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Abstract

Objective—To assess the impact on absolute values and reproducibility of adding portal venous
(PV) to arterial input functions in computed tomography perfusion (CTp) evaluations of liver
tumors and normal liver.

Methods—Institutional review board approval and written informed consent were obtained; the
study complied with HIPAA regulations. CTp source datasets, obtained from seven patients
(containing 9 liver tumors) on two occasions, 2-7 days apart, were analyzed by deconvolution
modeling using dual (“Liver” protocol, PV and aorta) and single (“Body” protocol, aorta only)
vascular inputs. Identical tumor, normal liver, aortic and, where applicable, PV ROIs were used in
corresponding analyses to generate tissue blood flow (BF), blood volume (BV), mean transit time
(MTT), and permeability (PS) values. Test-retest variability was assessed by within-patient
coefficients of variation (WCV).

Results—For liver tumor and normal liver, median BF, BV and PS were significantly higher for
the Liver protocol than Body protocol: 171.3-177.8 vs. 39.4-42.0 mL/min/100g, 17.2-18.7 vs.
3.1-4.2 mL/100g, 65.1-78.9 vs. 50.4- 66.1 mL/min/100g, respectively (all p<0.01). There were no
differences in MTT between protocols. wCVs were lower for all parameters with the Liver
protocol than Body protocol: BF, 7.5-11.2% vs 11.7-20.8%; BV, 10.1-14.4% vs. 16.6-30.1%;
MTT, 4.2-5.5% vs. 10.4-12.9%; and PS, 7.3-12.1% vs. 12.6-20.3%, respectively.

Conclusion—Ultilization of dual vascular input CTp liver analyses has substantial impact on
absolute CTp parameter values and test-retest variability. Incorporation of the portal venous inputs
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may yield more precise results, however, it imposes substantial practical constraints on acquiring
the necessary data.

INTRODUCTION

Computed tomography perfusion (CTp) is being increasingly explored in a number of
oncologic body applications. Applications include evaluations of treatment response,

prognostication, and characterization of tumors [1-4]. The attractions of CTp in these

contexts include its noninvasive and quantitative capabilities.

The liver is an important organ for oncologic evaluations because it is a very common site
for both primary and secondary tumors [5]. Hepatocellular carcinoma is one of the most
common malignancies worldwide and is increasingly prevalent. Both primary and secondary
tumors are being increasingly treated by targeted anti-vascular therapies [6, 7]. These agents
are typically cytostatic rather than cytotoxic and therapeutic efficacy may be reflected more
by changes in perfusion than by changes in size [8].

CTp evaluation of the liver however is challenging because of its intrinsic dual blood
supply, from both the arterial and portal circulation. Not only is the necessary physiological
modeling challenging, but the need to acquire both vascular inputs simultaneously imposes
substantial constraints on image acquisition, the latter largely because of the limitations of z-
axis coverage of currently available CT scanners.

The distributed parameter model and deconvolution is an approach to CTp analysis which
allows quantitative characteristics of tissue perfusion, namely, blood flow (BF), blood
volume (BV), mean transit time (MTT), and permeability surface area product (PS) [9].
Software which handles dual vascular input deconvolution modeling is now commercially
available (GE CT Perfusion 3, and higher versions, Milwaukee, WI, USA). Given that
previous liver CTp studies using the distributed parameter model have utilized single
vascular (arterial) inputs [10-13], it is important to gain an understanding of the impact that
utilizing dual vascular inputs might have on that work, and indeed future work. Since
quantification is a fundamental aspect of CTp, an evaluation of not only the absolute
parameter values derived, but also their test-retest reproducibility is important.

Our objectives were to assess the effects on absolute values and reproducibility of utilizing
dual vascular input (portal and arterial) compared to single (arterial) input functions in the
analysis of CTp parameters in liver tumors and normal liver.

MATERIALS AND METHODS

Patients, Target Lesions, and CT Perfusion Scanning Technique

The prospective study that provided the patients for this study was approved by our
institutional review board, and written informed consent had been obtained from all patients.
The study complied with HIPAA regulations.

Details of the patient inclusion criteria have been presented previously [14]. In brief, patients
with solid liver lesions larger than 2.5 cm in longest axial diameter were eligible for
participation, and underwent CTp scanning 2-7 days apart without any intervening therapy,
on a 16-row multidetector CT scanner (LightSpeed, GE Healthcare, Waukesha, WI),
between June 2004 and May 2005. Data acquisition started 5 seconds after intravenous
injection of 50 mL of a nonionic contrast agent (ioversol [Optiray], 320 mg of iodine/100
mL; Mallinckrodt, Inc., St. Louis, MO) using an automatic injector (MCT/MCT Plus;
Medrad, Pittsburgh, PA) and an injection rate of 7 mL/second. Images were reconstructed
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every half second. The CTp scans were obtained in two phases: Phase 1, 30s cine acquisition
during a breath-hold, followed 15 seconds later by Phase 2, which consisted of six further
short cine scans at 18 second intervals acquired during free breathing (the final Phase 2
acquisition commencing 135s after the start of the Phase 1 acquisition).

The patient cohort in this study was the same as previously reported (14). In that study we
described the CTp acquisition protocol, and compared the CTp parameter values derived
from two acquisition durations and two image registration techniques using dual input CTp
analyses. The results of that work suggested that the least variability in CTp values was
derived from utilizing the full duration of acquired data and applying the image registration
techniques described below. In the current work, we compare the effects of applying a single
input CTp analytical approach to the same patient cohort and same dataset that yielded the
smallest CTp parameter variability when using the dual input approach.

CT Perfusion analysis

The images were analyzed using CTp software on a workstation (CT Perfusion 4 version
4.3.1, Advantage Windows 4.4; GE Healthcare, Waukesha, WI). The algorithm uses a
distributed parameter physiological model and deconvolution. Analyses were undertaken
using two algorithms of the vendor software: the Liver protocol, which utilizes a dual
(arterial and portal) vascular input; and the Body protocol, which utilizes a single (arterial)
vascular input. For both analyses, arterial inputs were obtained from regions of interest
(ROI) in the aorta on the source images, and for the Liver Protocol analysis, ROIs were
included from the portal vein.

Before the CT perfusion analyses were undertaken, the Phase 1 and Phase 2 images of each
patient dataset were anatomically registered, as previously described [15]. Liver tumor ROIs
and normal liver ROIs were drawn as previously described [14]. In brief, tumor ROIs were
drawn freehand on all (four) CT levels in which the tumor was adequately visualized. Two
liver tissue ROIs were drawn in normal liver where possible. All ROIs were saved to enable
identical analyses to be undertaken with the two above protocols, the only difference being
that the portal vein input function was not utilized in the Body protocol analysis.

Mean BF, BV, MTT and PS parameter values were obtained from all (four) CT levels for
tumor and normal liver using each of the two CTp protocols above (Fig. 1). For the Liver
protocol analysis, hepatic arterial fraction (HAF) was also obtained; this is the fraction of
total hepatic blood flow (arterial and portal) which is of hepatic arterial origin.

Statistical Analysis

Summary statistics of the CTp parameters BF, BV, MTT, and PS were provided in the form
of medians and ranges by method of analysis. We assumed that all CT parameters follow
log-normal distributions, so they were transformed to the logarithmic scale for subsequent
variance component analyses. A variance component analysis was performed to estimate the
between- and within-patient variation for each parameter in each CTp analytical protocol.
After each variance component analysis, the within-patient coefficient of variation (WCV)
was calculated using the formula wCV = (eWSP — 1), in which the within-patient standard
deviation (wSD) is the square root of the within-patient variation. The 95% confidence
interval (CI) of the wCV was calculated on the basis of the CI of the wSD [16].

Comparisons between Body and Liver protocols with respect to CTp parameters were made
by the paired t-test on the logarithmic scale. Statistical analysis was performed with SAS
version 9 (SAS Institute, Cary, NC), and data plotting, with S-Plus 7 software (Insightful
Inc., Seattle, WA).
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Patients and Target Lesions

In total, 10 patients were enrolled. Two patients were excluded because of technical errors in
CTp acquisition in one of their pairs of visits. One patient was excluded because a portal
vein input could not be delineated. Two of the 7 remaining patients had two lesions each,
resulting in 9 lesions with evaluable imaging data.

The median age of the 7 patients (4 men and 3 women) was 58 years (range, 47.9-72.2
years). The primary tumors were lung (2), melanoma (2), neuroendocrine (2) and sarcoma
(1). The median interval between scan and re-scan visits was 2 days (range, 2—7 days).

The median longitudinal diameter of the tumors was 4.7 cm (range, 2.8-5.6 cm), and the
median size of the tumor ROIs was 1468 mm? (range, 575-2520 mm?). The median size of
the normal liver ROIs was 450 mm? (range, 153-595 mm?2). The median size of the aortic
and portal vein ROIs were 16.3 mm? (range, 9.8-75.4 mm?) and 19.9 mm? (range, 10.8-46.1
mm?2), respectively.

CTp absolute values: Body vs Liver protocols

A summary of results is presented in Table 1. BF values for liver tumors and normal liver
were significantly and invariably lower with the Body protocol compared to the Liver
protocol (Figure 2, p<0.01), with median BF values approximately a quarter (23-24%) of
those utilizing the Liver protocol: median BF values were 39.4-42.0 mL/min/100g compared
to 171.3-177.8 mL/min/100g, respectively.

Similarly, BV values for liver tumors and normal liver were significantly and invariably
lower with the Body protocol compared to the Liver protocol (Figure 2, p<0.01), with
median BV values approximately a fifth (17-24%) of those utilizing the Liver protocol:
median BV values were 3.1-5.2 mL/100g compared to 17.2-18.7 mL/100g, respectively.

PS values were significantly, although not consistently, lower with the Body protocol
compared to the Liver protocol (Figure 2, p<0.01), with median PS values approximately
77-84% of those when using the Liver protocol: median PS values were 50.4-66.1 mL/min/
100g compared to 65.1-78.9 mL/min/100g, respectively.

There was no consistent pattern to the differences in MTT values between the two analytical
protocols (Figure 2, p>0.02).

Our results did not support a linear correlation in the CTp values derived from the Liver
versus Body protocols, with R2<0.82 for all four CTp parameters.

CTp reproducibility: Body vs Liver protocols

Test-retest variability in CTp parameter values for liver tumor and normal liver were
consistently lower when using the Liver protocol compared to the Body protocol, with
wCVs for BF, BV, MTT and PS of: BF, 7.5-11.2% vs 11.7-20.8%; BV, 10.1-14.4% vs.
16.6-30.1%; MTT, 4.2-5.5% vs. 10.4-12.9%; and PS, 7.3-12.1% vs. 12.6-20.3%,
respectively (Table 1).

Hepatic arterial fraction

Using the liver protocol, median HAF values for normal liver and liver tumors were 17%
and 42%, and corresponding wCVs were 33.1% and 21.9%, respectively (Table 1).
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DISCUSSION

This work has been undertaken to assess the impact on CTp parameter values of utilizing a
dual input approach in the analysis of perfusion in the liver, compared to a single arterial
input, for which the necessary data and analysis is much easier to accomplish. Our results
indicate that CTp values are markedly affected by the analytical algorithms that are utilized,
specifically, Liver (dual vascular) versus Body (single vascular) protocols. Of note, tumor
and normal liver BF, BV and PS values when utilizing the Body protocol were significantly
lower than when using the Liver protocol: BF and BV values were consistently lower,
approximately one quarter to one fifth of the values, and PS was generally lower. There was
no consistent pattern for MTT values.

This was not, and was not intended to be, a validation study. The dual input deconvolution
algorithm has been validated in a study of liver tumors, albeit in an animal model [17].
However, some qualitative comparisons related to liver parenchyma can be made with prior
clinical studies in human subjects. When considering BF, in a study of patients with
hepatocellular carcinoma Sahani et al. and Zhu et al. [10, 11] have reported BF in
background (cirrhotic) liver, using a single vascular (arterial) input, of 14.9 + 2.8 ml/100g/
min. In a study comparing patients with cirrhosis and controls, using dual vascular inputs, Li
et al. [18] have reported BF in normal liver of 90.8 + 23.8 ml/100g/min. These BF values for
background liver obtained from single and dual vascular inputs appear to be broadly similar
to our results for normal liver of approximately 40 m1/100g/min for single vascular vs 170
ml/100g/min for dual vascular inputs. The extent to which the observed differences might be
due to different study populations, acquisition techniques, and/or single vs dual vascular
inputs is difficult to unravel. Caution should be used in interpreting these results for
“normal” liver, since the livers in most of these studies were not entirely normal; they were
associated with some other disease process. From a physiological point of view, some
validation studies have indicated normal liver BFs to be in the range 52.8-122.6 ml/min/
100g [19].

A requirement to include the portal venous input in the modeling algorithm imposes
considerable constraints and limitations on the data acquisition. The difficulties arise
because of the need to include the region of the hepatic hilum in order to image the portal
vein and/or its major branches, together with the relatively narrow z-axis coverage of most
currently available CT scanners. The need to include a portal venous input in CTp
evaluations of the liver are not necessarily limiting when setting out to investigate
parenchymal liver disease, for example, studies utilizing dual vascular input data have been
undertaken to investigate the severity of chronic liver disease, the degree of fibrosis in
chronic hepatitis C, and the effects of chemotherapy on liver perfusion [20-22].

However, when the goal might be to evaluate focal liver lesions, the challenges of obtaining
adequate portal venous inputs for analysis are more pronounced. The portal vein and
proximal branches, the latter of a large enough size to enable adequate and reliable ROIs for
input functions, may not be adequately visualized in axial sections where the intended
tumor(s) for evaluation are located. Such locations include the superior portions of the liver,
where there is substantial tissue and where inevitably a substantial number of tumors are
located, and the inferior aspects of the liver. A further difficulty is that evaluable portions of
the portal venous structures may be located in a predominantly axial plane, which
consequently run the risk of partial volume averaging effects and movement completely out
of the plane of imaging. These challenges are exacerbated if z-axis coverage is limited e.g.
to 2-4 cm. Petralia et al. [12] indicated that they did not incorporate portal venous input in
their study of treatment effects in hepatomas in the liver because “it was not possible to
reliably place an ROI on it, or on its main branches, in all patients”. In a study of 28 patients

J Comput Assist Tomogr. Author manuscript; available in PMC 2014 January 14.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Ng et al.

Page 6

with 36 focal liver tumors, 9 patients (13 tumors) did not have evaluable portal vein inputs,
which represents about one third of patients/lesions [23]. In our study, one patient had to be
excluded because a portal vein could not be visualized, and another would have been
excluded because of the same difficulty had it not been excluded for other reasons.

The potential attrition of evaluable patients for liver perfusion studies due to difficulties in
obtaining portal venous inputs would be a practical argument for consideration of utilizing
just single (arterial/aortic) inputs, which are visible in essentially all patients. This might be
an attractive option if there were a linear association in CTp parameter values between these
two algorithmic approaches. Our data, however, did not support a linear association in CTp
parameter values between Liver and Body protocols; this might be anticipated given the
highly complex relationships between tissue perfusion and vascular input functions, the
latter increased by considerations of dual inputs. Although resultant absolute CTp parameter
values using simply a single arterial input might not reflect true liver perfusion, for the
purposes of monitoring treatment responses or of longitudinal/serial evaluations, assessment
of relative changes, notably percentage changes, in CTp values may still be of some value.

Of interest, the test-retest variability in CTp values was lower when using the Liver protocol
than when using the Body protocol. The test-retest reproducibility provides a measure of
what observed changes in CTp values might constitute a significant change in a given
patient, and it also provides data to allow design of adequately powered studies. It might be
considered that the addition of the portal vein input function, with its inherent noise, might
increase the overall uncertainties of the data and algorithmic processing. On the other hand,
one might consider that the utilization of a more appropriate (dual input) algorithm for the
liver, albeit introducing additional data with its own noise/variability, might inherently
improve the overall estimation of parameters. It is also possible that hepatic perfusion truly
varies, for example, for physiological and homeostatic reasons, and indeed that the ratio of
arterial to portal flow may also vary. Our results indicated wCV for HAF of normal liver
between test-retest visits of 33.1%. It is difficult to determine to what extent this might be
due to true differences in HAF between visits or simply measurement error. It is possible,
for example, that HAF may be genuinely quite variable (wCV, 33.1%), while overall liver
BF may be relatively well maintained (WCV, 7.5%).

As noted above, tumor and normal liver BF and BV values utilizing the Body protocol were
approximately one quarter to one fifth of those when utilizing the Liver protocol. The
observed differences in CTp values between the two protocols may be largely due to the
relative contributions to overall hepatic blood flow from the hepatic artery and portal vein,
namely, approximately 20%:80%. In our study, the median hepatic arterial fraction for
normal liver was 17%, which is thus in broad agreement. The hepatic arterial fraction for
tumor was higher (42%), which is in concordance with the expectation that liver tumors
receive a relatively greater arterial supply than their surrounding background liver [1].
Although dual input evaluations may yield more precise CTp values when assessing liver
parenchyma, single vascular (arterial) input evaluations may be a reasonable practical
compromise when setting out to assess liver tumors, particularly in the context of serial
monitoring for perfusion changes.

It should be recognized that the distributed parameter model is one of a variety of other
physiological models that attempt to describe hepatic perfusion, such as the dual-input
single-compartment and the maximum slope models [24-26]. These face similar challenges
in modeling hepatic perfusion because of the dual blood supply of the liver; for appropriate
characterization of liver perfusion, they too require portal venous inputs. Of note, it has been
shown that these 3 analytical methods and their associated CTp parameter results are not
interchangeable [27].
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We acknowledge and recognize several limitations in this work. First, the number of patients
in our study was relatively small. Secondly, our z-axis cine scan range was limited to 20
mm. Regarding the reproducibility aspect of our study, we made a general assumption that
the patients’ tumors did not change significantly within the scan-rescan interval of 2—7 days,
and there were inevitably some subjective components in drawing of tumor ROIs and in
defining the arterial and portal input functions between pairs of studies. However, at least in
the evaluations of Liver vs Body protocols, we used identical ROIs and vascular input
functions in these paired comparisons. Our work did not incorporate validation of the CTp
values obtained; this would be a major undertaking and would require a separate study.

Although it might be desirable to utilize the additional vascular input of the portal vein in
evaluation of liver perfusion parameters, there are practical issues that need to be
considered. Some of the current practical difficulties may be partially alleviated by
increasing the z-axis footprint of the cine scans, but this would be at the undesirable expense
of an increase in radiation dose.

In conclusion, liver CTp parameters, in particular BF and BV, are markedly affected by
whether the dual vascular supply of the liver is taken into consideration. Their test-retest
reproducibility is also adversely affected by utilizing just single, rather than dual, input
functions. Although including portal venous input into that of the arterial input in analysis of
CTp parameters in the liver is likely more reliable, inclusion of the former imposes
challenges on practical aspects of acquiring that data. It is possible that dual input modeling
may not be mandatory in serial (baseline and follow-up) studies which set out to evaluate
relative changes in CTp values, particularly for tumors. Further work is required to assess
this arguably more pragmatic approach.
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FIGURE 1.
CT perfusion maps for BF, BV, MTT and PS from a 60 year old woman with metastatic

melanoma, using (a) Liver protocol and (b) Body protocol, with accompanying time
attenuation curves.

Corresponding maps have the same window widths and levels. Purple outlines are tumor
and normal liver ROIs. Curves in plots: blue, arterial and portal vein; purple, normal liver;
green, tumor. The y-axis scale indicates CT density, in Hounsfield units, and the x-axis
scale, time, in milliseconds.
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FIGURE 2.

Plots of Body protocol vs Liver protocol for (a) liver tumor and (b) normal liver, by
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