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Abstract
Purpose: Global and regional liver function assessments are important for defining the magnitude and spatial distribution of dose to preserve
functional liver parenchyma and reduce incidence of hepatotoxicity from radiation therapy for intrahepatic cancer treatment. This
individualized liver function-guided radiation therapy strategy is critical for patients with heterogeneous and poor liver function, often
observed in cirrhotic patients treated for hepatocellular carcinoma. This study aimed to validate k1 as a measure of global and regional function
through comparison with 2 well-regarded global function measures: indocyanine green retention (ICGR) and albumin-bilirubin (ALBI).
Methods and Materials: Seventy-nine dynamic gadoxetic acid enhanced magnetic resonance imaging scans were acquired in 40 patients
with hepatocellular carcinoma in institutional review board approved prospective protocols. Portal venous perfusion (kpv) was quantified
from gadoxetic acid enhanced magnetic resonance imaging using a dual-input 2-compartment model, and gadoxetic acid uptake rate (k1)
was fitted using a linearized single-input 2-compartment model chosen for robust k1 estimation. Four image-derived measures of global
liver function were tested: (1) mean k1 multiplied by liver volume (k1VL) (functional volume), (2) mean k1 multiplied by blood distribution
volume (k1Vdis), (3) mean kpv, and (4) liver volume (VL). The measure’s correlation with corresponding ICGR and ALBI tests was assessed
using linear regression. Voxel-wise similarity between k1 and kpv was compared using Spearman ranked correlation.
Results: Significant correlations (P < .05) with ICGR and ALBI were found for k1VL, k1Vdis, and VL (in order of strength), but not for
mean kpv: The mean ranked correlation coefficient between k1 and kpv maps was 0.09. k1 and kpv maps were predominantly mismatched
in patients with poor liver function.
Conclusions: The metric combining function and liver volume (k1VL) was a stronger measure of global liver function compared with
perfusion or liver volume alone, especially in patients with poor liver function. Gadoxetic acid uptake rate is promising for both global
and regional liver function.
© 2022 The Authors. Published by Elsevier Inc. on behalf of American Society for Radiation Oncology. This is an open access
article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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Introduction

Global liver function has been shown to be an impor-
tant clinical prognostic factor for radiation induced liver
disease and survival in patients with cirrhosis and hepatic
cancers.1-4 Liver injury during radiation therapy (RT) of
hepatic cancers has been minimized using normal tissue
complication probability models by limiting mean liver
dose.1,2,5 Individualized adaptive RT strategies have been
suggested and investigated to further minimize risks of
liver injury. Using this strategy, separate patients cannot
be assumed to have the uniform liver function and radia-
tion dose response. Furthermore, a patient cannot be
assumed to have homogeneous hepatic function and
dose-response throughout the liver.6-10 These approaches
require measures of global and regional liver function as
well as radiation dose response in individual patients
while considering all these factors in treatment planning.

Various measures have been used as surrogates for
regional liver function. Vascular contrast agents, such as
gadobenic acid, have enabled interrogation of portal
venous perfusion through dynamic gadobenic acid
enhanced magnetic resonance imaging (MRI) scans of the
liver.11-13 Portal venous perfusion is significantly corre-
lated with overall function evaluated via indocyanine
green (ICG) clearance.11,14,15 However, perfusion, whether
arterial, venous, or total, is an indirect analog to liver
function. Hepatobiliary contrast agents, such as gadoxetic
acid, are taken up by the hepatocytes themselves, and
quantification of this uptake rate can be used as a more
direct measure of liver function.12,16-19 These hepatobiliary
agents enable quantification of both perfusion and uptake
through a dual-input, 2 compartment (DITC) model of
contrast kinetics.16 Though the DITC model estimates
perfusion and uptake parameters, the analysis requires an
intensive fitting process over 6 parameters, which is highly
susceptible to overfitting. Alternatively, the uptake param-
eters can be derived from a more robust linearized single-
input 2 compartment (LSITC) model of gadoxetic acid
uptake rate.17 There are parallel capacities in other modal-
ities. For instance, iminodiacetic acid (IDA) single photon
emmision coherence tomography (SPECT)7,20 shares sim-
ilar hepatocellular uptake characteristics to gadoxetic acid,
though gadoxetic acid benefits from superior spatial and
temporal resolutions and soft tissue contrast in MRI. Sim-
ilar advantages have motivated MRI guided RT.21,22

We hypothesized that global and regional liver
function can be quantified from a single measure using
gadoxetic acid uptake rate (k1) derived by fitting
dynamic MRI to LSITC. This study aimed to validate
k1 as a measure of global and regional function by
comparison with 2 established global function meas-
ures, ICG retention at 15 minutes (ICGR15) and raw
albumin-bilirubin (ALBI) score.23 Uptake was com-
pared with portal venous perfusion (kpv) in relation to
total function and spatial distribution.
Methods and Materials
Models

Hepatic perfusion and uptake rate can be estimated
using the DITC model of gadoxetic acid dynamics.16,17

Contrast concentration in a liver volume of interest Vt

consists of components in the extracellular and intracel-
lular spaces:
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where Vdis is the distribution volume of blood; Ct, Cdis, Ca;
and Cpv are contrast concentrations as a function of time
in the respective total, distribution, arterial blood, and por-
tal venous blood volumes; ta and tpv describe respective
arrival time delays of the arterial and portal vein input func-
tions at each voxel; ka and kpv describe the normalized arte-
rial and portal venous flow rates; and k2 is the hepatic
perfusion, defined as the normalized flow rate leaving the
volume of interest through the central vein. k1 is the normal-
ized rate of uptake of contrast to the intracellular space. The
distribution volume includes the space of Disse and sinus-
oids.16 A nonlinear least squares (NLLS) fitting of this model
to measured Ct based on measured Ca and Cpv input func-
tions yields estimates of ka, kpv, k1, k2, Vdis, ta, and tpv:

To estimate k1 alone, the computationally simpler
LSITC model can yield more robust estimation than the
DITC model.17 Detailed derivation and fitting of the
LSITC model are given in reference 17. In brief, the
LSITC model is given by:
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Note that k1 can be calculated by a ratio of slope to
intercept obtained from a linear least squares fitting of
equation 3 for temporal data after t0. Model assumptions
and derivation of t0 are fully described in reference 17.
Briefly, t0 is determined by analysis of data linearity fol-
lowing equation 3 using principal component analysis.
Data acquisition

Patients
Seventy-eight dynamic gadoxetic-acid enhanced

(DGAE) liver MRI scans were acquired from 40 patients
(median age of 64 years) with liver cancer in prospective



Table 1 Patient demographics for all 40 patients

Characteristic Value

Age (years): Median (range) 64 (48-100)

Sex: Female/male 9/31

Pretreatment cirrhosis (%) 82.5 (33 of 40)

HCC (%) 85.0 (34 of 40)

Liver volume (L): Median (range) 1.80 (0.69-3.99)

GTV volume (mL): Median (range) 43 (2.7-1251)

Child-Pugh score: Median (range) 6 (5-10)

Raw ALBI score (n = 37)

Pre-RT: Median (range) −2.2 (−3.6 to −1.0)

Post-RT: Median (range) −2.0 (−3.27 to −1.0)

ICGR15 (%) (n = 35)

Pre-RT: Median (range) 29.2 (4.0-82.3)

Post-RT: Median (range) 40.6 (7.5-82.3)

Abbreviations: ALBI = albumin-bilirubin; GTV = gross tumor vol-
ume; HCC = hepatocellular carcinoma; ICGR15 = indocyanine
green retention at 15 minutes; RT = radiation therapy.
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protocols approved by the University of Michigan institu-
tional review board. All patients signed written consent
forms. The patient demographic information is given in
Table 1. Liver DGAE MRI scans were obtained pre-RT
and 1 month post-RT. In all but 4 cases the ICG retention
examination (a total liver function measure) was taken
within 1 week of the MRI scans. In total, 69 pairs of
DGAE MRI scans and ICG retention scores were available
for correlation analysis of global liver function.
Image acquisition
Three-dimensional volumetric DGAE MRI scans of

the whole liver were acquired using a radial sampling
VIBE sequence during intravenous injection of a single
standard dose of gadoxetic acid on a 3T scanner (Skyra,
Siemens Healthineer). DGAE scans were acquired with a
flip angle of »13.5°, echo time of »1.18 ms, and repeti-
tion time of 2.81 ms. The field of view was »420 mm,
with an in-plane resolution of »2.19 £ 2.19 mm for 64
slices with a slice thickness of »3.5 mm. The free-breath-
ing DGAE images of the liver used a 3-dimensional
golden-angle radial stack-of-stars volumetric interpolated
breath-hold examination (VIBE) sequence that oversam-
ples the center of k-space and is resilient to motion
effects.24 Acquisitions included image volumes from
before contrast introduction to 4 to 31 minutes after the
initial arterial peak (median 18 minutes). Dynamic image
volumes of the whole liver were reconstructed with a tem-
poral sampling rate of 3.4 to 15.2 seconds per volume
(median, 8.8 seconds), 64 to 80 slices with thicknesses
from 2.6 to 4.8 mm, and an in-plane resolution of
2.1 £ 2.1 to 2.6 £ 2.6 mm (192 £ 192 pixels).

ICG retention test
ICG retention examinations used a single dose of ICG

with blood sampled at 5, 10, and 15 minutes after injec-
tion to measure the fractional retention of ICG. ICG is
cleared almost entirely in the liver,25 making measures of
ICG clearance a common surrogate for global liver func-
tion.6 See reference 10 for a more in-depth description of
the ICGR15 procedure.

ALBI
The ALBI score was computed using serum bilirubin

and albumin levels using the equation given by Johnson
et al23:

ALBI ¼ log10 bilirubinð Þ � 0:66
� �þ albumin��0:085ð Þ

ð4Þ
with bilirubin in mmol/L and albumin in g/L. Though this
score can be used to rate the patient’s global liver function
with a discrete ALBI grade, the raw ALBI score is a con-
tinuous measure.
Image processing and analysis

Image preprocess and model fitting
The time-series DGAE-MRI volumes were coregistered

within the liver contour using an overdetermined, rigid-
body transformation approach.15 Then, both DITC and
LSITC models were applied to the registered time-series
DGAE-MRI volumes to estimate kpv, k1, and vdis using
respective NLLS and linear least squares (LLS) fitting
implemented in Matlab.

Similarity between perfusion and uptake rate maps
To assess portal venous perfusion (kpv) as a surro-

gate for liver function, the correspondence between
uptake rate (k1) and kpv was investigated using the
ranked Spearman correlation. Correlations were con-
sidered significant when a correlation of zero was out-
side the 95% confidence interval (this is equivalent to
setting P < .05 as the significance threshold). Both kpv
and k1 maps were obtained from NLLS fitting of the
DITC model. To exclude vasculature from the evalua-
tion, all regions with a blood distribution volume (vdis)
> 0.25 were omitted from comparison.

Global liver function measures derived from
imaging

There are several plausible ways of constructing a global
measure of liver function from imaging. (1) A simple mea-
sure could be the mean kpv (kpv) in the liver.11 (2) A total
functional volume would be calculated by incorporating the
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liver volume with the uptake rate (k1) as a sum of k1Vt

across the liver or equivalently mean k1 by total volume
(k1VL). (3) A prior study suggested that the blood distribu-
tion volume that provides the surface area for the gadoxetic
acid uptake by parenchyma might be considered in the
functional volume computation instead of using the abso-
lute liver volume.17 This measure would be expected to cor-
respond to the total rate of gadoxetic acid uptake as a sum
of K1 = k1 £ Vdis. (4) Finally, a total liver volume, which is a
conventional measure used in liver resection,26 could be
included for comparison. All 4 imaging- derived candidates
of global liver function measures were tested by a linear
regression with ICGR15 and ALBI score.23 These linear
regressions also serve as a calibration measure to compute
global liver function from DGAE MRI. Because the rate of
ICG clearance is proportional to the log of ICG retention, a
linear relationship would be expected between the log of
ICGR15 and a measure of liver function.

The initial 3 tested global liver function measures: (1)
mean kpv, (2) mean k1 £ total volume (mL/min) (ie,
k1VL), and (3) summed K1 were calculated in the con-
toured liver volume with uptake rates > 0 mL/100mL/
min and distribution volumes 0.02 < vdis < 0.25 to
exclude the liver contour variation and blood vessel. The
volume-based measure included the entire contoured liver
volume minus the gross tumor volume. Because some
measures (2,3,4) are based on a totaled capacity, each
measure was also compared with ICGR15 and ALBI score
after normalization by patient mass.
Figure 1 Example slices of k1 (top row) and kpv maps (bottom
indocyanine green retention at 15 minutes (ICGR15) and album
ally show as dark in uptake rate maps (lacking hepatocytes), wh
sels) or bright (portal venous vasculature), depending on th
nonnegligible correlation. The second depicts a patient, where
ICGR, ALBI, and negligible uptake rate throughout the liver, t
fourth patients have relatively good function, but still negligible
sion, because the regional variations often do not match.
Results
Similarity between perfusion and uptake
rate maps

Portal venous perfusion and uptake rate varied greatly
between patients and within patients. Example slices of k1
and kpv maps of 4 patients with different ICGR15 scores
are shown Figure 1. Note that the differences were
extreme in some patients, especially those with very poor
liver function. The second left column in Figure 1 shows
that a patient with ICGR15 and ALBI of 82.3% and -1.29
had a negative correlation of -0.34 due to negligible
uptake rate of gadoxetic acid throughout the majority of
the liver but relatively healthy perfusion through the liver.

In 26 of the 79 DGAC MRI scans, kpv maps had
extremely low values with local variation resembling
noise. In these cases we observed a mean kpv < 0.005 mL/
min/(100 mL), but typically much lower, compared with
typical values of 10 to 60 mL/min/(100 mL) from other
patients. It is conceivable that this was caused by the exis-
tence of cirrhosis and hepatocellular carcinoma (HCC) in
the patients or, more likely, by unreliable estimation of
kpv in the cases with poor hepatic perfusion using 1 stan-
dard dose of gadoxetic acid (in which Gd counts are one-
quarter of the counts in 1 standard dose of Gadopentetic
acid) and using the DITC model. To make the compari-
son fair, the 26 instances with negligible perfusion were
row) presented in 100 quantiles of 4 patients with different
in-bilirubin (ALBI) values. Note that large vessels gener-
ile in perfusion maps they can be either dark (arterial ves-
e type of vessels. The first patient shows a weak but
despite severely compromised liver function observed by
he perfusion is relatively uncompromised. The third and
to negative correlations in terms of uptake rate and perfu-
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excluded from the analysis of the correlation between kpv
and k1.

In the remaining 53 examinations, the correlation was
still poor on average. The mean ranked correlation
between uptake rate and perfusion maps was R = 0.095
(median, 0.12; range, −0.45 to 0.56). Figure 2 shows the
distribution of ranked correlations between k1 and kpv val-
ues. Note that there were only 2 examinations that
showed a positive correlation greater than 0.4. Between a
third and one-half of the examinations had negative or
near zero correlation between k1 and kpv in the liver, indi-
cating a mismatch or nonmatch between hepatic perfu-
sion and liver function.
Imaging-derived measures of total liver
function compared with ICG and ALBI

Perfusion-derived measure
The correlation between mean kpv and both log10(-

ICGR15) and ALBI was poor. Twenty-three examinations
were removed from the correlation analysis due to a fail-
ure in fitting kpv, as seen by extremely low kpv values
across the liver volume. In these 23 examinations, there
were no voxels that had kpv values greater than 0.6 mL/
(100 mL min) and less than 300 mL/(100 mL min) (arti-
facts). Without these 2 limits in place the fit was domi-
nated by extreme outliers. As seen in Figures 3d and 4d
and Table 2, there was not a significant correlation
between mean portal venous perfusion and ICGR15 or
ALBI (R = 0.03 and R = 0.06).

Uptake-derived measures
The total functional volume, quantified by the product

of the mean k1 in the liver and the total liver volume
Figure 2 Histogram of the distribution of ranked corre-
lations between k1 and kpv values (mean, 0.095; median,
0.12; n = 53).
(determined using the LSITC model), had a strong corre-
lation with both ICGR15 and ALBI (R = −0.67 and
R = −0.73, respectively; see Fig. 3a and 4a). To calibrate
the total functional volume against ICGR15, a linear
regression model was tested after the removal of an outlier
(k1 > 3 median absolute deviations from the median; see
Table 2). Normalization by patient mass resulted in
strengthened correlations (R = −0.76 and R = −0.75 for
ICGR15 and ALBI, respectively), with the corresponding
fits given in Table 2.

The summed K1 (accounting for the total blood distri-
bution volume instead of the total liver volume) corre-
lated well with ICGR15 and ALBI (R = −0.61 and
R = −0.71) but was weaker than expected for ICGR15
based on preliminary studies17 or the apparent analogy
between total K1 and ICG uptake rate. There appeared to
be approximately 10 examinations that had log10(-
ICGR15) values near 1 but had a systematic deviation
from the regression line (see Fig 3b). This pattern was not
seen in the corresponding ALBI scores. The linear regres-
sion models are given in Table 2. Normalization by
patient mass again resulted in strengthened correlations
(R = −0.69 and R = −0.74).

Volume-derived measure
Liver volume showed a moderate correlation with

log10(ICGR15) (R = −0.30), which was similar to preexist-
ing studies27-29 (see Fig 3d and Table 2), and comparable
correlations for ALBI (R =−0.40) (see Fig 4d and Table 2).
Only the ICGR15 correlation was strengthened by nor-
malization by patient mass (R = −0.39). The correlation
for mass normalized liver volume and ALBI showed an
apparent strengthening of the linearity of the relationship
for most points but created several outliers that canceled
out this effect (R = −0.40).
Discussion
This study evaluated 4 potential measures of liver func-
tion from a single imaging measurement against 2 well-
regarded measures of global liver function. The analysis
shows that the total functional volume quantified by fit-
ting LSITC to the DGAE-MRI, which accounts for both
liver volume and gadoxetic acid uptake rate, is a better
measure for global liver function than mean portal venous
perfusion or liver volume, especially in the patients with a
mis-match between hepatic perfusion and functional
parenchyma. This single imaging technique can be used
for measures of both global and regional liver function
and can aid in liver function preservation during adaptive
RT of hepatic cancers.

The results of this analysis underscore the differences
between total functional volume and liver volume. The
conventional normal tissue complication probability
models, although providing guidance for radiation dose



Figure 3 Log10 indocyanine green retention at 15 minutes (ICGR15) plotted against: (a) mean k1 by total volume, (b)
summed K1 = summed k1Vdis, (c) total liver volume outside gross tumor volume (GTV), (d) mean kpv, (e) weight (W)-
normalized mean k1 by total volume, (f) W-normalized summed K1 = summed k1Vdis, (g) W-normalized total liver vol-
ume outside GTV. The plotted linear regression fit in (a), (b), (e), and (f) each ignore 1 outlier in terms of k1, and the fit
for (g) ignores 4 outliers in terms of W-normalized liver volume. Correlation coefficients do not exclude outliers.
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Figure 4 The raw albumin-bilirubin (ALBI) plotted against: (a) mean k1 by total volume, (b) summed K1 = summed
k1Vdis, (c) total liver volume outside gross tumor volume (GTV), (d) mean kpv, (e) weight-normalized mean k1 by total
volume, (f) weight-normalized summed K1 = summed k1Vdis, (g) weight-normalized total liver volume outside GTV. The
plotted linear regression fit in (a), (b), (e), and (f) each ignore 1 outlier in terms of k1, and the fit for (g) ignores 5 outliers
in terms of weight-normalized liver volume. Correlation coefficients do not exclude outliers.
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Table 2 Linear regression models of imaging-derived total liver function measures to ICGR15 and ALBI

Measure used to predict log10(ICGR15) R Slope (95% CI) Intercept (95% CI)

kpv [/s] 0.03 0.0838 (−0.64 to 0.81) 1.51 (1.26-1.75)

k1VL [L/min] −0.67 −2.97 (−3.63 to −2.31) 1.74 (1.66-1.83)

k1VL/W [L/min/kg] −0.76 −308.5 (−362.6 to −254.6) 1.79 (1.72-1.87)

Summed K1 [L/min] −0.61 −14.85 (−19.29 to −10.40) 1.67 (1.58-1.76)

Summed K1/W [L/min/kg] −0.69 −1749 (−2167 to −1330) 1.73 (1.64-1.81)

VL [L] −0.30 −0.145 (−0.26 to −0.03) 1.71 (1.50-1.92)

VL/W [L/kg] −0.39 41.84 (−56.44 to −27.24) 2.21 (1.94-2.48)

Measure used to predict ALBI R Slope (95% CI) Intercept (95% CI)

kpv [/s] 0.06 0.3155 (−1.25 to 1.88) −2.06 (−2.60 to −1.52)

k1VL [L/min] −0.73 −6.7242 (−8.00 to −5.45) −1.45 (−1.60 to −1.29)

k1VL/W [L/min/kg] −0.75 −604.7 (−723.3 to −486.1) −1.44 (−1.60 to −1.28)

Summed K1 [L/min] −0.71 −38.50 (−47.07 to −29.94) −1.56 (−1.72 to −1.40)

Summed K1/W [L/min/kg] −0.76 −4215 (−5027 to −3403) −1.46 (−1.62 to −1.30)

VL [L] −0.40 −0.38 (−0.59 to −0.16) −1.42 (−1.83 to −1.01)

VL/W [L/kg] −0.40 −105.1 (−129.2 to −81.11) −0.23 (−0.67 to 0.22)

Abbreviations: ALBI = albumin-bilirubin; CI = confidence interval; ICGR15 = indocyanine green retention at 15 minutes.
Least-squared fitting of the global measures (log[ICGR15] or ALBI) from the given measure using the equation: global
measure = slope £measure + intercept. The fits ignore the outliers marked in Figures 3 and 4. W represents the patient weight.
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planning and avoiding liver injury, assume uniform
hepatic function distribution over the liver volume.5,30,31

Although in most metastatic cases liver function is likely
uncompromised outside the region of the tumor, this is
not the case for patients with primary liver cancer. Not
considering function distribution in the liver volume
could risk overestimation of liver function. As previously
mentioned, patients treated for HCC are likely to have
preexisting cirrhosis, resulting in significant compromise
to liver function outside regions directly affected by the
tumor. In this study, we showed that liver volume was
poorly correlated with total function measured by ICG or
ALBI, which was similar to prior studies,27-29 suggesting
liver volume is a poor marker for liver function. There-
fore, a measurement of the regional hepatic function
needs to consider more than liver volume alone.

MRI and SPECT imaging techniques have been used to
measure spatially resolved liver function.20,32 DGAE MRI
scans allow assessments of hepatocyte function through
contrast uptake, rather than assuming uniform function
or interrogating the “plumbing” of the liver as in perfu-
sion studies. Quantitative assessment of the extent of
function in the regional units (voxels) allows one to com-
pute a sum of the function of units as a measure of global
liver function. Various models can determine uptake rate
(eg, DITC, LSITC, DITC with bidirectional exchange or
efflux terms). The robustness of these models is critical in
ensuring a well-informed treatment plan for every patient.
Although we initially predicted summed volumetric
uptake rate would correlate well with global function, a
stronger correlation was found for k1VL than for k1Vdis.
Both uptake-based measures benefited from normaliza-
tion by patient weight, particularly compared with
ICGR15.

Other quantitative or semiquantitative methods have
been used to derive metrics from DGAE MRI, for exam-
ple, hepatic extraction fraction, liver-to-spleen ratio, and
hepatocyte transport indices. Hepatic extraction fraction
and liver-to-spleen ratio, although showing promise in
prediction of global liver function in patients with good
liver function,27-29,33,34 do not differentiate contrast
uptake by parenchyma from contrast in blood plasma,
and the latter assumes conformity to flow enhancement
in the spleen. Although semiquantitative measures benefit
from simplicity, they are more scanner- and acquisition-
dependent measures.35 Another study performed a vol-
ume of interest based uptake rate calculation using static
gadoxetic acid enhanced images and T1 relaxometry dur-
ing hepatobiliary phase.36 The volume-based uptake rate
calculation does not account for the spatial contribution
of hepatic function and cannot provide regional liver
functional distribution to guide RT planning. The LSITC
model can overcome these challenges and is less sensitive
to temporal resolution of dynamic scans and arterial input
function, providing robust voxel-by-voxel estimation in
the gadoxetic acid uptake rate.

Previous work has shown strong correlation between
global function and mean perfusion.11,15 However, these
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studies have had relatively small sample populations with
higher liver function and lower rates of HCC and cirrhosis
compared with this study. These studies found linear cor-
relations of 0.70 (17 patients) and 0.92 (9 patients)
between ICG rates and mean global kpv, but had a lower
representation of patients with HCC, and, predictably,
lower rates of respective pretreatment cirrhosis, 35% and
11%, compared with 83% in the present study. A similar
reality can be observed in ICGR15, where the 2 prior stud-
ies had respective ICGR15 ranges of 6.72% to 53.18% and
9.92% to 34.43%, compared with 4.04% to 82.3% in this
study. Although cirrhosis does result in compromised
portal venous perfusion,37 that doesn’t necessarily indi-
cate that the level of functional compromise is predictable
via the level of compromise in perfusion. The presence of
high perfusion in these regions does not indicate healthy
uptake. Correspondingly, it is possible for losses in func-
tional hepatocytes to be mismatched from restricted perfu-
sion as disease progresses (see the second column of Fig 1).
Wang et al14 used portal venous perfusion to create func-
tional probability maps, with good correlation to ICG rates.
However, their analysis showed increased uncertainty for
patients with HCC, which is consistent with the failure in
this study to replicate the strong correlations found between
ICG retention rates and mean perfusion in healthier, noncir-
rhotic patient populations. Added to the findings of Wang
et al, the results of this study indicate that perfusion is not a
reliable indicator of function in populations with poor liver
function and cirrhosis.

There are limitations in fitting the DITC model,
including both perfusion and contrast uptake rate
from DGAE MRI, which requires more precise tempo-
ral characterization of the portal venous and arterial
input functions. Many examinations were not success-
fully fit via the DITC model, which is unsurprising
given its complexity. We should particularly expect
difficulty in differentiating ka and kpv when Ca and Cpv

are very similar. In cases where perfusion is the
desired measure, gadoxetic acid is the preferred con-
trast, but because it is not a hepatobiliary contrast
agent, it precludes derivation of uptake rate. Use of
gadoxetic acid in this instance allowed for direct com-
parison in a single scan without registration considera-
tions and is justified when regional liver function is
the desired measure. If the gadoxetic acid uptake rate
is the primary interest, LSITC provides more robust
estimation.
Conclusions
Gadoxetic uptake is promising in regional and global
estimation of liver function, including “functional
reserve.” This is especially relevant when liver function is
highly compromised and heterogeneous, where the
uptake-based measures are most reliable.
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