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The ratio of hepatic arterial-to-portal venous blood flow can
be determined from the analysis of a first-pass bolus through

the liver by a number of techniques. This study examines the
validity of four radiotracer techniques in an animal model.
Thirty-four flow studies (3 mCi "Tc-DTPA/study) were per

formed in seven anesthetized pigs. Images were acquired for
200 sec and time-activity curves were generated from lung,

liver and kidney ROIs. These curves were analyzed using a
slope-based (HPI), a height-based (mHAR) and two decon-
volution-based methods employing exponential or gamma

variate fits. There was an excellent correlation (r > 0.9)
between results obtained with flow probes and the radiotracer
techniques, with the exception of the HPI technique (r = 0.75).

The mHAR and deconvolution techniques were inaccurate at
very low and high arterial flows, due respectively to noise
limitations and hemodynamic instability in the animal. Never
theless, these techniques appear to be the most promising
for routine clinical use.
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nowledge of the hepatic arterial-to-portal venous
blood flow ratio is a useful indicator of hepatic hemody-
namics, and may be of potential use in the evaluation and
management of patients with portal hypertension (1-4),
in the follow-up of patients after liver transplantation (5,6)
and in the early detection of metastatic liver disease (7-
13).

Traditionally the measurement of hepatic blood flow
has involved invasive measurements using flow probes
(14,15) or cineangiography (16,17), and hence does not
have a role in routine clinical use. Noninvasive tests for
the assessment of hepatic blood flow have revolved around
analysis of the first vascular pass of a radiotracer through
the hepatic circulation. Previous studies have shown that,
theoretically, hepatic blood flow cannot be uniquely deter
mined from the analysis of such first-pass studies (18).
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However, both the transit time to and through a region of
the liver and the blood volume in that region can be
determined and related to hepatic blood flow in a system
atic fashion (19).

Existing first-pass techniques have employed both ex-
tractable tracers such as 99mTc-sulfurcolloid (20,21) and
nonextractable tracers such as 99mTc-DTPA (2,22,23).

These techniques can be divided into two main groups:
(a) those measuring the relative slopes or heights of the
early and late phases of hepatic time-activity curvesâ€”with
the ratio of slopes or heights serving as an indicator of
relative arterial blood flow to the liver (24,25), and (b)
those employing deconvolution analysis to permit better
temporal separation of the two blood flow components
(26,27). Both techniques make assumptions with regard
to the nature of hepatic blood flow and, more importantly,
some of the measured parameters are influenced by tech
nical factors such as bolus smearing and cannot be directly
equated to blood flow (18,19). To date, neither technique
has been experimentally validated in vivo. Therefore, the
purpose of this study was to determine the validity of these
techniques in an animal model under a variety of hepatic
blood flow conditions.

MATERIALS AND METHODS

Approval for this study was obtained from the Institutional
Animal Care and Use Committee of Mayo Foundation. Seven
healthy Yorkshire farm pigs (weight 29.5 Â±1.7 kg) were studied
after an overnight fast. The hepatic circulation in this animal is
similar to that in man. Anesthesia was induced with intramus
cular injection of ketamine hydrochloride (50 mg/kg) and main
tained with an intravenous infusion of ketamine (10 mg/kg/hr)
and fentanyl (0.2 mg/kg/hr). Neuromuscular blockade was pro
duced with pancuronium (0.15 mg/kg i.v.). Following trachÃ©al
intubation, the lungs were mechanically ventilated with 50%
oxygen in air to maintain physiological tensions of carbon dioxide
in arterial blood. Animals were positioned supine on a heating
blanket to maintain body temperature at 36-37Â°C. All animals

received 5-10 ml/kg/hr of normal saline intravenously and so

dium bicarbonate was administered if the calculated base deficit
exceeded 5 mEq/liter. At the termination of each study, the
animal was given a lethal dose of phÃ©nobarbital.
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Surgical Preparation
Following laparotomy, the ligamentous attachments of the

liver were divided and the hepatic artery and portal vein were
dissected free of adventitia leaving the nerve plexus intact. All
collateral hepatic arterial blood flow from the common hepatic
and gastroduodenal arteries and branches of the right gastric
artery were ligated. The gastroduodenal vein was ligated. Systemic
arterial pressure was recorded in the abdominal aorta with a
cannula inserted via the right femoral artery. A venous catheter
was passed into the inferior vena cava via the right femoral vein,
and a peripheral venous catheter was placed in an ear vein. In
three animals, catheters were placed in the superior mesenteric
vein and in a side branch of the hepatic artery to permit direct
injections of radiotracer into the hepatic artery and portal vein.

Ultrasonic transit-time flow probes (Model T10ID, Transon-

ics, Ithaca, NY) were positioned around the common hepatic
artery (6 mm aperture size) and portal vein (12 mm aperture
size). Coagulated blood was used to obtain good acoustic coupling
between the probes and the blood vessels. These probes had a
rated maximum error in absolute volume flow of Â±10%(28,29).
Alignment between the blood vessel and the probe is not critical
and zero flow calibration is not required (28,30).

In order to alter the relative proportion of arterial and portal
venous blood flow to the liver, hydraulic balloon occludere
(Models OC6/OC12, InVivo Metric, Healdsburg, CA) were
placed on the portal vein and on the common hepatic artery,
proximal to the flow probes. The probes and occludere were
sutured into position and their associated leads and tubes brought
outside the pig through the laparotomy wound. After placement
of probes, occludere and catheters, the abdominal incision was
closed and the animal moved to the gamma camera facility.

Data Acquisition
A small field of view gamma camera (Pho Gamma 5, Searle)

containing a low-energy, diverging-collimator was used. Animals

were positioned supine under the camera so that the heart, lower
poles of the lungs, liver and kidneys were in the field of view. All
data were acquired in word mode using a 64x64 matrix size
(Paragon System, Medasys, Ann Arbor, MI). Two hundred
frames were acquired at 1 sec/frame for intravenous studies, and
at 0.5 sec/frame for direct hepatic injections.

In three of the seven animals, the arterial and portal venous
transit times through the liver were measured by direct injection
into the hepatic artery and portal vein (via the superior mesenteric
vein), respectively. Two sequential injections, spaced 10 min
apart, were administered with each injection containing ~300
MCiof "Tc-DTPA in 0.5 ml saline.

Following the above studies, a time interval of 30 min was
allowed to permit renal excretion of the radiotracer. Approxi
mately four to five studies were then performed in each animal
with a 30-min interval between studies. Prior to each study,

hepatic arterial and portal venous blood flow was manipulated
using the hydraulic balloon occludere to simulate conditions
ranging from hepatic artery occlusion to portal vein thrombosis.
After each alteration to hepatic blood flow, the animal was
monitored for 10 min to ensure stability of arterial blood pressure
and hepatic hemodynamics. In each study, 3 mCi 99mTc-DTPA

in 0.5 ml saline was injected through an ear vein followed by a
10-ml saline flush. Data acquisition commenced 10 sec prior to

injection to allow for correction of background activity from
preceding injections. Direct flow probe measurements at the time

of radiotracer injection were used to calculate the true ratio of
hepatic arterial to portal venous blood flow.

Data Analysis
The data obtained from direct injection into the hepatic artery

and portal vein were analyzed by placing regions of interest
(ROIs) over the liver and the entry point of the injection into the
liver. Time-activity curves of bolus passage through the liver were

obtained. Washout of activity was quantitated by performing an
exponential fit to the downslope of the hepatic curves.

Images from the intravenous dynamic studies were analyzed
by placing ROIs over the lungs, liver and kidneys (Fig. 1). The
liver ROIs were drawn to exclude arterial contamination from
the descending aorta and kidneys and crossstalk from the lower
poles of the lungs. In previous clinical studies, splenic blood flow
was used to estimate hepatic arterial blood flow (20,26). The
spleen is poorly visualized in anterior projections in normal pigs
(Fig. 1) and hence renal activity was used to estimate hepatic
arterial blood flow. Time-activity curves were generated for each

ROI (where appropriate, a background correction was applied).
These were used to calculate relative arterial blood flow to the
liver by the following methods:

A. Hepatic Arterial Ratio: The hepatic arterial ratio (HAR)
was developed by Wraight et al. (21) for use with an
extractable radiotracer and is based on the analysis of
hepatic and splenic time-activity curves. The uptake

portion of the splenic curve is modified so that it matches
the early uptake portion of the hepatic curve. The HAR
is calculated from the ratio of activity in the modified
splenic and hepatic curves at 5 min. We have altered this
technique for use with a nonextractable tracer. The
height of the hepatic curve (Ha) at the time of peak renal
activity (Tp), relative to the maximum height of the
hepatic curve (H,), was used as an index of relative
hepatic arterial flow termed the mHAR (Fig. 2).

%mHAR = (Ha/Hl) Â»100.

B. Hepatic Perfusion Index: The hepatic perfusion index
(HPI) was calculated using the method of Sarper et al.
(2). Briefly, the time Tp was used to indicate the division
between the arterial and portal components of hepatic
blood flow (Fig. 2). A linear fit over the 7-sec period on

either side of Tp was performed on the hepatic curve and
the slopes of the two fits used to obtain an index of
hepatic perfusion.

%HPI = S. Â»100 / (S, + Sp),

FIGURE 1. Summed image
of the first 15 sec showing the
location of the ROIs outlining
the lungs, liver, and kidneys.
Note the absence of splenic
activity.

240 The Journal of Nuclear Medicine â€¢Vol. 33 â€¢No. 2 â€¢February 1992



Liver

i i i

80 120

Seconds

FIGURE 2. Background-correctedhepatic and renal curves.
The peak renal counts occurred at Tp. The mHAR was obtained
from the ratio Ha/H|. For the HPI, the slopes of the arterial and
portal phases of the hepatic curve are calculated over the periods
TP-T! and T2-Tp,respectively.

where S, and Sp are the slopes of the arterial and portal
phases of the hepatic curve, respectively.

C. Deconvolution Analysis: The percent arterial flow to the
liver was calculated by deconvolution analysis of the
hepatic and renal curves with the lung curve. Linear fits
were performed on the upslope of the renal curve and
the early upslope of the hepatic curve (Fig. 3A). From
the linear fits, the ratio of early upslopes was used to
adjust the magnitude of the renal curve to represent the
arterial component of the hepatic curve (Fig. 3B). The
hepatic and renal curves were then deconvolved with the
lung curve (Fig. 3C). Deconvolution was performed using
a fast Fourier transform on the lung (input) and hepatic
(output) curves, using the appended curve technique of
Juni et al. (31). To avoid ringing effects in the decon
volved curves with this method of noise suppression (32),
the response curve in the frequency domain was multi
plied by a Hann filter (33) with the same cut-off fre
quency as above. To determine the optimum cut-off

frequency, the deconvolution process was repeated with
nine different values ranging from 0.08-0.40 times the

Nyquist frequency. A similar analysis to that described
above was performed on the renal curve.

Following deconvolution, two methods were used to estimate
percent arterial blood flow to the liver. In the first method,
exponential fits were performed to the downslopes of the hepatic
and renal curves in order to eliminate the effects of noise and
organ extraction of "Tc-DPTA by the kidneys (Fig. 3D). The

areas under the deconvolved curves with the exponential tails
were measured and the ratio of the areas was used as an indicator
of the percent arterial blood flow to the liver. The second method
was similar, except a gamma variate fit was used instead of an
exponential fit (27).

Statistical Analysis
Measurements of percent arterial blood flow as determined by

a radiotracer technique were compared to the ratio obtained by
ultrasonic transit-time flow probes with simple linear regression.

Comparison of the variations in washout following direct hepatic
injections and variations in total hepatic blood flow was made
using a Student's t-test; p < 0.05 was considered significant.

RESULTS

A total of 34 studies were performed in seven pigs, with
the number of studies per animal ranging from two to
eight. The duration of each study was 5.9 Â±1.4 hr (mean
Â±s.d.). Total hepatic blood flow measured 566 Â±118ml/
min following placement of the flow probes, but dropped
to 377 Â±103 ml/min by the time of the first radionuclide
angiogram (p < 0.01). Thereafter, blood flow showed no
significant change with time and averaged 297 Â±99 ml/
min at termination of the study.

We found a significant difference in the washout Ti/2
from the liver following direct injections into the hepatic
artery and portal vein (29.4 Â±1.0 sec and 16.4 Â±2. 5 sec,
respectively, p = 0.001; n = 3).

A series of hepatic blood flow curves, obtained from
one animal under conditions where hepatic arterial blood

FIGURE 3. (A) Background-corrected
hepatic and renal curves. (B) Renal curve
modified to represent arterial component
of hepatic curve. (C) Deconvolved hepatic
and renal curves with a cut-off = 0.28
Nyquist. (D) Exponential fits to down-
slopes of deconvolved hepatic and renal
curves. Areas under curves used to esti
mate % arterial flow.
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FIGURE 4. Hepatic
time-activity curves
(following back
ground correction)
obtained in Pig 6
from six separate
injections. These il
lustrate the effect
of increasing he
patic arterial blood
flow on the shape
of the curves. (* the

arrows indicate the
corresponding times
of peak renal activ
ity in each study).
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flow was increased incrementally from 0% to 84% of total
hepatic blood flow, are shown in Figure 4. Increased
arterial blood flow can be seen as an increase in the height
of the initial arterial phase relative to peak hepatic activity.
This relationship between the heights of the initial and
peak activities essentially represents the modified hepatic
arterial ratio (mHAR).

Figure 5 plots the mHAR against percent arterial flow
measured by in vivo flow probes. This very simple index
of arterial perfusion shows an excellent correlation with
the flow probe measurements (r = 0.92), although there is
a large amount of scatter in the data points at percent
arterial flows of greater than 30%-40%.

A poor correlation was found between the HPI and the
percent arterial flow measured by flow probes (Fig. 6). The
HPI varies slowly with changing percent arterial blood
flow. These results are confirmed by those in Figure 4,
where it can be seen that the ratio of early-to-late slopes
does not appear to bear a strong correlation to the actual
percent arterial blood flow.

Figure 7 presents the correlation between percent arte
rial flow measured by deconvolution analysis and that
measured by flow probes. The use of a gamma variate fit

20 Â« 60 90

Hepatic arterial flow-in vivo flow probes. %

Hepatic arterial flow-in vivo flow probes, %

FIGURE 6. Relationship between hepatic perfusion index (HPI)
and percent arterial flow to the liver as determined by ultrasonic
flow probes.

(Fig. 7A) or an exponential fit (Fig. 7B) does not appreci
ably alter the relationship between the deconvolution and
flow probe techniques. With both curve fitting methods,
the results indicate a good correlation with arterial flows
up to 50% of total hepatic blood flow. The mean difference
in hepatic arterial flow determined by the flow probes and
the deconvolution techniques was approximately 6% and
15% for arterial flows <50% and >50% of total hepatic
blood flow, respectively. At higher percent arterial flows,
all the techniques evaluated in this study failed to dem
onstrate a strong correlation with the flow probe measure
ments.

too

I3 80

ÃŒg-
O g 40 r = 0.91

Intercept = 11.65
Slope - 0.747

20 40 60 80 100

Hepatic arterial flow-in vivo flow probes, %

r = 0.94
Intercept = 9.13
Slope-0830

20 40 60

Hepatic arterial flow-in vivo flow probes, %

FIGURE 5. Relationship between hepatic arterial ratio (mHAR) FIGURE 7. Correlation between %arterial blood flow to the
and percent arterial flow to the liver as determined by ultrasonic liver measured with in-vivo flow probes and deconvolution tech-
flow probes. niques using (A) exponential fit and (B) gamma variate fit.
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The data presented in Figure 7 were obtained using a
cut-off frequency of 0.28 times Nyquist frequency. Cut-off
frequencies in the range 0.20-0.36 times the Nyquist fre
quency were found to give the best compromise between
noise suppression and loss of information and did not
significantly alter the relationship between the deconvo-
lution and flow probe measurements.

Table 1 presents the correlation between the five differ
ent techniques employed in this study. Of these, the HPI
showed the lowest correlation with other radiotracer tech
niques and with the flow probe measurements. To com
pare the goodness of fit of the data points to the regression
lines, Table 2 presents the standard error on the estimate
(Sy.â€ž)for the four regression lines in Figure 5-7. Both the
mHAR and the deconvolution (gamma variate fit) tech
niques had the lowest standard error. We also recomputed
the Sy.xfor percent arterial flows less than 50% of total
hepatic blood flow (as determined by the flow probes).
Under these conditions, both deconvolution techniques
demonstrate the least dispersion of data points from the
regression lines (Table 2).

DISCUSSION

Many studies have examined the technical factors
(20,23.34.35) and clinical applications (4,5,8,13,36,37) of
radionuclide angiography for the determination of relative
hepatic arterial to portal venous blood flow. However, the
accuracy of radiotracer techniques has not been compared
to direct measurement of hepatic blood flow.

In this study, we compared the ratio of hepatic arterial
to portal venous blood flow as determined by radiotracer
techniques, with the ratio obtained by direct measurement
using ultrasonic transit-time flow probes in a healthy pig
model. Ligation of collateral circulation was necessary to
permit valid comparison between the flow probes and
radiotracer techniques and does not lead to a significant
reduction in blood flow in a healthy liver. However in
disease states, significant collateral circulation will be pres
ent resulting in both intra and extra hepatic shunting of
blood. Our model does not address the consequences of
these effects. In particular, intrahepatic shunting may de-

TABLE 1
The Correlation Coefficient (r) Between the Four

Radionuclide Techniques and the In-Vivo Flow Probe
Technique

Technique

TABLE 2
The Values of the Standard Error on the Estimate (SYx)
Obtained from Linear Regression Analysis Between the
Four Radionuclide Techniques and the Ultrasonic Flow

Probe Technique (US) for (A) All %Arterial Flows and (B)
%Arterial Flows <50%

DeconvolutionUltrasonicExponentialExponential

fitâ€¢^-variatemHARHPIFlow

probefitâ€”0.940.930.810.917-variate0.94â€”0.930.810.94mHAR0.930.93â€”0.860.92HPI0.810.810.86â€”0.75flowprobe0.910.940.920.75â€”

Comparisonof
techniqueUS

vs.mHARUS
vs.HPIUS
vs. 7-variatefitUS

vs. Exponential fitSY

x forall%arterial
flows11.016.910.211.2SY

xfor%arterial
flows<50%8.715.84.25.9

grade the ability of the radiotracer techniques to distin
guish between the arterial and portal phases of blood flow.

In this animal model, the surgical preparation and the
anesthetic management may have altered the hepatic
blood flow. More problematic was the fact that complete
or almost complete occlusion of the portal vein was asso
ciated with almost immediate hemodynamic instability.
Under these extreme conditions, hepatic blood flow may
be unphysiological in its behavior and our measurement
techniques may not be valid. Despite these considerations,
the comparison of the various techniques for the measure
ment of hepatic blood flow should remain valid.

The differences in the transit times of radiotracer enter
ing the liver via the arterial and venous circulation has not
been previously described and they undermine some of
the assumptions inherent in the deconvolution (26) and
slope-based methods (38). The overestimation of percent
hepatic arterial blood flow evident with all the radiotracer
techniques may be due to this difference in transit times.
However, since the true hepatic arterial transit curve is
never directly measured, but is modeled from renal or
splenic time-activity curves, the effect of this difference is
difficult to assess.

The HAR was first described by Wraight et al. (27) in
the analysis of radiotracer flow using "Tc-sulfur colloid.

We have modified this technique to the analysis of a
nonextractable tracer and hence our results may not be
comparable to previous results (21). Studies by Britten et
al. (20,24) have shown a poor correlation between the
HAR and HPI (r < 0.7) and a poor sensitivity and speci
ficity of HAR for the detection of metastatic disease. This
may have been due to overlying tissue and poor visuali
zation of the spleen in the anterior projection (20).

Our modification to the HAR technique does not de
pend upon splenic activity and this may explain the good
correlation with flow probe measurements (Fig. 5). As with
the HPI, we would anticipate that the accuracy of the
mHAR will depend on the quality of the bolus injection
(35). Although it has a slightly lower correlation with the
flow probes than the deconvolution (gamma variate fit)
technique, the ease of computation of mHAR makes this
an attractive technique for clinical use.

The HPI is the most widely used indicator of relative
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arterial flow to the liver (7-^, 7-13). In our study, it yielded
the lowest correlation and the highest values of Sy.xwhen
compared with the other radiotracer methods and with the
percent hepatic arterial flow as determined by flow probes
(Fig. 6, Tables 1and 2). The HPI technique relates increas
ing blood flow to steepness of the first pass slope. Figure 4
indicates that in the pig model, this relationship may not
be true. We have not critically examined the technical
factors that affect the accuracy of the HPI in this study,
however the quality of the injected bolus (35), the type of
radiotracer, i.e., extractable or nonextractable (35), the
size of the liver ROI (11,34), and the time over which the
slopes are averaged (35,39) can all affect the HPI. These
and other factors have led to poor reproducibility of the
HPI in clinical studies (12,23,37) and confirm our findings
that the HPI is not a reliable indicator of relative hepatic
arterial blood flow in the anesthetized pig.

Decon volution techniques have the attraction of provid
ing a more mathematically rigorous determination of per
cent hepatic arterial blood flow than either the HPI or
HAR techniques. A limitation of the current technique is
that the input function is measured over the lungs, rather
than the descending aorta. Some bolus smearing will occur
between these two regions and this will not be corrected
for in the deconvolution process. A number of assump
tions are inherent in the deconvolution techniques em
ployed in this study. These are: (a) the bolus transit pattern
through the kidneys (or spleen) is similar to that through
the hepatic artery; (b) the bolus transit through the liver
via the hepatic artery and portal vein is similar; and (c)
the arrival time of activity in the liver, via the hepatic
artery, is identical to that in the kidneys. Since transit time
is dependent on the size of the vascular bed in an organ,
we would anticipate some difference in transit times
through the kidneys, spleen and liver (via hepatic artery).
It has been shown that renal time-activity curves give a
consistently lower (~10%-15%) estimate of hepatic arte
rial flow than splenic time activity curves (26). These
variations in transit time must be added to the differences
in transit time between the hepatic arterial and portal
venous systems. In spite of these considerations, a good
correlation was demonstrated between the deconvolution
techniques and the flow probe measurements (Fig. 7). This
may be fortuitous, caused by errors inherent in the various
assumptions canceling each other.

Both deconvolution techniques showed good correlation
with the flow probe measurements (Fig. 7), with the
gamma variate fit technique having a slightly better cor
relation and lower Sy.xthan the exponential fit technique
(Tables 1 and 2). In practice, the gamma variate fit tech
nique was technically more difficult to perform as the
shape of the deconvolved curves was not always amenable
to fitting with the gamma variate function. Despite its
slightly lower correlation with the flow probes, the expo
nential fit method was less complicated and may be more
suitable in routine clinical practice.

While both the deconvolution and HAR methods show
good correlation with the flow probe measurements (Table
1), neither technique reliably predicted cases of occluded
portal flow (Figs. 5, 7). Complete occlusion of the portal
vein in this experimental model generally caused a rapid
and profound decrease in arterial blood pressure. This
hemodynamic instability at low or absent portal venous
flow compromises the validity of the blood flow measure
ment techniques. Previous studies in patients with docu
mented chronic portal vein thrombosis have indicated that
the deconvolution techniques reliably demonstrated ab
sence of portal flow (26,40).

A potential clinical application for these techniques is
the identification of hepatic artery occlusion, particularly
in patients following liver transplantation (41). Our results
would indicate that percent arterial flows of 10% or less
cannot be accurately quantitated. This is because at the
time of peak renal activity, there are very few counts in
the liver and the resulting high noise levels makes accurate
determination of blood flow difficult. It may be possible
to obtain accurate measurements of percent arterial flow
below the 10% limit observed in these studies by increasing
patient dose and using high or ultrahigh sensitivity colli-
mators.

We have not studied the reproducibility of the various
techniques employed here. Clinical studies have reported
a poor reproducibility for the HPI (23,35) and a satisfac
tory reproducibility for deconvolution techniques (26).
Reproducibility of the HAR has not been reported to date.

In conclusion, we have shown that deconvolution and
mHAR techniques accurately reflect the percent arterial
blood flow to the liver as measured by in-vivo flow probes,
particularly over the range 10%-50% arterial flow. The
HPI is not a reliable index of hepatic blood flow in the
anesthetized pig. Further refinements of existing tech
niques may permit noninvasive detection of hepatic artery
occlusion and improve the reliability of measurement
techniques at low or absent portal venous flow.
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