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Functional liver parenchyma can be damaged from treatment of liver
malignancies with °°Y selective internal radiation therapy (SIRT). Eval-
uating functional parenchymal changes and developing an absorbed
dose (AD)-toxicity model can assist the clinical management of
patients receiving SIRT. We aimed to determine whether there is a
correlation between °°Y PET AD voxel maps and spatial changes in
the nontumoral liver (NTL) function derived from dynamic gadoxetic
acid-enhanced MRI before and after SIRT. Methods: Dynamic
gadoxetic acid-enhanced MRI scans were acquired before and after
treatment for 11 patients undergoing °°Y SIRT. Gadoxetic acid uptake
rate (kq) maps that directly quantify spatial liver parenchymal function
were generated from MRI data. Voxel-based AD maps, derived from
the ®°Y PET/CT scans, were binned according to AD. Pre- and post-
SIRT ky maps were coregistered to the AD map. Absolute and per-
centage k4 loss in each bin was calculated as a measure of loss of liver
function, and Spearman correlation coefficients between k; loss and
AD were evaluated for each patient. Average k4 loss over the patients
was fit to a 3-parameter logistic function based on AD. Patients were
further stratified into subgroups based on lesion type, baseline albu-
min-bilirubin scores and alanine transaminase levels, dose-volume
effect, and number of SIRT treatments. Results: Significant positive
correlations (p = 0.53-0.99, P < 0.001) between both absolute and
percentage k4 loss and AD were observed in most patients (8/11). The
average ki loss over 9 patients also exhibited a significant strong cor-
relation with AD (p = 0.92, P < 0.001). The average percentage k; loss
of patients across AD bins was 28%, with a logistic function model
demonstrating about a 25% k; loss at about 100Gy. Analysis
between patient subgroups demonstrated that k; loss was greater
among patients with hepatocellular carcinoma, higher alanine trans-
aminase levels, larger fractional volumes of NTL receiving an AD of
70Gy or more, and sequential SIRT treatments. Conclusion: Novel
application of multimodality imaging demonstrated a correlation
between *°Y SIRT AD and spatial functional liver parenchymal degra-
dation, indicating that a higher AD is associated with a larger loss
of local hepatocyte function. With the developed response models,
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PET-derived AD maps can potentially be used prospectively to iden-
tify localized damage in liver and to enhance treatment strategies.
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Selective internal radiation therapy (SIRT) with °°Y is an effec-
tive treatment for patients with unresectable primary or metastatic
liver cancer. During SIRT, intraarterial administration of *°Y
microspheres leads to preferential deposition of microspheres and
absorbed dose (AD) in and around tumors (/). However, on the
basis of the surrounding arterial blood supply, some of the micro-
spheres can deliver dose to nontumoral liver (NTL), resulting in
radiation-associated toxicity to the NTL (2). Despite the potential
for local heterogeneity, historically only mean AD within the NTL
has been analyzed in correlation with the whole-liver toxicity bio-
markers for dose—toxicity evaluation (3—7). As a tool for establish-
ing a dose—toxicity relationship for the NTL, post-SIRT dosimetry
based on *°Y PET/CT could be valuable, given its ability to cap-
ture the AD heterogeneity at the voxel level (/,8). Analysis of
voxel level dosimetry and association with spatial liver parenchy-
mal function can enable refinement of treatment strategies and mit-
igation of potential radiation-associated toxicity. This includes
identifying high-functioning liver parenchymal regions receiving
low doses (9), which can be spared in subsequent single- and mul-
timodality treatments.

Imaging techniques for quantifying regional liver function include
dynamic **™Tc-iminodiacetic acid SPECT/CT (10) and dynamic
contrast-enhanced MRI (7/-13). MRI-based techniques that assess
liver function are based on contrast uptake by hepatocytes and
demonstrate distinct advantages over SPECT/CT, including higher
image resolution and higher soft-tissue contrast. Portal venous per-
fusion maps from dynamic contrast-enhanced MRI have been used
as a surrogate of liver function (/7). More recently, techniques for
estimating direct hepatic parenchymal uptake have been developed
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using dynamic gadoxetic acid—enhanced (DGAE) MRI, which
applies a hepatobiliary contrast agent that is specifically absorbed
and excreted by functioning hepatocytes. With DGAE MRI, gadoxe-
tic acid uptake rate (k;) maps can be derived, which uniquely allow
for direct assessment of spatial liver parenchymal function (12,13).
Prior studies have established a correlation between degradation
of regional liver parenchymal function, assessed via DGAE MRI,
and radiation dose from stereotactic body radiation therapy (SBRT)
(14). However, the impact of AD on regional liver function in the
context of *°Y SIRT remains unclear. Combining post-SIRT voxel
level dosimetry with spatial k; maps could assist in improving the
current clinical understanding of radioembolization-induced hepato-
toxicity. In this pioneering study, we aimed to use multimodality
imaging to establish a correlation between the voxel-level AD in
the NTL from °°Y PET/CT and the spatial liver function deteriora-
tion, that is, k; loss from DGAE MRI before and after *°Y SIRT.

MATERIALS AND METHODS

Patient Population

Eleven patients with hepatocellular carcinoma (HCC) or metastatic
liver cancer received *°Y SIRT along with pre- and posttreatment
DGAE MRI scans from 2020 to 2023 as part of a prospective clinical
trial (ClinicalTrials.gov identifier NCT04518748) (Supplemental Tables 1
and 2; supplemental materials are available at http:/jnm.snmjournals.
org). All patients signed an Institutional Review Board—-approved
informed consent form and met prespecified inclusion criteria (/5). Ten
patients received either a single-hepatic-lobe or segmental treatment or
2 sequential bilobar treatments with about a 1-mo interval. One patient
underwent 2 sequential unilobar treatments with about a 1-mo interval
to administer microspheres through multiple arterial blood supplies to a
single lesion. °°Y glass microspheres (TheraSphere; Boston Scientific)
were prescribed for each treatment session following standard dosimetry
practices at the discretion of the treating clinician (/6). The adminis-
tered activity ranged from 0.92 to 5.97 GBq (median, 3.28 GBq) per
treatment. Liver parenchymal function and injury were assessed by

various biomarkers before the °°Y SIRT (Supplemental Table 1) and at
1, 3, and 6 mo after therapy. These included common liver enzymes
(alanine transaminase [ALT] and aspartate aminotransferase [AST]) and
validated clinical scoring systems with prognostic relevance among
patients with liver disease, including the albumin—bilirubin (ALBI)
score ([log10 bilirubin (umol/L) X 0.66] + [albumin (g/L) X —0.085])
(17) and the Child—Pugh score.

DGAE MRI Acquisition and Processing

DGAE MR images of the liver were acquired about 1 wk before
and about 1 mo after completion of SIRT. After a median of 18 min
following intravenous injection of a single standard dose of gadoxetic
acid (Eovist; Bayer Healthcare Pharmaceuticals Inc.), patients under-
went the DGAE MRI scans on a 3-T scanner (Skyra; Siemens Healthi-
neers). The DGAE MRI sequence was adapted from Simeth et al.
(13), for example, an echo time/repetition time of 1.16/2.68 ms, a flip
angle of 13.5°, a median temporal sampling rate of 8.8 s, a matrix size
of 384 X 384 X 64, and a voxel size of 1.09X 1.09 X 3.5-4.2 mm.
Reference MRI volumes were selected for pre- and post-SIRT time-
seriecs DGAE MRI volumes. A rigid registration method, outlined by
Johansson et al. (/8), was used to register the DGAE MRI volumes to
the reference volume for breathing motion correction, yielding accept-
able results after review by the technologist for the current patient
cohort. However, if the results were deemed unacceptable because of
obvious misregistration for a patient, an in-house—developed deform-
able motion correction in k-space would be used as an alternative (/9)
in our general practice. Details of the k; map generation process have
been reported previously (/2,13). Briefly, the gadoxetic acid k;, that is,
k; maps (mL/100 g/min) quantifying liver function spatially, was derived
by modeling DGAE MRI volumes through a single-input 2-compartment
model. This process also facilitated the creation of blood distribution
volume (v4;s) maps for reference in excluding main vessels in the NTL
mask. Subsequently, k; and v4;s maps before and after SIRT were core-
gistered along with the rigid coregistration of corresponding reference
MRI volumes (Fig. 1, step 1) using an in-house software (imFIAT) that
has been rigorously evaluated in collaborative projects of the Quantita-
tive Image Network of the National Cancer Institute (/4).
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FIGURE 1. Flowchart illustrating correlation process between %Y AD and k; maps. Steps 1 and 2
involve aligning post-SIRT k4, pre-SIRT k4, and AD maps through coregistration of DGAE MRI and
CT images. In step 3, liver is delineated on CT, excluding lesions and main vessels segmented on
diagnostic MRI and vg;s maps. Step 4 entails mapping refined NTL regions onto both ks and AD

maps for correlation analysis in step 5.
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using deep learning—based segmentation tools (MIM Software Inc.)
for registration guidance. Then, the reference MRI volumes were core-
gistered to the CT images using the surface-based rigid or regularized
deformable registration in MIM software (Fig. 1, step 2). Subse-
quently, k; maps and v4;s maps were aligned to AD maps and linearly
interpolated to match their size.

Lesions were contoured by an experienced radiologist on baseline
MR images or contrast-enhanced CT images and transferred to the CT
of the PET/CT. To mitigate edge artifacts in k; maps, spill-out effects,
and blurring of lesions on NTL in AD maps, the NTL masks were cre-
ated by contracting the liver contour by a 0.5-cm margin and exclud-
ing the lesion contours expanded by 1 cm (/4). Additionally, as a k;
map is valid for assessing the function of only nontumoral hepato-
cytes, main vessels were excluded from the NTL mask by excluding
voxels with vg;s values of less than 0.02 or more than 0.25 for refine-
ment (Fig. 1, step 3) (/3). For patients with unilobar involvement in
SIRT, the NTL mask was further split into treated and untreated lobes.
The NTL area was then mapped out for AD and pre- and post-SIRT
k; maps (Fig. 1, step 4).

Data Analysis

Dosimetry Metrics. Dose—volume histogram metrics, including
mean AD and minimum AD to percentage NTL volume (from 30% to
90% with increments of 20%), were computed to provide additional
insights into the AD distribution among patients. The percentage of
the whole NTL volume receiving at least 70 Gy (denoted as Vg gy in
%) were also evaluated, as 70 Gy has been suggested as the AD limit
of NTL for SIRT (4).

Regional Liver Function—to—Dose Correlation Analysis. To
analyze the regional function degradation after *°Y SIRT for individ-
ual patients, the AD maps were binned in 5-Gy increments from 0 to
100 Gy, in 10-Gy increments from 100 to 150 Gy, and in 25-Gy incre-
ments for more than 150 Gy for noise reduction in higher-AD regions
with a smaller number of voxels. Additionally, bins encompassing
fewer than 100 voxels (equivalent to 0.19 cm?®), potentially more sub-
jective to noise, were excluded from the study. k; maps of both
pre-SIRT and post-SIRT were spatially binned on the basis of the AD
binning, and the k; values were averaged over each bin. Both the
absolute loss (Eq. 1) and percentage loss (Eq. 2) of mean k; values
before and after SIRT were calculated. This strategy of binning first
and then subtracting was confirmed to be more robust against noise
and misregistration (/4):

Aky,;(mL/100 g/min)=Kk}"s —kb""

i

Eq. 1

Aky (%) = (K]S —KE*) /K" X 100, Eq. 2

N
where ki'; and k‘ljf’f[ stand for the mean k; in the i-th dose bin before and
after SIRT, respectively. In patients with unilobar treatment only, the k;
loss of the untreated lobe (~0 Gy) was calculated and compared with the
first bin in the treated lobe, that is, low-AD (=5 Gy) region. The linear
regression model and Wilcoxon signed-rank testing were applied to assess
numeric and statistical differences, respectively. If there was no obvious dis-
crepancy in the values or a statistically significant difference (P > 0.05), the
untreated lobe was combined with the treated lobe to incorporate more
volume for greater correlation assessment.

The Spearman correlation analysis was used to evaluate the rela-
tionship between k; loss and AD for each patient.

For evaluation of the entire patient cohort, the absolute/percentage
k; loss and AD were averaged over all patients for each bin, denoted
as El,i and AD;, respectively. To develop a dose-function response
model, a 3-parameter logistic function (Eq. 3) was fit, based on
normal-tissue complication probability modeling:

- a

Akli_

= Eq.3
T 14e(De—AD:) [y
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where a represents an asymptote indicating the maximum achievable k;
loss, D, denotes a characteristic dose at 50%-asymptotic height of the max-
imum loss, and <y is proportional to the inverse of the dose—response slope
at D... This function was fit by applying a nonlinear least-squares function
implemented in R (27). The goodness of fit was assessed using the coeffi-
cient of determination R*> by the aomisc package in R (22) and the SE
of fit variables. The k; loss averaged over all patients and all bins was
computed for comparison. The patient cohort was further stratified into
subgroups based on specific characteristics, including HCC or liver metas-
tases, baseline ALBI scores, baseline ALT and AST levels, dose-volume
effects (V79 gy), and single versus sequential treatments. ALBI scores,
ALT and AST levels, and V; g, subgroups were defined using their
respective median values as thresholds to ensure balanced subgroup sizes.

Global Liver Function Assessment Comparison. Global liver
function measured through imaging (k; maps) and biomarkers (ALBI
scores) was compared. Mean k; multiplied by NTL volume (k; V) as
functional volume (/3) were calculated before and after SIRT, and the
difference represented global ki loss. Meanwhile, the change in ALBI
scores after SIRT, corresponding to the time of the second DGAE
MRI acquisition, was computed relative to the baseline. Pearson corre-
lation analysis was performed between k;Vi loss and the ALBI
score increase.

RESULTS

Dosimetry Metrics

The dose—volume histogram plots and metrics in the entire NTL,
including mean AD, D,, (xx = 30%, 50%, 70%, and 90%), and V-
Gy for 11 patients, are shown in Supplemental Figure 1 and Supple-
mental Table 2, respectively. The median value of the mean AD of
the whole NTL was 35.1 Gy (range, 2.4-61.6 Gy), The median value
of V0 gy was 7.8% (range, 0%-35.0%).

Regional Liver Function-to-AD Correlation Analysis

Individual Patient Assessment. The linear regression analysis
between kj loss in the low-AD (= 5 Gy) region of the treated lobe
versus the untreated lobe (Fig. 2) for 7 patients who received only
unilobar treatment demonstrated an approximate line of equality
(slope, 1.01; intercept, —3.83%). This trend suggested nearly iden-
tical k; loss between the low-AD region of the treated lobe and
the untreated lobe. Additionally, no statistically significant differ-
ence was observed between the two (P = 0.237 for Wilcoxon
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FIGURE 2. Scatterplot of k¢ loss in low-AD (=5Gy) region of treated
lobe vs. untreated lobe. Best-fit line (solid line) combines with its 95% ClI
(gray area) as linear regression model.
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than did those with an ALT of less than

FIGURE 3. Sample visual correlation of °°Y AD maps (A) and percentage k; loss (B) in refined NTL
area, overlaid with isodose lines. Central hepatic region (segment 8) with higher AD presents larger k4
loss. Percentage ki loss map is shown to visually illustrate its association with AD but was not

directly used in correlation calculation analysis.

signed-rank test). Consequently, the untreated lobe was included
in the correlation assessment between k; loss and AD.

Visual correlation between the percentage k; loss and AD maps
in the refined NTL area, overlaid with isodose lines, is shown for
a sample patient (patient 2) in Figure 3.

Scatterplots and Spearman correlation coefficients illustrate the
relationship between k; loss and AD for 11 patients in Supplemen-
tal Figure 2 and Table 1, respectively. A significant and strong
positive correlation (p > 0.5, P < 0.001) between both absolute
and percentage k; loss and AD was observed in most patients
(8/11), whereas 3 patients exhibited a poor or negative correlation.
Most patients showed regional liver function degradation, particu-
larly in higher-AD regions, except for 2 patients (patients 7 and 11)
who demonstrated globally increased k; values after SIRT and were
subsequently excluded from the grouped assessment because of this
unexpected behavior.

Grouped Patient Assessment. Both absolute and percentage k;
loss averaged over 9 patients exhibited a significantly strong posi-
tive correlation with the AD in the NTL (Fig. 4), with p values of
at least 0.92 (P < 0.001) (Table 2). Logistic function modeling for
k; loss and AD demonstrated an R? value of at least 0.91 for the
percentage and absolute k; loss. The fit variables are given in Table 2.
The average absolute and percentage k; loss over 9 patients across
all AD bins was 2.2 mL/100 g/min and 28.1%, respectively.

Stratifying by patient characteristics, we found that most sub-
groups demonstrated a significantly strong correlation between AD
and both absolute and percentage k; loss (p > 0.9, P < 0.001)
(Supplemental Table 3), as well as a high R* for logistic model fit-
ting (=0.79), except subgroups with an ALBI of at least —2.93 and
a lower V7o g,. Because patients stratified by baseline ALT had
results similar to those stratified by baseline AST, only the results of

45IU/L. In contrast, the subgroup with a
baseline ALBI score of at least —2.93 pre-
sented a smaller k; loss than did the sub-
group with an ALBI lower than —2.93. A
lower V7 g, was associated with a generally
smaller k; loss than was a higher V7, g,.
Additionally, patients with 2 sequential treatments demonstrated a
larger k; loss than did patients with a single treatment.

Global Liver Function Assessment Comparison

Liver function changes after SIRT derived by imaging (k;
maps) and biomarkers (change in ALBI score) showed a positive
correlation (» = 0.60) for all 11 patients (Fig. 6), that is, a larger
k, VL loss with increasing, less negative, ALBI scores (indicating
rising bilirubin and lower albumin levels).

DISCUSSION

This study incorporated information from multimodality imag-
ing (PET/CT and MRI) to establish a dose—toxicity relationship
within normal liver after °°Y SIRT; to our knowledge, this was
the first attempt to assess this relationship at a spatial level. We
demonstrated a strong and significant correlation between higher
AD and an increasing k; loss for both individual (p = 0.53-0.99,
P < 0.001 for 8/11) and grouped (p = 0.92, P < 0.001) patient
studies. Additionally, in the grouped patient study, the average
percentage k; loss across AD bins was 28.1%, with a logistic func-
tion model indicating that 25.8% of k; loss occurred at an AD of
102.1 Gy (Table 2).

The consistency for k; loss in the low-AD region of the treated
lobe and untreated lobe suggests that at these low AD levels, k;
loss is primarily the result of natural progression of liver malig-
nancy. As AD levels increased, a corresponding increase in
regional k; loss was observed, mirroring results from a prior study
of patients undergoing SBRT (/4). For patients exhibiting a poor
or negative correlation, potential factors include the relatively
dispersed and small perfused NTL volumes for patients 4 and 8
(~350 cm®) and the narrow NTL AD ranges (0 to ~25 Gy) for

TABLE 1
Spearman Correlation Coefficients Between Absolute and Percentage ki Loss and AD
Patient no.

Loss 1 2 3 4 6 7 8 9 10 11
Absolute k4 0.97* 0.53* 0.79* —0.03 0.93* 0.72* 0.93* 0.09 —1.00* 0.67* 0.91*
Percentage k4 0.98* 0.99* 0.89* 0.17 0.91* 0.76* 0.69* 0.18 -0.70 0.82* 0.89*

*P < 0.001.
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HCC (23-25). One explanation for this
finding is not the HCC itself but the higher
incidence of cirrhosis among the HCC
cohort (2/4 vs. 0/5 for HCC vs. liver
metastases), which would limit the ability
of background liver parenchyma to undergo
repair and regeneration after radiation injury.
Thus, we stratified patients into cirrhosis
and noncirrhosis subgroups, with the cirrho-
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sis subgroup showing a notably larger k;
loss, albeit only 2 patients in our cohort had
cirrhosis (Supplemental Fig. 4).

Child-Pugh scores and ascites were not

FIGURE 4. Absolute loss (A) and percentage k4 loss (B) vs. AD in NTL for 9 patients, with average
and SD computed over all k; measurements. Red lines indicate fit 3-parameter logistic curves. Data

point radius is proportional to patient count included in each bin.

patient 9, which may not provide enough sampling to establish a
robust correlation. Generally, liver function degraded after therapy
(i.e., lower k; values after SIRT for all except patients 7 and 11).
This is an expected occurrence, inherent in SIRT, in the setting of
radiation-induced liver injury. Interestingly, both patients who saw
an unanticipated rise in k; values had received prior antivascular
endothelial growth factor therapy with bevacizumab. It is possible
this drug altered the vascular response or recovery after SIRT
(which may alter enhancement and therefore k; values on DGAE
MRI), although the small number of patients limits confident
assessment. Nonetheless, the potential of such immunotherapy to
generate spurious results warranted exclusion of these patients
from our overall dose-response analysis.

For the grouped study, both curves in Figure 4 resemble a logis-
tic function. Initially, there is a sharp rise in k; loss for an AD of
less than 100 Gy, signifying pronounced functional decline. As
AD increases, the rate of change in k; loss slows at about 200 Gy,
indicating milder functional decline. However, fluctuations occur
thereafter and are particularly notable after 400 Gy, which could
be attributed to the reduced patient count within those bins. Speci-
fically, large changes in slope at about 180 and 480 Gy may be
attributed to patient dropout at higher-dose bins, marked by higher
k; loss than in other patients. This possibility also may explain the
slope change in Figures 5B and 5D at about 180 Gy.

Patient characteristics influenced the extent of k; loss in
response to AD (Fig. 5). The HCC group exhibited a more pro-
nounced k; loss, a more severe maximum liver function decline
(o), and a lower AD to reach half this decline (D,), than did the
liver metastasis group, suggesting higher sensitivity to radiation in

used as stratification criteria because of
limited variation (8/9 with A5 and no asci-
tes). ALBI scores served as a surrogate for
liver function over time and have been
predictive of radiation-induced liver injury
in HCC patients (/7). Surprisingly, patients with initially normal
ALBI scores showed higher k; loss, possibly because of having
more functioning hepatocytes at baseline and, thus, a higher rela-
tive liver parenchymal loss resulting from any radiation-induced
injury. However, the low median baseline ALBI score used as our
cutoff (—2.93) and the limited number of cirrhosis and HCC
patients in our study may make this score less reliable for predict-
ing liver dysfunction in this subset. Conversely, higher baseline
ALT and AST values were both associated with greater k; loss;
because these markers indicate acute hepatocellular injury or cell
death, it is unsurprising that subsequent radiation treatment would
accentuate loss of liver function.

Regarding dose—volume effects, patients with a larger relative
volume of the NTL receiving 70 Gy demonstrated generally larger
k, loss and derived a. This implies a volume-based correlation
between total irradiated volume and hepatic function damage,
which is supported by prior studies (23,26). For assessment inter-
vals, patients with sequential treatments had a longer (~3-mo) gap
between pre- and post-SIRT MRI scans, whereas those with a sin-
gle treatment had scans about 1mo apart. Greater k; loss among
the group with the sequential treatments also suggests that liver
function could decline over time, compounding the effects of AD.
However, the liver is known for its dynamic vascular reorganiza-
tion and regeneration, which likely affects the comparison of these
scans. Thus, a more detailed time interval stratification could be
designed and assessed for a larger patient population in the future.

A comparison of the change in global liver function before and
after SIRT estimated by k; maps and ALBI scores yielded a corre-
lation of 0.60 (Fig. 6), consistent with the results of a previous

TABLE 2
Spearman Correlation Coefficients and 3-Parameter Logistic Model Fit Variables for Grouped 9 Patients

Fit variable
Loss p a D, (Gy) v (Gy) R?
Absolute k4 0.93* 4.0 mL/100 g/min (0.1) 106.5 (10.1) 115.5 (13.2) 0.92
Percentage k 0.92* 51.6% (1.3) 102.1 (10.1) 105.6 (13.2) 0.91

*P < 0.001.
Data in parentheses are SE.

1228

THE JOURNAL OF NUCLEAR MEDICINE * Vol. 65 « No. 8 + August 2024



HCC
4 Liver matastases

Baseling ALT 2 45 UL
4~ Basaling ALT < 45 UL

20 20 20
[ 200 400 800 800 a 200 400 & 800 [
Non-tumoral liver absorbed dose (Gy) Non-tumoral liver absorbed dose (Gy)
D. E
Vigoy = 6%
4+ Vg <8%
80 807
0 &
£ a0 £
8 g g g
= 2| sl Ly = 200 Gl
Y -
a o
20 20!
[] 200 400 660 810 [ 200 400

Non-tumoral liver absorbed dose (Gy)

Ky loss (%)
e B
1\
N
Ky loss (%)
2 ¥
1N
.
Ky loss (%)
o B

Sequential troatments
+- Single treatment

Non-tumoral liver absorbed dose (Gy)

images and basal bilirubin (=1.1 mg/dL)
were reported as prognostic indicators for
liver decompensation in patients with
| 1 HCC. To explore this further, we stratified
our patients into similar subgroups based
on baseline bilirubin and found that
patients with bilirubin of at least 1.1 mg/
dL exhibited a larger percentage k; loss
(Supplemental Fig. 5). However, with
only 2 patients within this subgroup, only
a limited assessment could be performed.
In an ongoing clinical trial (NCT04518748)
of combinational therapy, the SBRT plan-
ning after SIRT is optimized to spare high-
functioning regions of the liver based on
pre-SBRT k; maps. The spatial level dose—
w0 toxicity correlations demonstrated in the
current study could further facilitate refine-
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FIGURE 5. Percentage k; loss vs. AD in NTL for 9 patients subgrouped by HCC and liver metasta-
ses (A), baseline ALT = and < 451U/L (B), baseline ALBI score = and < —2.93 (C), V7o gy above and
below median V7o @, (D), and single and sequential treatments (E). Dashed lines indicate fit
3-parameter logistic curves. Data point radius is proportional to patient count included in each bin.

study (/3). Notably, the largest increase in ALBI score after SIRT
was only 0.34, which may be reasonable considering most patients
had good baseline liver function and all patients received a mean
AD of less than 70 Gy. However, because of the heterogeneous
distribution of AD and functional tissue in the NTL, radiation-
induced liver damage may not be sufficiently captured by the
ALBI biomarker. Furthermore, the regional dose—toxicity relation-
ship for the NTL after SIRT in this study was more pronounced
than in a prior study of whole-liver dose—toxicity relationships
among patients with colorectal liver metastases by Alsultan et al.
(3). They correlated the mean AD in the NTL from °°Y PET/CT
images with toxicity grades and changes in general liver biomark-
ers, such as total bilirubin, but a reliable association was not well
established. In another study, by Chiesa et al. (4), the mean ADs
in the NTL based on **™Tc-macroaggregated albumin SPECT/CT
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FIGURE 6. Scatterplot of global liver function changes after SIRT
derived by ky maps vs. change in ALBI score. Best-fit line (solid line) com-
bines with its 95% CI (gray area) as linear regression model.

SIRT AD LiNkS To SPATIAL LivErR FUNCTION ¢

ment of SIRT dose selection and post-SIRT
treatments, including SBRT. However, stud-
ies with larger patient cohorts are needed to
establish the current findings. The small
patient cohort limits statistical analysis and
may compound errors in the analysis. Besides, there is a high varia-
tion in k; loss among individuals, as inferred from the large SD of k;
loss when averaging over patients. Although a mixed model consid-
ering the dose as the fixed effect and patient as the random effect has
been preliminarily explored, the limited number of patients rendered
the modeling unrobust. An additional limitation associated with the
small sample is that we chose to stratify subgroups on the basis of
median values to ensure balanced groups, although a different
approach (e.g., grade for ALBI) may be more relevant.

Another limitation is potential misregistration between single-
and multimodality images due to involuntary and voluntary patient
motion (27) and to hepatic volume changes (28), even with careful
registration efforts. Our study used rigid registration between pre-
and post-SIRT MRI scans, with results deemed acceptable after
review by the technologist. However, further improvement may be
achieved through nonrigid methods, which can better accommo-
date the deformable liver shape during patient motion, despite
requiring careful deformation constraints and smoothness to avoid
artifacts. To further alleviate the impact of misregistration, a bin-
ning strategy (/4) was implemented by aggregating voxels with
similar AD and spatial proximity into regions within a bin, which
reduces susceptibility to misregistration compared with individual
voxels. Motion correction strategies such as data-driven gating
(29) were not used in this study because of lack of validation for
90Y with low-count statistics. However, the impact of motion in
%0y SIRT imaging may be less significant given the 5-mm image
filter and the large untreated liver volumes in some patients. More-
over, a single snapshot of DGAE MRI was obtained after the com-
pletion of treatment, limiting this study to a short-term hepatic
function assessment, whereas long-term dysfunction could be fur-
ther explored.

Considering the technical aspect of this study, implementing
DGAE MRI in clinical settings involves straightforward proce-
dures for image acquisition and pharmacokinetic modeling. How-
ever, motion correction may present challenges and currently
requires custom software, particularly if addressing respiratory
motion in k-space. Additionally, advancements in newer genera-
tions of technology (&) offer superior sensitivity and event
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statistics, particularly beneficial for *°Y imaging. This facilitates
achieving smaller voxel sizes while maintaining or enhancing
signal-to-noise ratio. Consequently, we may be able to include the
smaller dose-voxel bins (<100 voxels) that we currently exclude
from our model. Furthermore, a smaller postprocessing filter ker-
nel size may suffice, helping to maintain a higher spatial resolution
in PET images and subsequent AD maps in the future.

CONCLUSION

In this pioneering study, information derived from multimodal
imaging facilitated the correlation of regional liver function degra-
dation, as quantified through DGAE MRI, with voxel-level AD in
the NTL as determined by °°Y PET/CT images after °°Y SIRT.
Higher AD levels are associated with a larger loss of liver func-
tion. Modeling demonstrates that patients with certain characteris-
tics, such as HCC and a larger NTL fractional volume receiving
an AD of 70 Gy or more and sequential SIRT treatments, could
experience greater loss of liver function after treatment, warranting
greater attention for their treatment. Future research with the inclu-
sion of a larger and more diverse patient population is warranted
to verify these findings.
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KEY POINTS

QUESTION: Is there a correlation between the *°Y PET/CT-
derived AD to the NTL and spatial liver function deterioration as
assessed by dynamic MRI after *°Y SIRT?

PERTINENT FINDINGS: A direct correlation between regions of
higher ADs and increased liver function deterioration after SIRT
has been demonstrated, with notably severer hepatic function loss
in patients with HCC than in those with liver metastases.

IMPLICATIONS FOR PATIENT CARE: The nonuniform hepatic
function loss is induced because of heterogeneous AD deposition.
The spatial dose-toxicity information can potentially be used to
enhance °°Y SIRT strategies, including combination therapy.
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