-

nificantly greater decrease after the use of electrocautery

compared with harmonic scalpel (Table 3). Longitudinal

plots reconstructed with image-processing software illus-

trated that spasm was mainly diffuse, rather than focal (Fig-

ure 3). Other than the technique used for harvest, the clinical

variables analyzed showed no correlation to the decrease in

RA luminal volume.

Intimal Injury
Endothelial integrity measured by means of CD31 stain-

ing of random biopsy specimens obtained from each RA

did not show differences between harvesting techniques

(52% � 30% for the harmonic scalpel vs 42% � 28%
for electrocautery, P ¼ .65). On the other hand, OCT exam-

ination demonstrated that 11 (73%) of 15 RAs harvested

with a harmonic scalpel had a completely normal intimal

layer, with no evidence on OCT imaging of focal intimal

trauma, compared with 9 (31%) of 29 arteries harvested

by means of electrocautery (P ¼ .011). Most intimal defects

(63%) were confined to the ostium of branch points. Tears

involving the luminal surface were found in 20% of the har-

monic scalpel samples and 45% of the electrocautery sam-

ples (P ¼ .186), whereas minor (ostial) tears were found

in 13% of harmonic scalpel samples and 45% of electrocau-

tery samples (P ¼ .048). In contrast, control SVG segments

harvested with electrocautery showed no severe injury, and

ostial tears were rare, found in only 26 (2.9%) of 884

assessed branch points.

TABLE 1. Baseline demographic and clinical characteristics

Harmonic scalpel

(n ¼ 15)

Electrocautery

(n ¼ 29) P value

Age (y) 66.5 66.7 .949

Body mass index (kg/m2) 28.3 29.1 .683

Male sex 86.7 96.0 .714

Active smoking 33.3 29.2 .791

Family history of coronary

disease

58.3 40.0 .308

Hypertension 92.9 92.0 .926

Hyperlipidemia 92.3 82.6 .433

Carotid artery disease 21.4 20.0 .918

Previous stroke 14.3 8.0 .547

Peripheral vascular disease 38.5 8.0 .021

Diabetes mellitus 50.0 47.8 .901

CCS class>2 angina 80.0 79.3 .958

NYHA class>II heart failure 86.7 86.2 .967

Data are expressed as the mean value or percentage of patients. CCS, Canadian Car-

diovascular Society; NYHA, New York Heart Association.
rgery c November 2008
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FIGURE 2. Endothelial integrity of harvested radial artery portions according to histologic findings (CD31 staining, A and D; elastin staining, B and E) and

optical coherence tomographic analysis (C and F). A, B, and C, Normal artery portions; D, E, and F, artery portions with dissection.
E
T
Postoperative Vasospasm and Patency

After grafting, RAs harvested with a harmonic scalpel

versus electrocautery showed no differences in blood flow

measured intraoperatively (43.8� 5.8 mL/min for harmonic

scalpel vs 44.0 � 5.0 mL/min for electrocautery, P ¼ .98)

but a trend toward an increased pulsatility index (3.12 vs

2.26, P ¼ .05). CTA on day 5 showed 14 of 15 grafts

from the harmonic scalpel group and 24 of 29 grafts from

the electrocautery group with grade A patency (P ¼ .24).

DISCUSSION
We describe the novel use of a high-resolution imaging

technique called OCT to demonstrate that surgical harvest

with a harmonic scalpel yields RA conduits of higher quality

than provided by the standard technique used at most CABG
The Journal of Thoracic and C
centers, electrocautery and clips. Although the influence of

competitive flow and choice of coronary target on RA pa-

tency have been thoroughly established, the potential for

the intimal quality of the RA to influence patency has been

underappreciated. OCT images of the RA obtained after har-

monic scalpel procurement revealed significantly less inti-

mal defects and change in luminal volume, suggesting less

trauma-induced endothelial disruption and spasm. Because

images were obtained from each conduit before and after

procurement, the most practical explanation for our findings

is that the harmonic scalpel provides a more meticulous tech-

nique for handling the RA. Given evidence that the RA is

more friable than the SVG, the harmonic scalpel might over-

come some of the perceived drawbacks of this controversial

conduit.21
ardiovascular Surgery c Volume 136, Number 5 1305
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TABLE 3. Measures of intraoperative vasospasm by harvesting

method

Harmonic scalpel

(n ¼ 15)

Electrocautery

(n ¼ 29) P value

Luminal volume

Baseline (mm3) 1079 � 112 906 � 86 .237

After harvesting (mm3) 921 � 80* 559 � 69y .003

Percentage change

between scans

8.8 � 7.1 34.5 � 6.2 .015

Data are expressed as mean values � standard error. *P ¼ .87 versus baseline.

yP ¼ .0002 versus baseline.

TABLE 2. Comparison of OCT-guided biopsy specimens versus

biopsy-based evidence of conduit injury

Severe intimal

injury per

OCT (n ¼ 5)

No intimal

injury per

OCT (n ¼ 10) P value

Tissue factor activity (U) 5.3 � 1.4 1.4 � 1.0 .01

CD31 expression (% of

luminal circumference)

24 � 20 64 � 20 .01

IEL disruption per elastin

staining (no. of tears)

6.0 � 3.3 0.5 � 1.4 .05

Data are expressed as mean values � standard deviation. OCT, Optical coherence

tomography; IEL, internal elastic lamina.
Our results conflict with a recent meta-analysis of ran-

domized controlled trials comparing these techniques, which

suggested that evidence in favor of the harmonic scalpel is

‘‘not convincing.’’22 Despite far less enrollment in our

study, 44 versus 349 collective patients in the meta-analy-

sis,23-28 OCT imaging dramatically improves the ability to

detect subtle changes in conduit quality. Prior assessments

of RA spasm or injury during harvesting have been limited

to either visual examination/palpation27 or ex vivo assays

performed on surplus portions of the RA.23,27 Luminal
1306 The Journal of Thoracic and Cardiovascular S
spasm, intimal tears, or both in harvested RAs occur hetero-

geneously within the vessel and are rarely associated with

detectable abnormalities based on the gross external appear-

ance.17 Histology, electronic microscopy, and physiologic

studies performed on rings of vascular tissue are sensitive

measures of RA integrity but are limited by sampling bias

and are not able to assess the grafted portion of the RA.

The reliability of intravascular ultrasonic screening to iden-

tify intimal pathology is uncertain.12 With an axial resolu-

tion in the range of 2 to 15 mm,12 OCT is a far more

suitable technique for identifying pathology, such as intimal
FIGURE 3. Optical coherence tomographic frames at 3 points of the radial artery before (A and C) and after (B and D) harvest. The mean luminal area (LA) of

the artery harvested with the harmonic scalpel (A and B) increased by 6.5%, whereas the LA of the artery harvested by means of electrocautery decreased by

66.9% (C and D). After harvesting, panel B shows small areas of mild focal spasm, whereas panel D displays severe diffuse spasm (string sign).
urgery c November 2008
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trauma, anywhere within the RA and for quantifying the

degree of intraoperative spasm after harvest.

The current analysis adds to the growing evidence sup-

porting the value of OCT as a tool for assessing the quality

of bypass conduits used for CABG. Previously, we noted

that endoscopic harvest of SVGs yields minimal adverse ef-

fect on intimal quality but results in an alarming incidence of

retained clot compared with open harvest.29 The availability

of OCT images in real time greatly enhances the relevance of

this information to the surgical team. For example, instant

demonstration of how an early dose of heparin eliminates

clot retention within the SVG improves compliance with

this therapy by placing adverse effects on the risk of bleed-

ing in better context. Evidence of intimal injury or spasm in

the conduit provides valuable feedback to surgical techni-

cians early in their learning curve.

Implications and Limitations for Clinical Practice
The ability to note which sections of conduit contain se-

vere pathology (eg, focal plaques or intimal dissections) in

the operating room allows that portion to be excluded

from the conduit that is selected for grafting. As shown

with registered vessel biopsy specimens, this intervention

helps to avoid areas of disrupted endothelium and increased

tissue factor and thereby restore the anticoagulant and anti-

inflammatory properties that characterize a normal conduit.

The central role of the intima in graft performance is sup-

ported by the stark contrast in patency rates for the internal

thoracic artery versus the SVG, as well as our previous dem-

onstration that the proportion of denuded surface area within

a harvested SVG correlates with reduced patency.30

As with any new technology, OCT imposes an expense.

The cost of each disposable probe (approximately $300–

$400) must be accounted for. A dedicated technician is

required to help carry out the intraoperative conduit evalua-

tion. Qualitative assessment of spasm from OCT imaging in

real time, including setup and scanning, can add 10 to 20

minutes of time to a case. More streamlined iterations of

the current software that are available for these analyses

will reduce procedural times in the future.

Study Limitations
This study was not a randomized comparison of harvest-

ing methods, and thus the possibility of bias exists. We at-

tempted to minimize this possibility in several ways. First,

we included consecutive patients in the study, rather than

targeting certain patients for a given harvesting method. Sec-

ond, abnormalities on OCT were confirmed in each case by

histologic findings performed by reviewers who were un-

aware of the harvesting method. Third, we assessed the

incidence of spasm according to baseline clinical and demo-

graphic characteristics, as well as graft patency, to identify

variables that might have confounded the analysis.
The Journal of Thoracic and Ca
Another limitation was that our study was not appropri-

ately powered to confirm that conduit abnormalities detected

by means of OCT anticipate problems with early patency

and showed a nonsignificant difference between groups in

early patency or intraoperative flow rate. On occasion,

OCT imaging has revealed severe intimal injury after har-

vest that is consistent with a vessel dissection. For extreme

cases such as this, we believe that it is obvious that the con-

duit should not be used. However, our experience with

screening of conduits is in its early stages. We cannot at

this point establish whether more subtle findings detected

on OCT imaging put the RA conduit at higher risk of early

failure. Our data should be considered hypothesis generating

until confirmed by a randomized controlled trial of sufficient

power to detect significant differences between outcomes

with these 2 harvesting methods.

CONCLUSIONS
Although this study was small, the use of OCT imaging

provided a rapid and accurate means of quantifying RA

spasm and endothelial injury. When applied as an intraoper-

ative quality assurance tool in patients undergoing CABG,

OCT demonstrated that use of a harmonic scalpel was asso-

ciated with significantly less RA spasm and intimal injury

versus electrocautery. Future trials comparing novel

methods for conduit harvesting should consider incorporat-

ing this innovative technology into their study protocol.
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