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ABSTRACT

The relative diagnostic value of pulsatile leg blood flow and indices with and without
normalization to cardiac stroke volume was determined in 100 subjects (200 legs) with
and without lower extremity arterial disease (LEAD) who were stratified on the basis of
ankle-brachial pressure index (ABI). Leg blood flow parameters (magnetic resonance
flowmetry) included absolute pulsatile flow (Q, mL/min), leg flow per stroke (LSV, mL),
and an arterial status index (ASI, mL/min/100 cc). Cardiac stroke volume (CSV) was
determined by transthoracic bioimpedance cardiography and was used to obtain the
normalized leg/cardiac parameter LSV/CSV. Results show that all tested parameters
provide significant statistical separation between LEAD and normal limbs (P < 0.001) but
that normalization by CSV was least good and offers no benefit as compared with the leg
parameters. Further, based on analysis of receiver operator curves, the ASI parameter,
which is derived from leg blood perfusion data, provides the best sensitivity
(93.7%-98.1%) and specificity (81.8%-77.7%) of all parameters tested.
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Introduction

It is a well-recognized and long-standing principle
that the mean level of resting calf blood flow is
generally not a useful diagnostic indicator for
lower extremity arterial disease (LEAD).! How-
ever, a number of investigators have attempted
to use measurements of leg pulsatile flow and de-
rived indices for diagnostic purposes employing
magnetic resonance and bioimpedance tech-
niques.?5 Okuda and co-workers® used imped-
ance cardiography to estimate cardiac stroke vol-
ume (CSV) and impedance plethysmography to
estimate leg blood flow stroke volume (LSV) and
reported that the ratio LSV/CSV was a reliable di-
agnostic indicator of arterial disease. Others have
used leg flow pulsatile indices directly without
normalizing for cardiac stroke volume and have
reported favorable results.2# There is a logic to
using the ratio of leg to cardiac stroke volumes if
the pulsatile component of leg flow is correlated
with the magnitude of cardiac stroke volume.
Patients with similar levels of LEAD but differing
in cardiac stroke volume might present with pul-
satile leg flow differences only partially related to
the leg pathology, thereby causing larger vari-
ances in the data. Similarly, pulsatile leg flow in
subjects free of arterial disease may be influenced
by cardiac stroke volume if a significant correla-
tion between leg and cardiac stroke volumes ex-
ists. The purpose of the present study was to de-
termine whether such a correlation could be de-
tected in subjects with and without LEAD and to
determine whether discrimination between these
groups is improved by the use of leg/cardiac ra-
tios as compared with leg flow indices alone.

Methods

Cardiovascular Parameters

A total of 100 subjects were evaluated after sign-
ing an Institutional Review Board (IRB)-approved
informed consent. Before leg blood flow was mea-
sured and immediately after, cardiac stroke vol-
ume (CSV) assessments were done using the
method of transthoracic bioimpedance cardiogra-
phy® with band electrodes in the tetrapolar con-
figuration” with the subject supine;® the averages
of the values obtained before and after leg flow
measurements were used (Minnesota Impedance
Cardiograph, model 304). Mean blood pressure
(MBP) was obtained with an oscillographic auto-

mated system (DYNAMAP). CSV multiplied by
measured heart rate (HR) yielded cardiac output
(CO), and CSV and CO were also expressed as the
body surface indices CSVI and CI by dividing by
body surface area. Total systemic vascular resis-
tance (TSR) was approximated as the ratio of
MBP to CO. The length parameter used in the
stroke volume calculation was the mean of the
anterior and posterior distance between sensing
band electrodes.” An extensive literature shows
the correlation of bioimpedance values with a va-
riety of other methods for cardiac output moni-
toring.?

Leg Blood Flow Measurement

Following a fifteen-minute supine acclimation in-
terval, pulsatile leg blood flow, (Q, mL/minute)
was measured bilaterally at five below-knee sites
by the method of magnetic resonance flowmetry
(Metriflow AFM100, Milwaukee). Principles of
operation, validation studies, and applications of
this method have been reported.219 The flow-
measuring sites were standardized for all sub-
jects by first measuring the distance between the
lateral malleolus and the tibial tubercle. Five leg
sites between the malleolus and knee were
marked at locations equal to 10%, 25%, 50%,
75%, and 90% malleolus-tubercle distance with
the zero reference point at the malleolus. Thus
flow measured at the 90% site (referred to as
Q90) represents the approximate pulsatile flow
perfusing the lower limb. Leg circumference
measurements at each site were used together
with an algorithim incorporated in the AFM100
system to calculate blood perfusion (Q") ex-
pressed as mL/minute/100 cc of distal tissue vol-
ume, For each site, a derived quantity known as
arterial status index (ASI) was calculated as the
ratio of the perfusion pulse 50% amplitude di-
vided by the corresponding pulse width normal-
ized to the cardiac period. Since the ASI value is
sensitive to both the amplitude and relative width
of the flow pulse, it has been reported to better
discriminate between patients with and without
LEAD than perfusion values alone.34 The leg av-
erage of all measured sites was used to charac-
terize the ASI of each leg. Brachial and ankle sys-
tolic blood pressures were measured at the end of
the leg blood flow determinations by Doppler ul-
trasound, and the ankle/brachial index (ABI)
was calculated.
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Subject Groupings

For statistical comparisons, subjects were strati-
fied into one of two groupings based on the ABI
value; if ABI was <=0.85 in either leg, the sub-
ject was assigned to the LEAD subgroup; other-
wise the subject was assigned to the normal leg
subgroup (Norm).

Results

Overall Relationships

Overall relationships between leg stroke volume
(LSV) and cardiac stroke volume (CSV) were test-
ed by separate correlation analysis by use of the
LSV of the leg with the lower ABI and the leg with
the higher ABI value as the paired variable. In
each case LSV was calculated as the pulsatile flow
measured at the 90% site (Q90) divided by HR.
Similar tests were done using the leg stroke vol-
ume index (LSVI, mL/100 cc) calculated as the
leg average Q" divided by HR and correlated with
cardiac stroke volume index (CSVI).

For all subjects (n=100) both CSV and CSVI
were inversely correlated with subject age (r=
0.373 and 0.389 respectively, P < 0.001); neither
LSV nor LSVI was age related (P > 0.50). For legs
with the lower ABI, statistically significant corre-
lations between LSV and CSV (r=0.341, P <
0.001) and between LSVI and CSVI (r=0.336,
P < 0.001) were detected by using partial corre-
lation and controlling for age. Corresponding cor-
relations for the legs with the higher ABI were
similar but slightly less; between LSV and CSV
r=0.328, P < 0.001, and between LSVI and CSVI,
r=0.304, P < 0.002.

Comparisons Between Subgroups

Table I summarizes and compares the systemic
cardiovascular parameters between LEAD and
Norm subjects by use of independent t tests. No
parameter was significantly different between
groups with the exception that LEAD subjects
were significantly older. Table Il compares the leg
parameters (paired leg with the lower value of
ABI) between the two groups. All tested parame-

Table I

Systemic Cardiovascular Parameters

Subject Grouping

Parameters LEAD Norm P Value
N 31 69

CSV (mL) 79.6 (5.7) 89.9 (3.8) 0.108
GSVI (mL/m2) 42.1 (2.9) 47.8 (2.0) 0.120
CO (L/min) 5.2(0.3} 5.9 (0.2) 0.057
CI (L/min/m?) 2.7 (0.1) 3.1 (0.1) 0.058
HR (min!) 67.7 (2.2) 67.5 (1.5) 0.840
MBP (mmHg) 104.5 (2.9) 98.3 (1.9) 0.129
Age (yr) 70.7 (1.6) 56.5 (1.9) 0.001

Values are mean and (SEM). CSV and CSVI are cardiac stroke volume and index, CO and CI are
cardiac output and index, HR is heart rate, MBP is mean blood pressure. N=number of subjects.
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Table 11

Parameters for Legs with the Lower ABI

Subject Grouping

Parameters LEAD Norm t Value
N 31 69

LSVI/CSVI (%) 0.04 (0.01) 0.07 (0.01) 4.34
LSV/CSV (%) 0.79 (0.10) 1.24 (0.10) 4.60
Q's (mL/min/100 cc) 1.12 (0.08) 1.92 (0.08) 4.71
LSV (mL) 0.59 (0.05) 1.02 (0.06) 5.79
LSVI (mIL/100 cc¢) 0.017 (0.001) 0.030 (0.002) 6.35
Qg (mL/min) 38.3 (3.0) 65.8 (3.0) 6.38
Qso (mL/min) 20.8 (1.9) 39.0 (1.6) 6.61
AST (mL/min/100 cc) 2,69 (0.25) 7.50 (0.31) 12.0
ABI 0.59 (0.03) 1.07 (0.01) 12.4

Values are mean and (SEM). Parameters are listed in ascending order of t value. All LEAD values
are significantly less than corresponding Norm values (P < 0.001). All leg data are from the limb
with the lower ABI value. Subscripts 50 and 90 correspond to the 50% and 90% leg measurement
sites. LSV and LSVI are the leg stroke volume and index, ASI is the leg average arterial status index,

ters were significantly less in the LEAD group
(P < 0.001). Similar comparisons made using
only subjects with age greater than sixty years
showed similar results (data not shown). It is
clear from these data that statistical separation of
groups using LSV/CSV does not improve on the
separation with LSV alone and that separation is
maximum with the ASI parameter. Similar results
are obtained when leg flow parameters for all 200
legs evaluated are compared as shown in Table
IT11. All parameters were less in LEAD subjects
(P < 0.001), but the parameters normalized to
cardiac stroke volume and index provided the
least statistical separation, whereas the ASI value
was the greatest when the associated t values
were used as a basis for comparison. These dif-
ferences arise as a consequence of different rela-
tionships of the two parameters to leg ABI values.
This is illustrated in the scatter plots of Figure 1,
which show that both LSV/CSV and ASI increase
with ABI, but a much tighter relationship exists
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for the ASI parameter as confirmed by the re-
gression values in the figure.

The diagnostic value of ASI was accessed by
constructing receiver operator curves!! with ASI
threshold values between 4.0 and 6.5 in 0.5 in-
crements by use of three different threshold levels
of ABI (0.85, 0.88, and 0.91) to define disease
presence. These curves, shown in the top part of
Figure 2, reveal an optimal ASI value of 5.5 yield-
ing sensitivities for ABI thresholds of 0.85, 0.88,
and 0.91 of 98.1%, 96.6%, and 93.7% respec-
tively. Corresponding specificities are 77.7%,
80.9%, and 81.8% respectively. A comparison of
receiver operator curves using ASI and LSV/CSV
criteria for an ABI threshold of 0.85 is shown in
the bottom part of the figure.

Discussion

The present results reveal the presence of a sta-
tistically significant correlation between LSV and
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Table IIT

Parameters for All Evaluated Legs

Subject Grouping

Parameters LEAD Norm t Value
N 53 147

LSVI/CSVI (%) 0.041 (0.003) 0.067 (0.003) 6.68
LSV/CSV (%) 0.81 (0.05) 1.24 (0.05) 5.89
LSV (mL) 0.60 (0.04) 1.00 (0.04) 7.75
LSVI (mL/100 cc) 0.016 (0.001) 0.029 (0.001) 10.5
Qgy (mL/min) 39.2 (2.2) 65.0 (2.0) 8.7
Q'sy (mL/min/100 ce) 1.04 (0.06) 1.88 (0.05) 11.6
ASI (mL/min/100 cc) 2.64 (0.17) 7.35 (0.21) 17.4
ABI 0.61 (0.02) 1.08 (0.01) 17.4

Values are mean and (SEM) for all 200 legs evaluated. Parameters are listed in ascending order of
t value. All LEAD values are significantly less than corresponding Norm values (P < 0.001).

CSV. In spite of this, however, the use of the
LSV/CSV ratio did not improve on the statistical
separation between LEAD and Norm subjects as
compared with use of the LSV alone. The decline
in CSV that was detected with increasing age for
the studied population does not explain the ab-
sence of improvement since similar results were
obtained with a subgroup of age-matched LEAD
and Norm subjects. The magnitude of the
L.SV/CSV ratio herein obtained differs consider-
ably from that found by Okuda and co-workers.>
In normal subjects they reported a ratio of 11.2%
(present study 1.05%) and in patients with LEAD
a value of 3.1% (present study 0.59%). Since sim-
ilar methods for the determination of CSV were
used in both studies, the major discrepancy in the
ratios is likely related to the LSV determination.
In the present study LSV was calculated as the
pulsatile flow just below the knee divided by the
subject’s heart rate. This value approximates the
flow per stroke perfusing the lower limb. The val-
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ues of flow herein obtained agree closely with
those reported by others.2? In theory, the bioim-
pedance method used by otherss for leg flow
measurement should have yielded similar results,
but neither the actual leg flow nor the stroke vol-
ume value obtained was reported. We can only
speculate that either the LSV was significantly
overestimated or the CSV was underestimated re-
sulting in the overinflated and nonphysiologic
estimates reported.

Among the presently evaluated leg blood flow
parameters the best statistical separation between
LEAD and Norm was achieved with the leg aver-
age ASI value. As previously noted this parameter
is the ratio of the leg flow pulse (Q") half ampli-
tude divided by the corresponding relative pulse
width. This parameter was further evaluated in
regard to its sensitivity and specificity for LEAD
detection by use of receiver operator curves with
three different ABI threshold levels defining LEAD
presence. Results of that analysis reveal good di-
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agnostic sensitivities (93.7%-98.1%) and speci- Conclusions

ficities (81.8%~77.7%), which were significantly
better than those with use of the LSV/CSV para-
meter but less than the 100% sensitivity and
97.5% specificity reported with use of this same
ratio although with different methodology.5 In
view of the fact that in the present study ASI
vields the best discrimination, it is unclear how
to reconcile these findings with the values other-
wise reported based on the LSV/CSV ratio.
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The present results do not support the view that
the use of leg flow stroke volume normalized to
cardiac stroke volume improves the diagnostic
value over leg flow itself. The data further indi-
cate that among the leg flow parameters evaluat-
ed, the arterial status index provides the best dis-
crimination of LEAD vs Norm. Note, however,
that the use of magnetic resonance flowmetry in
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the present study was targeted to specific re-
search questions in which pulsatile flow quantifi-
cation was an important element. In most clini-
cal situations, the widely available diagnostic
techniques such as ABI, plethysmography, or du-
plex scanning are generally the more cost-effec-
tive alternatives and are adequate and appropri-
ate to define the presence of peripheral arterial
disease.
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DISCUSSION

David S. Sumner, M.D.
Springfield, Illinois

This carefully performed and well-analyzed
study demonstrates that an ASI (arterial status
index) of 5.5 measured by magnetic resonance
flowmetry is highly sensitive (98%) for identify-
ing limbs with ankle-brachial indices (ABIs) less
than or equal to 0.85. The specificity was, how-
ever, less satisfactory (78%), indicating that a
high sensitivity could be achieved only at the ex-
pense of an appreciable number of false-positive
studies. Further work is required to determine
how well other ASI thresholds predict lower ABI
levels. In other words, can ASI discriminate
among moderate, severe, and limb-threatening
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arterial obstruetion? Figure 1 suggests that this
may not be possible.

Magnetic resonance flowmeters are expensive
instruments with a limited range of applications.
They provide little information that cannot be
more readily obtained by other, less complicated
methods. As the authors wisely conclude, ABI,
plethysmography, and duplex scanning are more
widely available and more cost-effective. Al-
though magnetic resonance flowmetry might be
useful when ABIs are rendered unreliable by cal-
cification of the ankle arteries, plethysmography
and toe pressure measurement are equally diag-
nostic. Despite its having been introduced almost
a decade ago, the role of magnetic resonance
flowmetry has yet to be established.



