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Echocardiography

valuation of Flow in the Left Anterior
escending Coronary Artery But Not in

he Left Internal Mammary Artery Graft
redicts Significant Stenosis of the Arterial Conduit

rancesco Pizzuto, MD,* Paolo Voci, MD, PHD,* Enrica Mariano, MD,†
aolo Emilio Puddu, MD, FESC, FACC,‡ Alessandro Aprile, MD,† Francesco Romeo, MD, FESC, FACC†
ome, Italy

OBJECTIVES The purpose of this study was to evaluate which Doppler-derived flow index best predicts new
distal left anterior descending coronary artery (LAD) stenosis in patients with left internal
mammary artery (LIMA) graft.

BACKGROUND The LIMA flow measurement has been proposed to assess graft function, but it may be
misleading in case of new distal LAD stenosis and/or competitive flow from native LAD.
Distal LAD coronary flow reserve (CFR: hyperemic/baseline peak flow velocity ratio) may be
more appropriate.

METHODS The LIMA and distal LAD flow was measured by transthoracic Doppler echocardiography
in 96 patients undergoing diagnostic/therapeutic coronary angiography, 7 � 4 years after
cardiac bypass surgery. The LIMA flow indexes (systolic-to-diastolic peak velocity ratio
[SDPVr] �1, diastolic time velocity integral fraction [DTVIf] �0.5, and CFR �2) and LAD
CFR �2 were used to predict �70% new LAD stenosis.

RESULTS The LAD CFR �2 predicted new LAD stenosis, found in 21 of 77 patients without
competitive flow from native LAD, with significantly higher diagnostic accuracy (98%) than
LIMA flow indexes (SDPVr �1 � 61%, DTVIf �0.5 � 69%, and CFR �2 � 72%). The
LIMA flow indexes were abnormal in 17 of 19 patients with competitive graft flow, but only
5 had graft restriction, and none had significant LAD stenosis. In a multivariate model of new
distal LAD stenosis prediction, competitive flow from native LAD reduced the predictive role
of LIMA but not of LAD CFR.

CONCLUSIONS In patients without competitive flow from native LAD, LAD CFR is more accurate for the
detection of LAD stenosis than LIMA CFR. In patients with competitive graft flow,
abnormal LIMA flow patterns and blunted LIMA CFR do not reflect downstream LAD
flow as LAD CFR does. (J Am Coll Cardiol 2005;45:424–32) © 2005 by the American

ublished by Elsevier Inc. doi:10.1016/j.jacc.2004.09.072
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yocardial revascularization with the left internal mam-
ary artery (LIMA) over the left anterior descending

oronary artery (LAD) is the most used surgical strategy in
atients with coronary artery disease, owing to an excellent

ong-term patency profile (1).
Transthoracic Doppler ultrasound has been proposed to

tudy the LIMA-LAD conduit (2–8). In the early 1990s,
he available technology allowed one to measure flow in the
IMA only from a mid-left parasternal (2) or a supracla-
icular approach (3–5,7,8), at its take-off from the left
ubclavian artery, but not in the distal LAD. Either resting
ow or coronary flow velocity reserve (CFR) in the LIMA
ere used to assess graft function. However, sampling the
raft may be misleading, because: 1) graft flow may not
redict a new distal LAD stenosis, because proximal to the
tenosis the flow may be preserved (9); and 2) competitive
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L
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ow from the native LAD may impair mammary flow and
lunt mammary flow reserve, even in the absence of any
raft stenosis. Recent advances in transthoracic color-
oppler ultrasound technology allowed imaging of the

istal LAD (10,11) for the noninvasive detection of recan-
lization in acute anterior myocardial infarction (12), diag-
osis of LAD disease by measurement of CFR (13,14),
onitoring of changes in CFR after stenting (15,16), and

he study of microcirculation in coronary artery disease (17).
Sampling the distal LAD in patients with LIMA graft
ay overcome the aforementioned limitation of sampling

nly the LIMA. We have therefore compared several
ow-derived indexes of the LIMA graft and distal LAD to
nd which parameter best predicts the function of the
IMA-LAD conduit, with particular regard to a new distal
AD stenosis.

ETHODS

tudy patients. One hundred consecutive patients with

IMA-LAD graft, referred for coronary angiography, were
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valuated with transthoracic Doppler echocardiography for
oninvasive assessment of LIMA-LAD conduit function.
inety-six patients (82 males, 14 females, age 62 � 8 years,

ange 35 to 77 years), 15 with isolated LIMA graft and 81
ith associated saphenous vein grafts, had adequate assess-
ent of CFR in the LIMA and distal LAD. One patient

ad a normally functioning prosthetic aortic valve. Trans-
horacic Doppler echocardiography was performed 7 � 4
ears (range 0.8 to 18 years) after successful cardiac surgery
nd 24 to 48 h before coronary angiography. Exclusion
riteria were: acute coronary syndrome, previous myocardial
nfarction, left ventricular hypertrophy, congestive heart
ailure, significant valvular heart disease, and contraindica-
ions to adenosine administration. All patients were in sinus
hythm and fasting state, and provided written informed
onsent. All coronary active medications were withdrawn
he day before the Doppler study.

ransthoracic Doppler ultrasound. The LIMA and
AD were imaged as previously described (2,6,10,15–17),

n the left lateral decubitus, by a small multi-hertz trans-
ucer connected to an ultrasound system (Sequoia C256;
iemens-Acuson, Mountain View, California), allowing

ndependent change of frequency between two-dimensional
3.5 to 7.0 MHz) and color Doppler ultrasound (3.5 to 6.0

Hz). The LIMA and LAD flow velocities were measured
y pulsed Doppler ultrasound under color-coding guide.
riefly, to image the LIMA, the left parasternal area
etween the second and fourth intercostal space was
canned. The LIMA graft was identified as a tubular
tructure with color flow directed from base to apex, and
lood flow velocity was recorded by pulsed Doppler ultra-
ound. The distal LAD was imaged from the fourth to fifth
eft intercostal space in the interventricular groove, using a

odified two-chamber view (13). Care was taken to visu-
lize the most distal tract of the artery in the periapical area.
he best long-axis view in color Doppler flow imaging was
btained to maintain a �30° angle between flow and
oppler ultrasound beam. The LAD flow velocity was
easured by pulsed Doppler ultrasound. All studies were

ontinuously recorded on a half-inch S-VHS videotape, and
till-frames were digitally acquired and stored in a magneto-
ptical disk for off-line analysis. Systolic and diastolic peak
nd mean velocities were measured in the LIMA and LAD,
nd two resting LIMA flow parameters were derived (2):
ystolic-to-diastolic peak velocity (SDPV) ratio, and dia-
tolic velocity time integral (DVTI) fraction (DVTI divided

Abbreviations and Acronyms
CFR � coronary flow velocity reserve
DVTI � diastolic velocity time integral
LAD � left anterior descending coronary artery
LIMA � left internal mammary artery
SDPV � systolic-to-diastolic peak velocity
y the diastolic plus the systolic velocity time integral). The �
FR was measured in the LIMA and distal LAD by 90-s
enous adenosine infusion (140 mcg/kg/min) as the ratio
etween hyperemic and baseline peak flow velocities. For
ach test, three baseline and three hyperemic Doppler
elocities were computed and averaged. All patients had
ontinuous heart rate and electrocardiographic monitoring.
lood pressure was recorded at baseline, during adenosine

nfusion, and at recovery, for each test. An SDPV ratio �1
n the LIMA (2), DVTI fraction �0.5 in the LIMA (2),
nd CFR �2 in the LIMA and distal LAD were used to
redict significant (�70%) stenosis along the graft-to-LAD
onduit (13,16,18,19). Flow parameters were measured
lind to clinical and angiographic results.
oronary angiography. Cardiac catheterization was per-

ormed by the percutaneous femoral approach. The LIMA,
ortocoronary grafts, and native coronary arteries were
electively visualized. Vessel lumen diameters were mea-
ured online by electronic calipers, by two expert operators,
lind to the Doppler results. The outer diameter of the
uid-filled diagnostic/therapeutic catheter, centered, was
sed as a scaling device to obtain absolute arterial dimen-
ions. Two orthogonal projections of the graft and/or the
oronary artery lesion at end-diastole were used to measure
ercent lumen narrowing, if present. A graft and/or distal
AD stenosis �70% was considered significant.
eproducibility of coronary flow reserve. Inter- and intra-

bserver variability of coronary Doppler ultrasound measure-
ents in our laboratory are 3.2% and 2%, respectively (13),
hereas intra-individual variability never exceeds 2 cm/s, pro-
iding a maximal �6% difference in relative terms (15).
tatistical analysis. Data are expressed as mean � SD.
he BMDP software (University of California Press,
erkeley, California, 1990) was used. When data expressed
roportions, average values were used in most cases. Inter-
roup differences were assessed by t tests with separate
ariance (BMDP-7D). Sensitivity, specificity and diagnostic
ccuracy were calculated and compared using chi-square
esults (BMDP-4F). Cutoff values were determined select-
ng points of potential clinical value based on literature data,
amely �2 versus �2 for CFRs (13,16,18,19), �1 versus
1 for SDPV ratio (2), and �0.5 versus �0.5 for DVTI

raction (2). Chi-square test was also used to test signifi-
ance for proportions. All possible subsets analysis (BMDP-
R) was used to predict multivariately (20), by using a linear
odel, the presence of new distal LAD stenosis. A series of

0 basal covariates was considered, and four different models
ere run to compare the role of either CFR in the LAD or
IMA and the respective contribution of LIMA flow type in

he presence of either CFR in the LAD or LIMA as
ndependent covariates. F-statistics and standard parameters
roduced by BMDP-9R were used to compare the four
odels. A comprehensive evaluation of all these parameters

nabled conclusions about significance of differences. A p value

0.05 was considered statistically significant.
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CFR � coronary flow reserve; DVTI � diastolic velocity time integral; LAD � left an
� left ventricular end-diastolic pressure; SDPV � systolic/diastolic peak velocity.
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ESULTS

oronary angiography. Seventy-seven patients had proxi-
al occlusion of the LAD that was distally supplied only by

he graft (non-competitive LIMA flow from the native
AD, Group A). Nineteen patients had an open proximal
AD with competitive flow between the graft and the
ative LAD (Group B): in 14 of 19 patients the graft was
atent, and injection of dye in the graft or in the LAD
lternatively produced at the joining tract (watershed area) a
ash-in and washout effect (Figs. 1A and 1B); in 5 of 19
atients the distal LIMA was diffusely restricted (�70%
tenosis) (Figs. 1C and D) (21). In Group A, 21 patients
27.3%) had a significant (�70%) new stenosis of the LAD
fter the anastomosis, whereas in Group B, none of 19
atients had significant LAD narrowing (percent diameter
tenosis 40 � 14%, range 20% to 60%).

None of the patients had collateral vessels from the LAD
o other coronary arteries and vice versa.

ransthoracic Doppler ultrasound. Groups were not sta-
istically different regarding risk factors, demographic and
linical variables, but had different Doppler-derived flow
ynamics (Table 1). Baseline LIMA flow was predomi-
antly diastolic in Group A (Fig. 2A), whereas it was
alanced (n � 6) or predominantly systolic (n � 13) in
roup B (Figs. 2E and 2G). These flow patterns produced

ignificantly higher SDPV ratio and lower DVTI fraction in
roup B than in Group A (Table 1), indicating restricted

raft flow in Group B.

:
itive
� 77)

Group B:
Competitive

LIMA Flow (n � 19) T (Separate Variance) p Value

0.789 1.04 NS
63 � 7 �0.36 NS

12 1.88 � 0.18 �0.31 NS

13 � 4 0.19 NS
56 � 5 0.08 NS

21 1.20 � 0.26 �0.83 NS
0.421 �0.55 NS
0.368 �0.35 NS
0 6.63† �0.01

26.3 21.38† �0.0001

0.632 1.09 NS
0.211 �0.52 NS
0.526 �0.25 NS
0.684 �0.60 NS

32 1.68 � 0.81 �4.57 �0.001
08 0.55 � 0.12 5.05 �0.0001
86 1.40 � 0.34 8.40 �0.0001
99 2.95 � 0.38* �3.50 �0.001
73 �1.55 � 0.47 11.36 �0.0001

nt (�70%) distal LAD stenosis in this group, conversely 21 patients without competitive
o for variables having % values); only mean for variables representing proportions.
igure 1. Selective coronary angiography of the left internal mammary
rtery (LIMA) and the left anterior descending coronary artery (LAD).
Upper panels) Competitive flow without graft restriction. (A) Injection in
he LIMA. The empty arrow points to the joining tract, where flow
ntering from the LIMA is stopped by non-contrasted blood coming from
he proximal LAD. (B) Injection in the left main shows anterograde filling
f the LAD. (Lower panels) Competitive flow with graft restriction. (C)
he dye selectively injected into the LIMA partially fills the graft, which

s thin (arrows) and does not allow the contrast to reach the joining tract.
able 1. Study Population

Group A
Non-Compet

LIMA Flow (n

emographic variables
Gender (male/female � 1/0) 0.896
Age (yrs) 62 � 9
Body surface area (m2) 1.86 � 0.
linical variables
LVEDP (mm Hg) 13 � 3
Left ventricular ejection fraction (%) 56 � 6
Left ventricular wall motion score index 1.15 � 0.
Left ventricular hypertrophy (yes/no � 1/0) 0.351
Previous acute myocardial infarction (yes/no � 1/0) 0.325
Distal LAD stenosis �70% (%) 27.3
LIMA stenosis �70% (%) 0

isk factors (yes/no � 1/0)
Cholesterol 0.766
Diabetes mellitus 0.156
Hypertension 0.494
Smoker 0.610
oppler ultrasound flow-derived variables
SDPV LIMA ratio 0.81 � 0.
DVTI LIMA fraction 0.70 � 0.
CFR LIMA (peak velocity) 2.45 � 0.
CFR LAD (peak velocity) 2.45 � 0.
Absolute difference between LIMA and LAD peak CFR 0.004 � 0.

The higher CFR in the LAD in patients with flow competition reflects the absence of significa
ow had significant LAD stenosis. †These values are chi-square. Data are mean � SD (als
terior descending coronary artery; LIMA � left internal mammary artery; LVEDP
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In Group A, CFR was superposable in the LIMA and
AD (absolute difference 0.004 � 0.73) (Table 1, Fig. 3).

n 21 patients with significant distal LAD stenosis, CFR in
he LIMA overestimated that in the LAD (1.64 � 0.77 and
.27 � 0.30, respectively), being in 5 patients even �2
Fig. 4). In Group B, CFR in the LIMA was lower than
hat in the LAD (absolute difference �1.55 � 0.47)
Table 1, Fig. 5), but it could not predict whether the graft

igure 2. Resting transthoracic color-Doppler ultrasound. (A to C) Patien
oppler (A) shows LIMA and left anterior descending (LAD) flows (arr

elocity (B and C). (D to G) Patient with flow competition. The LIMA fl
hereas LAD flow (F and G) is mainly diastolic.
as restricted (n � 5, CFR � 1.46 � 0.34) or full patent (n u
14, CFR � 1.23 � 0.32). Of note, LIMA flow indexes
ere abnormal (higher SDPV ratio, lower DVTI fraction,

nd blunted CFR) in 17 of 19 patients with competitive
raft flow, but only 5 had graft restriction, and none had
ignificant LAD stenosis.

The univariate analysis showed that CFR in the LAD
ad a higher diagnostic accuracy to predict a significant new
istal LAD stenosis compared with the other Doppler

hout competitive left internal mammary artery (LIMA) graft flow. Color
and corresponding pulsed Doppler ultrasound shows prominent diastolic

and E) shows a prominent systolic and a very low diastolic component,
t wit
ows),
ow (D
ltrasound parameters measured in the LIMA (Table 2).
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onversely, the Doppler-derived LIMA flow indexes
SDPV ratio �1, DVTI fraction �0.5, and CFR �2) had

low diagnostic accuracy in predicting graft restriction
Table 2). Finally, sensitivity, specificity, and diagnostic
ccuracy of LIMA CFR to predict LAD CFR were respec-
ively 42.5%, 89.3%, and 69.8% (chi-square 12.94, p �
.0003), which is in overall agreement with the results
hown in Table 2, where LIMA and LAD CFR are

igure 3. Patient with occluded proximal left anterior coronary artery (LA
elocity reserve (CFR) was similar when assessed either at the level of the
igure 4. Patient without competitive left internal mammary artery (LIMA) flo
0% distal, post-anastomotic LAD stenosis. The coronary flow reserve (CFR)
ssessed with regard to the respective predictive role of
ither LIMA or LAD stenoses.

The multivariate analysis showed that the best predictor
f significant new LAD stenosis was CFR in the LAD
Table 3, model A). Moreover, CFR in the LIMA contrib-
ted less than one-third of CFR in the LAD to the
rediction of distal LAD stenosis (Table 3, model B). Flow
ompetition from the native LAD was the main confound-

ithout competitive left internal mammary artery (LIMA) flow. The flow
A (empty arrow), or at the level of the LAD (white arrow).
w, occluded proximal left anterior descending coronary artery (LAD), and
in the LIMA is 3.7, whereas in the distal LAD it is 1.5.
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ng factor when LIMA flow parameters were used to predict
istal LAD stenosis (Table 3, models C and D). Globally
Table 3), when CFR was measured in the LAD (with or
ithout LIMA flow type consideration, i.e., presence or

bsence of competitive graft flow), prediction of distal LAD
tenosis was good (taking r2 into consideration). On the
ther hand, prediction of distal LAD stenosis was poor
hen CFR was measured in the LIMA, although LIMA
ow type consideration greatly ameliorated its predictive

igure 5. Patient with flow competition. (Upper panels) Flow velocity in
omponent and a markedly abnormal coronary flow velocity reserve (CFR).
rtery (LAD), was normal. (Lower panels) Coronary angiography showe
oining tract. There was no flow limiting stenosis in the distal LAD after
apabilities. Finally, although statistically significant, LIMA C
ow type contributed very little to the prediction of distal
AD stenosis when CFR was measured in the LAD.
The time required to complete a CFR test (time for the

cquisition of an adequate spectral Doppler signal of base-
ine coronary flow velocity plus 90-s adenosine infusion) was

� 5 min (range 3 to 18 min) for the LIMA and 12 � 5
in (range 5 to 29 min) for distal LAD.
emodynamic variables. Adenosine infusion induced

imilar hemodynamic changes in both LIMA and LAD

ft internal mammary artery (LIMA) shows a higher systolic than diastolic
dle panels) CFR, measured in the distal left anterior descending coronary
t the LIMA was proximally patent, but contrast material stopped at the
nastomosis.
the le
(Mid

d tha
FR assessments. A slight increase in heart rate (from 68 �
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3 to 76 � 15 beats/min for LAD; and from 69 � 14 to
7 � 14 beats/min for LIMA) was counterbalanced by a
light decrease in mean arterial pressure (from 97 � 6 to 89

8 mm Hg for LAD; and from 97 � 6 to 89 � 4 mm Hg
or LIMA). Baseline rate-pressure product was also similar
nd did not significantly change during adenosine infusion.
denosine infusion. Maximal increase in coronary flow

elocity was obtained within 60 s of drug infusion, and flow
eturned to baseline within 30 s of discontinuing the drug.
o major adverse reactions occurred during or after aden-

sine infusion. All patients experienced some degree of
yperventilation, which was marked in four and rapidly
isappeared at the end of the infusion.

ISCUSSION

elective coronary angiography is the gold-standard tech-
ique to evaluate graft function, but it cannot be routinely or
erially used to assess modification in graft flow (22).
ransthoracic Doppler echocardiography has been sug-
ested as an alternative tool to explore LIMA flow at rest
nd stress (2–5,7,8), but previous reports were focused only
n the diagnosis of LIMA obstruction, without taking into
onsideration the impact of downstream distal LAD steno-
is and the influence of competitive flow from the native
AD.
In our patients with proximally occluded LAD and new

istal LAD stenosis, CFR in the LIMA overestimated CFR
n the distal LAD, failing to detect a significant LAD

able 2. Prediction of Significant (�70%) LIMA or Distal
AD Stenosis by LIMA and LAD Flow-Derived Indexes
sing Transthoracic Doppler Ultrasound

>70% LAD
Stenosis

>70% LIMA
Stenosis

ensitivity (%)
CFR LIMA (peak velocity) 42 12
CFR LAD (peak velocity) 91 0
SDPV LIMA ratio 21 0
DVTI LIMA fraction 0 1

pecificity (%)
CFR LIMA (peak velocity) 93 100
CFR LAD (peak velocity) 100 93
SDPV LIMA ratio 78 82
DVTI LIMA fraction 97 56
iagnostic accuracy (%)
CFR LIMA (peak velocity) 72 (17.068) 64 (7.385)*
CFR LAD (peak velocity) 98 (85.312) 71 (1.662)*
SDPV LIMA ratio 61 (0.005) 24 (12.810)*
DVTI LIMA fraction 69 (2.781) 6 (30.967)*

ut off values were: �2 vs. �2 for CFRs (13,16,18,19); �1 vs. �1 for SDPV LIMA
atio (2), and �0.5 vs. �0.5 for DVTI LIMA fraction (2). Next to the values of the
iagnostic accuracy the corresponding chi-square values are reported, in parentheses.
irect comparison of these chi-square values may be performed between the two

roups: *Significance (p � 0.05) of the difference is concluded for absolute chi-square
ifferences �3.84 (1 degree of freedom). A similar method is useful for comparison
mong diagnostic accuracies.

Abbreviations as in Table 1.
tenosis in 25% of the cases (Fig. 4), because low pre- L
esional branch resistances might direct flow away from the
tenosis (branch steal) (9).

In patients with flow competition between the LIMA
nd LAD, measurement of CFR in the distal LAD pre-
icted the functional status of the LIMA-LAD conduit
etter than measurement in the graft alone, because com-
etitive graft flow, irrespective of the presence of graft
bstruction, blunts CFR in the LIMA but not in the LAD.
he possible causes of blunted CFR in the LIMA in case of

ompetitive flow with the native LAD are not known, but
e may hypothesize that the angle between the graft and the
AD may facilitate flow in the native vessel. Competitive
raft flow from the native LAD has been considered
eleterious to the function of the LIMA-LAD conduit, as
t may produce diffuse narrowing of the distal LIMA in
pproximately 10% of the patients (23,24). This belief has
een subsequently revised, because it has been experimen-
ally and clinically observed an adequate perfusion of the
istal vessel, despite competitive flow and/or graft restricion
25,26). Our results confirm these findings. In fact, in our
atients with competitive flow from the native LAD, a
ull-patent graft was more frequent (14 of 19 patients) than

diffusely narrowed graft (5 of 19 patients), and neither
ompetitive flow from the native LAD nor graft obstruction
ffected CFR in the distal LAD.

Resting LIMA flow has been previously proposed for the
dentification of graft restriction or distal LAD stenosis
2,3,8,21). The resting flow pattern of the LIMA grafted
ver the LAD changes from arterial-like, with prominent
ystolic component, to coronary-like, with prominent dia-
tolic component. According to previous reports, a promi-
ent systolic component within the graft reflects increased
esistance to flow in the arterial conduit, owing to distal
AD stenosis or graft restriction (2,3,8,21). This flow
attern was observed in most of our patients with graft flow
ompetition from the native LAD, but only 5 of 19 had
raft restriction and none had new distal LAD stenosis.
ased on our results, abnormal resting LIMA flow indexes

eflect more the presence of flow competition than graft
estriction or coronary artery stenosis in the post-
nastomotic tract of the LAD. Conversely, in patients
ithout competitive graft flow from the native LAD and
ew distal LAD stenosis, resting graft flow was often
reserved.
imitations. With the available technology, only the
IMA-LAD graft can be easily studied. In particular,
IMA flow is very easy to obtain, because the vessel is still,
nd Doppler sampling is less affected by wall motion artifact
han the LAD. Further technological advances are needed
o image other grafts, but with the concept clear in mind
hat distal recipient artery flow should be always sampled.

onclusions. In patients with a proximally occluded LAD
nd patent LIMA, CFR in the distal LAD is more
ccurate for the detection of distal LAD stenosis than
FR in the LIMA. In patients with a proximally patent

AD and competitive flow, resting graft flow indexes are
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bnormal and CFR in the LIMA is blunted, but do not
eflect downstream LAD flow, whereas CFR in the distal
AD does. Therefore, the non-invasive investigation of
IMA-LAD conduit by transthoracic Doppler ultra-

ound should be performed by measuring CFR in the
istal LAD, whereas measurement in the graft alone may
e misleading.
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