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Abstract

Objective: To assess the effects of pre-enhancement setpoint (T1) positioning on CT perfusion

(CTp) parameter values.

Methods: CTp in 16 patients with neuroendocrine liver metastases were analyzed by distributed

parameter modeling to yield tissue blood flow (BF), blood volume (BV), mean transit time

(MTT), permeability (PS), and hepatic arterial fraction (HAF), for tumor and normal liver, with

displacements in T1 of ±0.5s, ±1.0s, ±2.0s, relative to gold-standard. A linear mixed-effects model

was used to assess the displacement effects.

Results: Effects on CTp parameter values were variable: BF was not significantly affected, but

T1 positions of ≥+1.0s and −2.0s significantly affected the other CTp parameters (p≤0.004). Mean

differences in CTp parameter values versus gold-standard for BF, BV, MTT, PS and HAF ranged

from −5.0 to 5.2%, −12.7 to 8.9%, −12.5 to 8.1%, −5.3 to 5.7%, and −12.9 to 26.0%, respectively.

Conclusions: CTp parameter values can be significantly affected by T1 positioning.

INTRODUCTION

Computed tomography perfusion (CTp) is a technique with the ability to noninvasively

assess and quantify tissue perfusion. It has a variety of potential applications in oncologic

imaging, including treatment monitoring, prognostication and pathophysiological
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interrogation.1-4 In this arena, the technique has been utilized in a range of organ systems

and tumors, including head and neck,5-7 pelvis,8-14 thorax,15-17 and abdomen,18,19 the latter

including the liver.20-23

Analysis of CTp data is able to yield a variety of perfusion parameters, depending on the

particular physiological model that is used to describe the behavior of tissue perfusion. One

model that is widely applied is based on an adiabatic approximation of the distributed

parameter model.24 In this method, tissue and vascular input time-attenuation curves,

obtained from cine or semi-continuous CT acquisition data during intravenous (IV)

administration of contrast medium, are deconvoluted. Estimates of tissue blood flow (BF),

blood volume (BV), mean transit time (MTT), and permeability-surface area product (PS)

can then be derived.25 In the particular setting of liver perfusion, two vascular input

functions need to be considered, arterial and portal venous; and in addition, hepatic arterial

fraction (HAF) can be derived.26

The deconvolution process is critically dependent on the two or, in the case of liver, three

time-attenuation curves above. One important factor in defining these curves is the

delineation of the pre-enhancement setpoint, or time/image at which the arterial up-slope is

considered to first occur. This is a user-defined variable and is inevitably subject to observer

variations. There have only been a few studies which have investigated the potential effects

of the positioning of the pre-enhancement setpoint on CTp parameter values using

distributed parameter modeling, for example Sanelli et al,27 which involved the brain. To the

best of our knowledge, there have been no studies which have systematically assessed its

impact in tumors or tissues in abdominal locations. The liver is a common site of tumors,

and hence an important organ system to gain an understanding of the factors that may affect

quantification of perfusion parameters. The objective of this study was to evaluate the

effects of the positioning of the pre-enhancement setpoint on CTp parameter values in

normal liver and in metastases to the liver from neuroendocrine tumors.

MATERIALS AND METHODS

Patients

CTp data for this study was obtained from two prospective treatment protocols for patients

with metastatic neuroendocrine tumors who had been treated with bevacizumab (a VEGF

inhibitor), everolimus (an mTOR inhibitor), or pazopanib (an inhibitor of VEGFR), and in

which CTp had been offered as an optional study for patients. The current retrospective

study was approved by our institutional review board (IRB), with waiver of informed

consent. The study complied with HIPAA regulations.

The current study focused on patients in whom CTp had been undertaken on a target lesion

in the liver. Proof of malignancy by biopsy of the target lesion was considered excessively

invasive, but all lesions were clinically or radiologically considered malignant, based on

biopsy of other lesions, widespread metastatic disease and/or increase in size of lesions. A

single target lesion had been identified on review of previous imaging studies in each patient

by a radiologist (C.S.N. with more than 10 years’ experience in interpreting CT studies).
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The primary target lesions were required to be well-demarcated, contrast-enhancing solid

masses larger than 2.5 cm in longest diameter.

CT Perfusion Scanning Technique

Patients underwent CTp scanning in the supine position. Images were obtained by using a

64-row multidetector CT scanner (VCT, GE Healthcare, Waukesha, WI). The scans were

obtained in two phases: Phase 1, cine acquisition during a breath-hold, followed by Phase 2,

consisting of eight intermittent short breath-hold helical scans (outlined in Figure 1). A

localization, inspiratory breath-hold, helical scan without IV contrast was first obtained to

identify the CT coordinates of the target lesion, as follows: tube voltage, 120 kV; tube

current, 320 mA; slice thickness, 5 mm; slice interval, 5 mm; pitch factor, 0.969:1; speed

19.37; rotation speed, 0.8 second; field of view, 32–40 cm; and matrix, 512 × 512.

After the localization image, Phase 1 (“cine”) scans were performed using a single level of 4

cm thickness (0.5-cm contiguous slice thickness for eight slices, 8i cine mode) at the

midpoint of the target lesion, as follows: tube voltage, 120 kV; tube current, 90 mA; field of

view, 32–40 cm; matrix, 512 × 512. Images were obtained during a 30-second inspiratory

breath-hold. 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 every half second.

Phase 2 (“delayed”) scans were eight intermittent short 3.6s inspiratory breath-hold helical

scans, as follows: tube voltage, 120 kV; tube current, 90 mA; slice thickness, 5 mm; slice

interval, 5 mm; pitch factor, 0.984:1; speed 39.37; rotation speed, 0.8 second. The first

Phase 2 helical scan commenced 20 seconds after the end of the Phase 1 acquisition; the

subsequent seven helical scans were obtained at increasing intervals as illustrated in Figure 1

(top row). The final helical acquisition commenced 590 seconds after the start of Phase 1

acquisition. Images were reconstructed to 5mm thickness. The estimated effective dose for

this CTp protocol was 28 mSv.

When required for clinical purposes, the CTp study was followed by routine staging CT

scans of chest, abdomen, and/or pelvis, using intravenous administration of a further 100 mL

of contrast medium.

CT Perfusion analyses

In order to have the most robust data for our analysis, we only utilized CTp datasets in

which there was negligible motion in the Phase 1 images since this removed the need to

anatomically register the Phase 1 images. The Phase 2 images of each selected patient

dataset were then anatomically registered with the corresponding Phase 1 images using a

semi-automated rigid registration algorithm.28,29 This resulted in CTp datasets consisting of

fifty-nine 8-slice cine images temporally sampled at 0.5s from the Phase 1 acquisition,

together with eight anatomically matched 8-slice images from the Phase 2 acquisition, which

formed the reference dataset for subsequent analyses.
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The above reference datasets were analyzed using the Liver Protocol of a commercially

available CTp platform (CT Perfusion 4 version 4.3.1, Advantage Windows 4.4; GE

Healthcare, Waukesha, WI). Regions of interest (ROI) were placed in the abdominal aorta

and in the portal vein on the source images to provide the dual vascular inputs required in

the Liver specific protocol (C.S.N.) (Figure 2a, 2b). Three setpoints were then delineated: a

pre-enhancement setpoint (T1=0s), which corresponded to the time when the arterial signal

first began to rise; a post-enhancement setpoint (T2), which corresponded with the final time

point of the Phase 1 data acquisition; and the last second phase setpoint (T3), which

corresponds to the final Phase 2 image (Figure 1, first row; Figure 2a). Perfusion parametric

maps were generated of blood flow (BF), blood volume (BV), mean transit time (MTT),

permeability–surface area product (PS) values, and hepatic arterial fraction (HAF).

For each of the axial slice locations in which the primary tumor was identified, an ROI was

drawn freehand around the periphery of the lesion, using an electronic cursor and mouse,

with reference to the source cine CT images (width = 350 HU, level = 40 HU) and perfusion

maps. Wherever possible, a second tumor ROI was delineated, provided it was greater than

1.5 cm in diameter (E.F.A and D.H.H in consensus, each with greater than 15 years’

experience in CT perfusion analyses).

Circular or oval ROIs were delineated in normal liver regions to enable parallel analyses of

normal liver parenchyma; these ROIs were as large as possible and placed to avoid vessels

and artifacts. We delineated two normal liver ROIs on each of the 8 slices; and wherever

possible, separate ROIs were placed in the left and right liver lobes (C.S.N.) (Figure 2a).

Average tissue BF, BV, MTT, PS and HAF values were obtained from the CT levels in

which tumor and normal liver ROIs were drawn, and the mean values across all CT levels

were computed. All ROIs were saved within the software to enable identical placement in all

the subsequent analyses.

CTp parameter values with varying acquisition duration were obtained by repeating the

above analyses with systematic reductions in the post-enhancement setpoints between 590s

and 12s: firstly, by sequential reductions of T3 within the Phase 2 data (i.e., 590s to 50s)

(Figure 1, second row); and secondly, by sequential 2s reductions of T2 within the Phase 1

data (i.e., 30s to 12s) (Figure 1, third and fourth rows). These were all undertaken with T1

fixed at the time point determined in the above reference dataset (i.e., with T1=0s).

Effect of pre-enhancement setpoint

The above analyses were repeated with varying pre-enhancement setpoints (T1). These

analyses were undertaken using the same arterial, portal venous and tissue ROIs as used in

the corresponding reference analyses.

In order to determine an appropriate range of pre-enhancement setpoints to evaluate, we

undertook a preliminary pilot study to assess the variability of observers in determining pre-

enhancement positions. In this pilot study, four observers (E.F.A, A.G.C, D.H.H, C.S.N)

identified and recorded the positions of their pre-enhancement setpoints, independently and

on 2 occasions separated by at least 4 weeks, in 24 arterial input functions from CTp
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datasets which had been obtained in a similar manner to the current study. This preliminary

study indicated a standard deviation in the pre-enhancement position compared to the

average of all data (arbitrarily set at zero), of 0.55s, with a range of −1.8s to +1.5s.

In the light of these results, and to allow for a comprehensive analysis, we undertook the

CTp analyses with relative displacements in T1 as follows: −2.0s, −1.0, −0.5s, +0.5s, +1.0s,

and +2.0s relative to T1=0s (Figure 1, fifth and sixth rows).

Statistical Analysis

Effect of pre-enhancement setpoint on CTp parameter stabilization times—In a

previous analysis of the reference subset of T1=0s, it was observed that CTp parameter

values approached steady-state (equilibrium or time-invariant) values with increasing

confidence (“low”, “moderate” and “high”) with increasing acquisition durations (12s to

590s).30 The same statistical model and method of inference was applied in the current

analysis to evaluate the effects of pre-enhancement displacement on stabilization with

acquisition duration, for T1 varying from −2s to +2s. Details of the statistical model and

method of inference have been presented previously (Appendix 2 in the above article30).

Effect of pre-enhancement setpoint on CTp parameter values—A linear mixed-

effects model was used to accommodate the nested structure of the data. For each tissue type

and acquisition duration each patient contributed one or two sets of CTp parameter values

obtained under seven pre-enhancement setpoints observed within one or two disparate ROIs.

Random intercepts were used to account for the inherent inter-patient and intra-patient,

inter-ROI sources of variation, inducing compound symmetric covariance structure among

clustered observations within the same patient and ROI. The model was used to conduct

inference on six adjustment factors characterizing the effects of each of the six pre-

enhancement displacement (T1 = ±0.5s, ±1.0s, ±2.0s) on resultant CTp parameter values in

relation to the reference setpoint (T1=0s). The approach obviates assumptions of linear

displacement trends. Adjustment for multiple comparisons used Bonferroni’s correction,

resulting in a significance threshold of p<0.0083. Data from tumor and normal liver were

analyzed separately. The statistical software R (R Development Core Team, http://www.r-

project.org) version 2.12.2 with package “nlme” was used for statistical analysis.

RESULTS

The study cohort consisted of 16 patients with metastases to the liver from neuroendocrine

tumors. The median age of the patients was 57.5 years (range, 42.0 to 69.7 years), with 6

male and 10 female patients.

There were 25 separate tumor ROIs, as follows: 18 from 9 patients who each had 2 tumor

ROIs, and 7 from patients who had one tumor ROI. There were 27 normal liver ROIs, as

follows: 24 from 12 patients who each had normal liver ROIs in the right hepatic lobe and

the left lobe; 3 from patients who had both their normal liver ROIs in the right lobe (which

were then averaged). One patient did not have delineable normal liver parenchyma on the

available CTp images.
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Effect of pre-enhancement setpoint on CTp parameter stabilization times

The levels of confidence in stability (“low”, “moderate” and “high”) of CTp parameter

values attained at various acquisition times for T1 = 0s and ±2.0s, for tumor and normal

liver, are presented in Table 1. This shows that the levels of confidence in stabilization of

CTp values attained with specific acquisition times were substantially the same across the

range in pre-enhancement displacements evaluated, and that the pattern of behavior for

tumor and normal liver were essentially the same. At least 160s was required to attain at

least low confidence in stability for the majority of CTp parameters. Increasing levels of

confidence were attained with increasing acquisition durations, from 160s through 360s.

With an acquisition time of 220s, it was observed that at least low confidence in stabilization

was attained for all CTp parameters, with moderate confidence for the majority of CTp

parameters. With an acquisition time of 360s, at least moderate confidence in stabilization

was attained for all CTp parameters, with high confidence for the majority. There was no

additional improvement in confidence across the parameters with 590s acquisition duration

compared to 360s. PS did not attain a high confidence of stabilization within the 590s of

available acquired data.

Effect of pre-enhancement setpoint on CTp parameter values

Detailed analyses and comparisons of varying pre-enhancement displacements were limited

to two specific acquisition durations, specifically, 220s and 360s, since at these times at least

moderate and high levels of confidence in stabilization of CTp values were attained across

the majority of parameters, respectively. Scatterplots of the observed CTp parameters values

for the range of pre-enhancement displacements analyzed are presented in Figure 3. A

summary of CTp parameter values obtained for the reference pre-enhancement setpoint

(T1=0s) analyzed at the designated acquisition durations of 220s and 360s are presented in

Table 2.

The relative differences in resultant CTp values, compared to the reference pre-enhancement

setpoint (T1=0s), as a function of displacement (T1 = ±0.5s, ±1.0s, ±2.0s), after 220s and

360s of acquisition, are presented in Table 3. For the 360s analyses, mean differences in

CTp parameter values compared to reference values for BF, BV, MTT, PS and HAF, ranged

from −5.0% to +5.2%, −12.7% to +8.9%, −12.5% to +8.1%, −5.3% to +5.7%, −12.9% to

+26.0%, respectively. The ranges in mean differences for the 220s analyses were similar.

Formal statistical testing of these differences at the various pre-enhancement displacements

compared to T1=0s are presented in Table 4, and graphically in Figure 4. Variations in T1

positions were found to affect the resultant CTp values compared to reference values to

different degrees. For all five CTp parameters, T1 displacements of −0.5s and +0.5s were not

statistically significant, for both tumor and normal tissue; this was also evident for T1

displacement of −1.0s, except for MTT for tumor. No significant impact on BF values was

evident for the full range in T1 from −2s to +2s. In general, positive shifts in T1 (i.e. +1s and

+2s) had more detrimental effects on CTp parameter values than corresponding negative

shifts in T1 (i.e. −1s and −2s).
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Formal statistical comparisons of tumor and normal liver were not undertaken since this was

not a specific objective of this work. However, our results qualitatively indicate that the

range of values for BF, BV and PS for tumor were larger than for normal liver (Figure 3).

BF and HAF for tumor were generally higher than for normal liver, and conversely for MTT

and PS.

DISCUSSION

This work was undertaken to investigate the impact of one factor that can potentially

influence CTp analyses and resultant CTp parameter values, namely, delineation of the pre-

enhancement setpoint. In CTp analytical software, this is a user-defined parameter and there

is inevitably the potential for observer variations, as borne out in our pilot study of observer

variability in pre-enhancement setpoints described above. Noise and artifacts in the acquired

data are some of the reasons that likely contribute to the variability. Delineation of the T1

setpoint potentially impacts on characterization of the vascular input functions as well as

baseline tissue Hounsfield density values.

Our previous work demonstrated that CTp parameter values can vary with acquisition

durations, and it was found that the parameter values approached steady-state values with

increasing acquisition times.30 Our current analysis suggests that this pattern of behavior

was not affected by the various pre-enhancement displacements within the range assessed.

The levels of confidence in stabilization of CTp parameters attained by specific acquisition

durations were substantially the same for the various pre-enhancement displacements

evaluated.

Our results, however, indicate that the absolute values of CTp parameter can be affected by

the positioning of the pre-enhancement setpoint. It would be excessively complex to present

multiple analyses related to all, or indeed several combinations, of pre-enhancement

setpoints and acquisition durations. For simplicity, we undertook comparative analyses at

two representative acquisition durations, specifically at times when at least moderate and

high levels of confidence in stability for the majority of the CTp parameters were attained,

namely, 220s and 360s, respectively. The magnitude and statistical significance of the

effects, compared to corresponding reference values (at T1=0s), varied according to the CTp

parameter. The effects on BF were relatively small (range ±5%) and were not significant

across the range of pre-enhancement setpoints evaluated (−2s to +2s), for both tumor and

normal liver. There were negligible differences in the overall statistical outcomes when

comparing the 220s and 360s groups; there was only one exception, that of BV in normal

liver at −2.0s, where a significant difference was evident at 220s but not at 360s. This is

probably a reflection of the greater variability in parameter values at the lower level of

stabilization associated with 220s compared to 360s.

Overall, displacements in pre-enhancement setpoints of ±0.5s did not have significant

effects on absolute values of CTp parameters, for both tumor and normal liver. This was also

evident for −1.0s displacement, with the single exception of MTT for tumor. In general,

positive displacements in T1 greater than or equal to +1.0s were more deleterious than

corresponding negative displacements, when comparing the impact on differences in CTp
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values in relation to reference values. Our pilot assessment of observer variability in T1

positioning indicated that in practice displacement of ±0.5s are common; fortuitously, the

current results suggest that such displacements are unlikely to be detrimental to resultant

CTp values. Our results further suggest that in practice, if there is uncertainty about the

delineation of the pre-enhancement setpoint, one would be better advised to err on the side

of negative, rather than positive, positioning of T1.

There have been relatively few studies which have examined the effects of pre-enhancement

setpoints on CTp parameter values using the same underlying physiological model as in our

study i.e. the distributed parameter model. Sanelli et al. in a study of 3 patients with

suspected cerebrovascular events, using the brain perfusion protocol of the model, have

reported that the positioning of this user-defined variable can significantly influence CTp

parameter values,27 as we have found. In practice, delineation of the correct or appropriate

T1 can be challenging if there is noise in the vascular (arterial) time-attenuation curve, a

relatively shallow rise in the arterial up-slope and/or a short pre-enhancement time interval

to assess baseline values. Development of algorithms to help identify T1 reliably and

consistently would likely be helpful.31

As regards comparison of tumor and normal liver, both had broadly similar patterns of

behavior with respect to stabilization in CTp values with acquisition duration. The required

acquisition times to achieve low, moderate and high confidence in stabilization for each CTp

parameter were also broadly similar for both tumor and normal liver. There was a noticeably

wider range of BF, BV and PS values amongst the tumor group compared to normal tissue.

This is probably a reflection of the greater heterogeneity amongst tumors, even of a single

histological type, than amongst normal liver.

In this work, we principally investigated the effect of pre-enhancement setpoint on resultant

CTp parameter values. We have found that the former can significantly affect parameter

values. However, as noted in other studies, the post-enhancement setpoint, or acquisition

duration, can also significantly affect CTp parameter values.10,13,30,32 The interaction of

these two variables in determining CTp parameter values is complex, and for simplicity, we

undertook formal comparative analyses at only a limited number of acquisition durations. In

principle, similar analyses could be undertaken with multiple other combinations of

acquisition durations and pre-enhancement setpoints.

We recognize and acknowledge several limitations in our study. We had a relatively small

number of patients. Our study was limited only to the liver and metastases to the liver from

one specific tumor. The extent to which our conclusions might be generalizable to other

tissues and tumors would require further work.

We recognize that different versions of CT Perfusion software may generate different

results.33 In our analysis, we used a more current version of software (GE CT Perfusion 4)

than the previous work of Sanelli et al.27 An evaluation of the impact of the differing

software versions or of other physiological models on our main objectives was beyond the

scope of this work.
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In summary, CTp parameter values were affected by the positioning of the pre-enhancement

setpoint. The impact on parameter values varied by the specific CTp parameter, with BF

being the least sensitive to variations in positioning of T1. Significant effects on CTp

parameter values were generally evident with positive displacements of T1, relative to the

reference position, of 1s or more, and negative displacements of 2s or more. Further work is

required to determine to what extent our results are generalizable to other tissues, acquisition

protocols, and other analysis software.
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FIGURE 1. Schematic of overall study evaluating effects of acquisition duration and pre-
enhancement setpoints.
First row: Reference dataset: Phase 1, combined with 8 anatomically registered Phase 2

images. T1, pre-enhancement setpoint; T2, last first phase setpoint; T3, last second phase

(“post-enhancement”) setpoint.

Second row: Reduction in acquisition duration affecting Phase 2 (T3).

Third row: Reduction in acquisition duration, T2=30s.

Fourth row: Reduction in acquisition duration affecting Phase 1 (T2).

Fifth row: Displacement of pre-enhancement setpoint: T1 displacement backwards in

increments (−0.5s, −1.0s, −2.0s). Analyses of 2nd, 3rd and 4th rows were repeated.

Sixth row: Displacement of pre-enhancement setpoint: T1 displacement forwards in

increments (+0.5s, +1.0s, +2.0s). Analyses of 2nd, 3rd and 4th rows were repeated.
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FIGURE 2. 70 year old male with metastatic carcinoid to the liver
(a): reference CTp image with tissue ROIs, (b) corresponding time-attenuation curves.

Aortic and portal vein (dark blue and light blue respectively), tumor (green), and normal

liver (orange). X-axis in milliseconds.

(c) Parametric maps for BF, BV, MTT, PS and HAF (first to fifth rows, respectively) with

illustrative examples of pre-enhancement setpoints at −2.0s, −0.5s, 0s (reference), +0.5s,

+2.0s (left to right columns, respectively). BF, in mL/min/100g; BV, in mL/100g; MTT, in

seconds; PS, in mL/min/100g; HAF, unitless. The color scales are identical for individual

rows of parametric maps. Differences in maps can be seen when comparing left-hand

columns and right-hand columns.
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FIGURE 3.
Mean CTp parameter values at varying pre-enhancement setpoints, after 220s (left-hand

columns) and 360s (right-hand columns) of acquisition. Solid lines connect CTp values

observed within the same ROI.

y-axes: BF, in mL/min/100g; BV, in mL/100g; MTT, in seconds; PS, in mL/min/100g;

HAF, unitless.
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FIGURE 4.
Deviation of CTp parameter values from reference at T1 = 0s as a function of displacement

in pre-enhancement setpoints. Solid lines connect deviations observed within the same ROI.

Shaded pink regions correspond to 95% confidence intervals for the displacement effects;

over-lapping of the shaded regions with the horizontal red line indicates non-significant

deviation from the reference pre-enhancement setpoint of T1=0s. Plots presented for 220s

(two left-hand columns) and 360s (two right-hand columns). y-axes: BF, in mL/min/100g;

BV, in mL/100g; MTT, in seconds; PS, in mL/min/100g; HAF, unitless.
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TABLE 1

Level of confidence in stability of CTp parameter values as a function of acquisition duration, and three levels

of pre-enhancement displacement, observed in liver tumors and normal liver tissue. (Note: PS failed to

stabilize with high confidence within the 590s of available data).

T1 time relative to T1=0s
(seconds)

CTp
parameter

Tumor Normal liver

160s 220s 360s 590s 160s 220s 360s 590s

BF Low Mod High High Low Mod High High

BV Low Mod High High Low Mod High High

−2.0s MTT Low Mod High High Low Mod High High

PS Low Low Mod Mod Low Low Mod Mod

HAF High High High High Low Mod High High

BF Low Mod High High Low Mod High High

BV Low Mod High High Low Mod High High

0s MTT Low Mod High High Low Low High High

PS Low Low Mod Mod Low Low Mod Mod

HAF - Mod High High Low Mod High High

BF Low Mod High High Low Mod High High

BV Low Mod High High Low Mod High High

+2.0s MTT Low Mod High High Low Mod High High

PS Low Low Mod Mod Low Low Mod Mod

HAF Low Mod High High Low Mod High High
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TABLE 2

Summary of the raw CTp values for the reference pre-enhancement setpoint (T1=0s) observed after 220s and

360s of acquisition. BF, in mL/min/l00g; BV, in mL/100g; MTT, in seconds; PS, in mL/min/100g; HAF,

unitless.

220s 360s

Tumor Normal liver Tumor Normal liver

CTp
parameter Median Inter-quartile

range Median Inter-quartile
range Median Inter-quartile

range Median Inter-quartile
range

BF 203 139 – 363 134 94 – 175 204 139 – 362 134 94 – 175

BV 16.6 9.9 – 23.1 14.6 11.8 – 18.6 16.6 9.9 – 23.0 14.6 11.8 – 18.6

MTT 6.1 5.1 – 7.2 8.9 7.5 – 9.5 6.2 5.1 – 7.1 8.9 7.8 – 9.5

PS 56.6 39.4 – 62.1 82.9 77.4 – 90.0 55.4 42.7 – 62.7 82.9 74.3 – 89.3

HAF 0.43 0.36 – 0.54 0.210 0.08 – 0.29 0.43 0.36 – 0.53 0.21 0.08 – 0.29
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TABLE 3

Summaries of the effects of pre-enhancement positioning on CTp parameter values. The analyses considered

parameter values after acquisition durations of 220s and 360s. The mean percentage change from pre-

enhancement setpoint (T1=0s) and the corresponding 95% confidence intervals derived from the mixed-effects

inference are provided in the table.

220s 360s

Tumor Normal liver Tumor Normal liver

CTp
parameter

T1 time relative to T1=0s
(seconds)

Mean
(%)

95% CI
(%)

Mean
(%)

95% CI
(%)

Mean
(%)

95% CI
(%)

Mean
(%)

95% CI
(%)

BF −2.0 −1.1 −4.9 – 2.8 0.4 −2.1 – 2.9 −1.2 −5.0 – 2.7 0.5 −2.0 – 3.0

−1.0 −0.1 −4.0 – 3.8 0.2 −2.3 – 2.7 −0.1 −3.9 – 3.9 0.4 −2.1 – 2.9

−0.5 −0.1 −3.9 – 3.9 −1.0 −3.5 – 1.5 0.0 −3.9 – 3.9 −1.0 −3.5 – 1.5

+0.5 0.6 −3.3 – 4.5 1.0 −1.5 – 3.5 0.6 −3.2 – 4.6 1.0 −1.5 – 3.5

+1.0 0.6 −3.3 – 4.5 1.1 −1.5 – 3.6 0.7 −3.2 – 4.6 1.1 −1.4 – 3.7

+2.0 0.9 −2.9 – 4.9 2.5 0.0 – 5.1 1.0 −2.9 – 4.9 2.6 0.0 – 5.2

BV −2.0 4.3 0.2 – 8.8 3.6 1.4 – 6.0 4.3 0.0 – 8.9 2.9 0.6 – 5.3

−1.0 3.6 −0.5 – 8.1 1.9 −0.4 – 4.2 3.6 −0.5 – 8.1 2.1 −0.2 – 4.4

−0.5 1.6 −2.4 – 6.0 0.9 −1.4 – 3.2 1.8 −2.2 – 6.1 0.8 −1.5 – 3.0

+0.5 −2.3 −6.5 – 1.8 −1.8 −4.0 – 0.4 −2.1 −6.3 – 2.0 −1.7 −4.0 – 0.5

+1.0 −3.6 −7.8 – 0.5 −3.4 −5.6 – −1.1 −3.5 −7.7 – 0.6 −3.3 −5.6 – −1.1

+2.0 −8.0 −12.7 – −3.9 −5.4 −7.7 – −3.1 −7.9 −12.7 – −3.8 −5.5 −7.9 – −3.3

MTT −2.0 5.4 3.1 – 7.9 4.0 1.8 – 6.3 5.6 3.3 – 8.1 3.1 1.0 – 5.3

−1.0 3.9 1.6 – 6.4 1.8 −0.4 – 4.0 4.0 1.7 – 6.4 1.5 −0.5 – 3.7

−0.5 2.1 −0.2 – 4.5 2.0 −0.2 – 4.3 2.3 0.1 – 4.6 1.7 −0.3 – 3.9

+0.5 −2.3 −4.6 – −0.1 −1.7 −3.9 – 0.5 −2.0 −4.2 – 0.2 −2.0 −4.0 – 0.1

+1.0 −4.6 −6.9 – −2.3 −3.3 −5.5 – −1.1 −4.4 −6.7 – −2.1 −3.5 −5.6 – −1.4

+2.0 −10.1 −12.6 – −7.7 −6.7 −8.9 – −4.5 −10.0 −12.5 – −7.7 −7.1 −9.2 – −5.1

PS −2.0 3.5 1.4 – 5.8 1.6 0.8 – 2.5 3.5 1.4 – 5.7 1.6 0.7 – 2.6

−1.0 1.8 −0.3 – 3.9 1.0 0.2 – 1.9 1.7 −0.3 – 3.9 1.0 0.1 – 1.9

−0.5 0.8 −1.2 – 3.0 0.7 −0.2 – 1.6 0.8 −1.2 – 2.9 0.7 −0.2 – 1.6

+0.5 −1.0 −3.0 – 1.1 −0.9 −1.8 – 0.0 −1.0 −3.1 – 1.1 −1.0 −1.9 – −0.1

+1.0 −1.8 −3.9 – 0.2 −1.2 −2.0 – −0.3 −1.8 −3.9 – 0.3 −1.4 −2.3 – −0.5

+2.0 −3.2 −5.3 – 1.1 −2.1 −3.0 – −1.3 −3.1 −5.3 – −1.1 −2.4 −3.3 – −1.5

HAF −2.0 −5.9 −9.8 – −2.0 −5.3 −13.0 – 1.8 −5.8 −9.6 – −1.9 −5.2 −12.9 – 1.8

−1.0 −3.7 −7.6 – 0.2 −5.4 −13.2 – 1.6 −3.7 −7.5 – 0.2 −5.8 −13.5 – 1.3

−0.5 −1.7 −5.6 – 2.2 −1.4 −8.6 – 5.9 −1.9 −5.7 – 2.1 −1.4 −8.7 – 6.0

+0.5 2.9 −1.0 – 7.0 3.2 −3.9 – 11.3 2.9 −1.0 – 6.9 3.2 −3.8 – 11.3

+1.0 4.2 0.3 – 8.3 7.4 0.1 – 16.3 4.1 0.2 – 8.2 7.2 0.1 – 16.2

+2.0 10.3 6.2 – 14.8 14.8 6.8 – 26.0 10.3 6.2 – 14.7 14.9 6.8 – 26.0
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