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ABSTRACT ARTICLE HISTORY
Background: Stereotactic body radiotherapy (SBRT) is an effective therapeutic approach in patients Received 11 October 2022
with liver metastases. However, long-term changes in hepatic normal tissue have to be taken into Accepted 1 March 2023
account in multimodal treatment regimes. Magnetic-resonance-imaging (MRI) based morphologic liver
alterations (MMA) after liver SBRT have been analyzed longitudinally.

Material and methods: 57 patients treated with gantry-based or robotic-based SBRT of 69 treatment
volumes of liver metastases, who had long-term follow-up (FU) >6 months were included in this retro-
spective analysis. Post-SBRT MMAs were contoured on each contrast-enhanced-T1-weighted (T1w)
MRI-sequence. Morphologic/volumetric data of the liver and MMAs were evaluated longitudinally,
including the dependency on treatment-related factors of the planning target volume (PTV) and liver.
Results: The median FU time was 1year [6-48 months]. 66 of 69 treatment volumes developed MMAs
(mean 143.8+135.1 ccm at first appearance). 31.8% of MMAs resolved completely during FU. Of the
persisting MMAs 82.2%/13.3% decreased/increased in size until last available FU. Morphological charac-
terization of the MMAs at first appearance included 75% hypointense and 25% hyperintense T1w-MRI-
based appearances. Hypointense as compared to hyperintense appearance was significantly associated
with a higher mean liver dose EQD2,,3 36, (p=0.0212) and non-significantly greater MMA size.
Variance analysis demonstrated a significant reduction of MMA and total liver volume after SBRT
(p <0.0001). The volume reduction decelerated longitudinally for both MMA (p < 0.0001) and liver size
(p =0.0033). Radiation doses (PTV-BED,,p_3cy and 10Gy) Were not significantly associated with MMA vol-
ume reduction. SBRT of liver metastases with mean liver dose EQD2,,3_3, > 18 Gy were characterized
by greater MMA volumes (p=0.0826) and steeper MMA reduction gradients during FU than those
with EQD2,/3_36y < 18Gy (p <0.0001).

Conclusion: Radiogenic MMAs either completely resolve or usually decrease in volume with pro-
nounced reduction during short-term FU. This course was independent of the MMA’s morphological
appearance. Further, increased mean liver dose was associated with greater MMA size and a greater
gradient of MMA size reduction during FU.
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Background toxicity by means of radiation induced liver disease (RILD)
reported after SBRT in a non-cirrhotic liver is rare [6]. If tox-
icity occurs in non-cirrhotic patients, it is mostly caused by
violation of dose constraints to surrounding healthy serial
organs such as stomach, intestines and central biliary struc-
locally ablative treatment approach requires specific technical  tyres rather than by toxicity to the liver itself [7]. However,
preparations and quality assurance to ensure precision and radiotherapy in a cirrhotic liver could lead to fulminant typ-
preservation of surrounding normal tissue [4,5]. Overall ical or atypical RILD [6-8]. Radiation tolerance doses of

In the framework of oligometastatic disease, SBRT can be
effectively used for liver metastases with high local control
and low toxicity rates [1-3]. However, the application of this
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cirrhotic or chemotherapy-induced damaged liver is yet to
be specifically quantified [9].

Dose-dependent morphologic alterations of peritumoral
healthy liver tissue corresponding to veno-occlusive disorders
and evidenced by computed tomography (CT) or magnetic
resonance imaging (MRI) have been previously described
with specific focus on the early phase after SBRT [10].
Furthermore, threshold doses for beam-path-like MRI-mor-
phologic alterations (MMAs) at 6-9weeks post-SBRT have
been established at Equivalent Dose in 2Gy fractions with
oa/B=2-3 Gy (EQD2,/3->-3 cy) 38-42Gy for image guided,
gantry-based SBRT (G-SBRT) [11-13] and 79-91 Gy for con-
centric MMAs after robotic SBRT (R-SBRT) [10] for healthy
liver tissue surrounding the gross target volume (GTV).

Post-SBRT transient laboratory alterations, namely albumin
reduction and liver enzymes elevation have been also
observed; nevertheless, a correlation with MMAs has not
been established to date [2,14,15]. Evidence on clinical
impact and evolution of these MMAs remains unclear; they
could, however, serve as an in-vivo surrogate of dose-delivery
accuracy [16].

On this basis, patients with long-term overall survival
should receive regular liver-directed imaging to detect and
document late post-SBRT toxicity, as scarce data are available
for follow-up (FU) periods longer than 2-3 years.

Herein, long-term characterization of the evolution of
post-SBRT MMAs and its correlation to treatment-related fac-
tors from a pooled multicenter cohort treated with actively
motion-managed liver SBRT is reported.

Material and methods

Patient characteristics and longitudinal morphologic
assessment on MRI

Long-term FU (>6 months after treatment) MRIs were eval-
uated retrospectively from a multicenter pooled cohort of
135 patients with a total of 227 liver metastases from diverse
primary tumors, treated with actively motion-managed SBRT.

Long-term MRI-based imaging of 57 patients (long-term
survivors with sufficiently long MRI-based FU) being treated
in 64 radiation series for a total of 69 treatment volumes
(being defined as all directly neighboring liver metastases
being treated within one treatment field) made up of cumu-
lative 88 liver metastases was included in this analysis. The
data collection encompassed 257 MMA 3D-segmentations in
a median of 4 [2-7] control MRIs per treatment volume with
a median FU time of 1year [6 months-4years FU]. Patients
were treated either with G-SBRT (with deep inspiration
breath-hold (DIBH)-gating and ultrasound tracking: 39
patients with 44 treatment volumes) or R-SBRT (with real-
time fiducial tracking: 18 patients with 25 treatment
volumes).

FU MRI examinations were performed at various institu-
tions with homogenized imaging protocols according to
internal guidelines of each center. Transversal, contrast
enhanced T1-weighted sequences after the application of
gadolinium-based contrast agents were used for contouring
of the MMAs. MRI series were reviewed by experienced

radiation oncologists, being specialized in hepatobiliary SBRT,
judging especially contrast enhancement and MMA demarca-
tion as described before [13,16].

All T1-weighted contrast-enhanced MRI sequences were
exported to Velocity 4.0 (Varian Medical Systems, Palo Alto,
USA) and a deformable matching approach was applied, to
ensure that registration suits with the whole liver, in which
MMAs were analyzed. The MMAs visible as transition
between unaffected and morphologically changed liver tis-
sue were delineated on each MRI (encompassing the whole
volume of changes in signal intensity in the liver around the
target volume treated with SBRT). The MMAs’ general mor-
phologic appearance as compared to normal liver tissue in
T1-weighted contrast-enhanced MRI at baseline was analyzed
using an unblinded dichotomized analysis (0/1 = predomin-
antly hyper-/hypointense appearance as compared to normal
liver tissue). The extraction of the total liver volume (includ-
ing the treated liver metastases and MMA thereafter) was
based on MRI scans, and if unavailable on CT scans (treat-
ment planning CT). The volumetric data of both MMA and
total liver were collected for each FU visit.

Baseline parameters of radiation treatment planning, includ-
ing PTV size, dose prescription to the PTV converted to
Biologically effective Dose (BED): PTV-BED,/3_36y and 10Gy and
mean dose exposure to the total liver converted to EQD2
(DmeanL-EQD2,,3_3 c,) were analyzed. The choice of mean liver
dose as a summarizing surrogate parameter for dose exposure
to the liver takes into account, that firstly, dose exposure both
to the total liver and the locoregional healthy liver tissue might
influence the MMA course, and secondly, allows for the robust
comparison by a parameter of daily clinical practice. Dyean-L-
EQD2,/3-36, = 18 Gy was set as a cutoff point in analysis. The
cutoff point was derived from daily clinical practice based on
treatment planning constraints of Koay et al. assuming little
liver impairment (Child-Pugh Score A) with a mean liver dose
of 15Gy in 3 fractions (converted t0 DpeanLl-EQD2,/5—36y =
18 Gy) — correspondingly to Son et al. the total liver mean dose
was evaluated [17,18].

Endpoints and statistical analysis

Volumetric parameters of liver and MMA measured at 3-, 6-,
9-, 12-, 12-24-, 24-36-, and 36-48-months FU time intervals
were analyzed longitudinally by variance analysis with tests
of fixed effects and under consideration of potential cofac-
tors. Post-hoc analysis for multiple comparisons was per-
formed under consideration of Scheffe adjustment.

Subgroup-analysis based on dichotomizing factors of the
investigated collective (morphological appearance by means
of hypo- or hyperintensity, dose exposure to the liver, vol-
ume dynamic and disappearance of the MMAs) were per-
formed by variance analysis with tests of fixed effects:
differences of MMA parameters between the subgroups and
the subgroups’ interaction with time as a parameter of differ-
ent longitudinal gradients were evaluated.

Statistical differences between subgroups were analyzed
by Mann-Whitney U and Kruskal Wallis test. Correlations
were tested by Spearman Correlation Coefficient (CC).



Comparisons of correlations between two subgroups were
performed by covariance analysis. A p-value <0.05 was
assumed for statistical significance. The analysis was per-
formed with SAS (Statistical Analysis System, SAS Institute,
Cary, North Carolina, U.S.).

Results
Descriptive analysis

From the cohort with long-term MRI-based FU, MMAs appeared
in 66 of 69 treated liver treatment volumes after SBRT (64 at
3 months, 1 at 6months and 1 at 9 months FU). The mean PTV
size was 88.8+130.7 ccm, the margin size of CTV (clinical target
volume) to PTV accounted for 3/5/8mm in 7%/65%/28%.
Regarding treatment regime, 18 different dose prescriptions

A-ll 3months
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have been used in the collective — most frequently 5x12 Gy
(37.9%) and 3x15 Gy (16.7%). Generally, mean D-PTV-BED,p_3
gy and BEDgg_10 gy Were 240.9+76.3Gy and 106.6+28.5 Gy.
The mean volume of the MMAs at first appearance was
143.8+135.1 ccm, that characteristically correlated to the deliv-
ered dose with path-like/concentric alterations after SBRT
[10,13]. Exemplified segmentations of MMA course in the FU
are given in Figure 1.

Longitudinal assessment of MMA

The MMA volumes decreased significantly over time from
the mean value 144.9+136.3 ccm at 3months FU to
22.1+52.6 ccm at 3-4years FU (p<0.0001), however PTV
margin size, D-PTV-BED,p—3 ¢y and BEDyp—10 gy Were not
significantly correlated (p=0.0987, 0.9932 and 0.9027). In

A-ll 1 year

Figure 1. Longitudinal course of exemplified MMAs (MR-morphologic alterations) after SBRT: Exemplified imaging of stereotactic radiotherapy of liver metastases
with the longitudinal course of the MMA. Column | demonstrates the dose distribution on the basis of the treatment planning CT (Computed Tomography) scan,
Column Il 3months and 1year demonstrates the longitudinal course of the MMA being contoured with green color. Images of Column Il are at the approximately
same slice localization as compared to Column I. Section A) demonstrates hypointense as compared to Section B) with hyperintense MMA in transversal (first row)

and coronal view (second row).
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Figure 2. Longitudinal course of the mean MMA (MR-morphologic alterations)
parameters and mean MMA changes during the follow-up investigations after
liver SBRT: Mean values with standard deviation are given longitudinally, popu-
lation size is indicated by the number at the top of each column in black color.
The MMA values are given as absolute parameters (ccm) (A) and relative param-
eters (%), equating the relative MMA size in relation to the baseline of first
appearance with 100% (B) at the specific time points. Mean values of ‘Delta
MMA’ parameters (defined as the difference between two consecutive FU time
points) with standard deviation are given longitudinally for the different time
intervals (C). Spearman correlation coefficient (CC) was significant and negative,
demonstrating that the amount of MMA reduction decreases over time and is
more pronounced during short-term FU.

post-hoc comparison, MMA volumes at 3months FU were
significantly different from the FU thereafter (each adjusted
p <0.0001-0.0022). Post-hoc comparisons of the MMAs from
6 months FU onwards were not significantly different.

The longitudinal development with absolute values is
given in Figure 2(A); equating the baseline MMA at first
appearance to 100%, the following MMA volumes in relation
to baseline until 3-4years FU with the mean value of
12.3+£26.8% are given in Figure 2(B).

The absolute differences of MMA volumes (Delta-MMA)
between consecutive FU time points correlated negatively
with the chronological FU time point (Spearman CC —0.5598,
p < 0.0001, Figure 2(C)), thus demonstrating a decrease of
the negative gradient of MMA change from short-term to
long-term FU (e.g, mean Delta_3-6 months = 79.1+75.2
ccm and Delta_6-9 months = 25.1+5.1 ccm).

In the following passages subgroup analyses regarding
the dichotomized factors are described. For each subgroup
analysis the MMA volumes remained significantly dependent
on the time after SBRT (p < 0.0001), except for the subgroup
with increasing MMA volumes during FU (as described in the
consecutive passage).

Subgroup-analysis: morphological appearance of the MMA
Of 66 MMAs, 75% developed hypointense and 25% hyperin-
tense MMAs at baseline appearance. The MMA volumes were
numerically larger for the hypointense subgroup as com-
pared to the hyperintense subgroup (Figure 3(A))
(p=0.1638). The interaction of morphological appearance
and time was not significant (p=0.5163) - that is to say
MMA change over time was not dependent on the morpho-
logical appearance.

Dmean-L-EQD2,,5_3 gy was higher for hypointense as com-
pared to hyperintense MMAs (mean 16.1+8.8 vs. 104+
7.1Gy, p=0.0212). The PTV size (p =0.5170), D-PTV-BED,_3
Gy (p=0.9465) and BED,,/p_10 gy (p=0.9228) were not signifi-
cantly different between both subgroups.

Subgroup-analysis: dose exposure to the liver
Of 66 MMAs, 68.12% were associated with a Dpean-L-
EQD2,/p_36y < 18 Gy.

The MMAs were numerically larger in the subgroup with
Dmean'L-EQD2,/5_3 oy > 18 Gy (Figure 3(B)) (p=0.0826).
However, the interaction of dose exposure to the liver with
time was significantly influencing the MMA volumes
(p <0.0001) - consequently the gradients (MMA change over
time) of the subgroups are different, as demonstrated in
Figure 3(B): The overall decline from 3 months FU to
6 months FU accounts for a reduction from the mean value
107.1£120.9 ccm to 51.9+£85.6 ccm for MMAs with Dpyean-L-
EQD2,/3-3 oy < 18 Gy as compared to the reduction from
217.1+137.4 ccm to 120.5+111.5 ccm for MMAs with Dpean-
L-EQD2,/8_3 gy > 18 Gy.

The MMA subgroup with Dpyean-L-EQD2,5-3 gy > 18 Gy
as compared to the one with <18 Gy was characterized with
significant greater PTV sizes (mean 129.0+82.0 ccm vs.
70.0 £ 145.1 ccm, p < 0.0001) and per definition also Dyean-L-
EQD2,/3_3 gy (Mmean 24.7+5.2Gy vs. 9.5+4.7 Gy, p <0.0001).
D-PTV-BED, 33 o, (mean 233.2+63.5Gy vs. 244.5+81.9Gy,
p =0.4280) and D-PTV-BED,/3_10 gy (mean 103.3+£25.0Gy vs.
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Figure 3. Longitudinal course of the mean MMA (MR-morphologic alterations)
after liver SBRT with regard to different subgroup characteristics: (A)
Morphological characteristics of MMA at baseline after liver SBRT (hypointense
vs. hyperintense signal intensity in contrast-enhanced, T1-weighted MRI
sequence). (B) Dose exposure to the total liver during SBRT (Dpean-L-
EQD2,/3—36y >/< 18 Gy). (C) Disappearance or persistent demarcation of MMA
until last analyzable FU with contrast-enhanced, T1-weighted MRI sequence.
The subgroup comparisons (A-C) are displayed by the allocated color of each
graph (blue vs. red). Mean MMA values with standard deviation are given longi-
tudinally for the different FU points.

108.2 +30.1 Gy, p =0.4127) were not significantly different for
the two subgroups.

Subgroup-analysis: disappearance of MMAs during FU

During FU, a total of 21 (31.82%) MMAs resolved completely
after a median of 12 months [range 6 months-4 years] post-
SBRT. Forty-five (68.18%) MMAs were still present at the last
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included FU MRI analysis (median 12months, range
6 months-4years); from this subcohort the analysis of 9
MMAs in 8 patients was censored at FU investigations after
the diagnosis of hepatic progression (at a median of
9months FU [range 6 months — 24-36 months]). The MMAs
were significantly greater in the subgroup persisting longitu-
dinally until last analyzable FU as compared to those disap-
pearing over time during FU (Figure 3(C)) (p=0.0294).
However, the change of MMA over time was not significantly
different for the subgroups of disappearance (p =0.7430).

To predict longitudinal disappearance based on the first
two FU a binary logistic model was established, within this
model the MMA volumes were non-significant at 3 months
FU (p=0.0948) and significant at 6 months FU (p=0.0097).
The logistic regression model with the formula in Equation
(1) has an area under the curve (AUC) of 0.844.

Prob. of Disappearance
_ Exp(—0.3486 + 0.0130 * MMA3po— 0.0554 * MMAgwo)
" 1—Exp(—0.3486 + 0.0130 * MMAzy, — 0.0554 * MMAgyo)

M

Equation (1) Formula of logistic regression. Calculation of
the probability of disappearance of the MMA (Magnetic res-
onance imaging morphologic alteration) until last Follow-up
(FU). Prob.=Probability, MMAsmceme = MMA at 3 months
and 6 months FU

The MMA subgroups were not significantly different
regarding DpeanL-EQD2,3—3 gy (mean 162+89Gy vs.
12.2+7.6Gy, p=0.1351), PTV volume (mean 101.3+155.0
ccm vs. 72.5%+80.9 ccm, p=0.1699), D-PTV-BED,p—3 ¢y
(mean 253.0+65.7Gy vs. 223.4+90.3Gy, p=0.0654) and
BED,/g—10 @y (mean 111.1+256Gy vs. 100.8+31.4Gy,
p =0.0665). Disappearance of MMA was not significantly dif-
ferent for the different PTV margin sizes (p =0.3881).

Subgroup-analysis: MMA volume dynamic
Of the 45 MMAs, which did not resolve completely until last
included FU, 37 MMAs (82.22%) were found to show volume
reduction until last analyzable FU, while 6 MMAs (13.33%)
increased in volume until last analyzable FU and 2 demon-
strated hepatic tumor progression at second FU after base-
line at 3months FU (4.44%), which is why these two MMAs
could not be included in analysis of volume dynamic.
Regarding the total cohort (including the subgroup of 21
MMAs with disappearance), 9.09% MMAs demonstrated an
increase and 87.88% a decrease of volume over time.
Statistically, in variance analysis, MMA values were not sig-
nificantly different regarding the subgroups of volume
dynamic (increase or decrease of MMA size) (p=0.5111).
However, in the variance analysis of the subgroup with longi-
tudinal decrease, MMAs were significantly different over time
(p<0.0001), the subgroup with longitudinal increase of
MMAs did not show significant changes over time
(p=0.2838). Correspondingly, the interaction of volume
dynamic and time, that is to say the gradient was signifi-
cantly different between both subgroups (p =0.0087).

The subgroup with decreasing MMA volume as compared
to increasing MMA volumes was characterized by
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significantly smaller PTV (mean 84.2+136.5 ccm vs.
156.5+112.0 ccm, p=10.0287); Dmean-L-EQD2,/p_3 Gy (mMean
14.5+8.4Gy vs. 183+ 11.1 Gy, p=0.3690), D-PTV-BED,/p_s qy
(mean 247.5+727Gy vs. 202.0+93.6Gy, p=0.2427) and
BED,/g—10 oy (mean 1095+268Gy vs. 90.8+34.3Gy,
p=0.2151) were not significantly different.

Longitudinal assessment of liver volume

The total liver volumes decreased from the mean value of
1588.6+3455 ccm at treatment planning baseline to
1400.5 £ 250.3 ccm at 3—-4years FU and in relative terms from
100% at baseline (per definition) to 93.0+7.8% at 3-4years
FU (Figure 4(A,B)).

The liver volume decreased significantly over time in vari-
ance analysis (p <0.0001). In posthoc comparison, the liver
volumes at the following FU points until 1-2years FU were
significantly  different from baseline (each adjusted
p <0.0036-0.0481, except for comparison of baseline with
6 months FU, adjusted p=0.0615). The other posthoc com-
parisons of the different FU time points were not signifi-
cantly different. D-PTV-BED,/3_3 gy and BEDyp_10 gy were
not significantly associated with liver volume changes in vari-
ance analysis (p =0.8306 and 0.9250).

The absolute differences (Delta) of liver volume between
consecutive FU time points correlated negatively with the
chronological FU time point (Spearman CC —0.2026,
p=0.0033, Figure 4(C)), thus demonstrating a decrease of
the negative gradient of MMA change from short-term to
long-term FU (e.g, mean value of Delta_0-3months =
76.0+£166.1 ccm, Delta_3-6 months = 19.0 + 163.4 ccm).

The analyzed factors morphological appearance of MMAs
at baseline, disappearance of MMAs until last FU, increase/-
decrease of MMAs until last FU and dose exposure to the
liver with Dmean-L-EQD2,5-3 gy </>18 Gy did not show a
significant influence on the liver volume course after SBRT.

Discussion

To our knowledge, this is the largest long-term assessment
of MMAs after SBRT in a multi-platform patient cohort
treated with comparable techniques regarding accuracy [16].
About 96% of the treated liver metastases demonstrated
acute MMAs in the FU-MRIs; while 32% of the MMAs showed
complete resolution until last available FU. Nevertheless, with
the amount of longitudinal decrease being non-significantly
different between both groups (complete resolution and per-
sistent MMAs until last analyzable FU) a further resolution of
the persistent MMAs is possible. A long-term decline in MMA
reduction could be demonstrated, thus MMA reduction is
pronounced in the first years of FU. Based on the MMA vol-
umes at 3months and 6 months FU, a predictive logistic
regression formula for the probability of disappearance could
be demonstrated. This may potentially increase the future
precision in the differentiation of liver tissue changes in
patients being treated with repetitive SBRT and multimodal
treatment regimen.
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Figure 4. Longitudinal course of the mean total liver volume parameters after
liver SBRT and mean total liver volume changes during the follow-up investiga-
tions after liver SBRT: Mean values with standard deviation are given longitu-
dinally, population size is indicated by the number at the top of each column
in black color. The liver volume values are given as absolute parameters (ccm)
(A) and relative parameters (%), equating the relative liver size in relation to
the baseline at treatment planning (TP) with 100% (B). Mean values of ‘Delta
liver volume’ parameters (defined as the difference between two consecutive
investigation time points from baseline and follow-up) with standard deviation
are given longitudinally for the different time intervals (C). Spearman correl-
ation coefficient (CC) was significant and negative, demonstrating that the
amount of liver volume reduction decreases over time and is more pronounced
during short-term FU.

MMAs with hypointense as compared to hyperintense sig-
nal intensity at first appearance were greater and associated
with a higher dose exposure to the liver, but longitudinal
development was not significantly different. SBRT of liver
metastases Wwith Dpeanl-EQD2,3-3 ¢y > 18 Gy were



characterized with numerically greater MMA volumes and
significantly steeper reduction gradients than those with
Dmean-L-EQD2,,/3—3 gy < 18 Gy. The radiological resolution in
terms of volume reduction of the radiation-induced radio-
logically visible reaction of the MMAs and overall stable liver
volume corresponds well with the remarkably low clinical
toxicity observed in an overlapping cohort analysis [19], thus
reaffirming the safety of the application of ablative doses
also on the long-term. However, further liver tissue regener-
ation of the non-ablative dose zone during long-term FU
remains a possibility. Whole-liver volume changes were
found in a relatively small range leading to a mean whole-
liver volume reduction to about 93% after 1 year post-SBRT
as compared to baseline and staying in this range after 3-
4years. With regard to earlier analyses from Olsen et al. and
Stinauer et al. the volume reduction was less pronounced in
our collective, especially with regard to short-term volume
reduction — possibly due to different treatment techniques
and populations [20,21]. When analyzing data of the meta-
bolic liver function after radiotherapy comparable tendencies
of longitudinal courses were observed [22].

Knowledge about the evolution of MMAs is essential for
the radiological interpretation of post-SBRT imaging. For
long-term survivors, eligibility for other local therapy modal-
ities such as surgical resection, thermal ablation or repeated
SBRT in case of out-of-field progression is essential. Based on
these data, the peritumoral healthy liver tissue receiving
non-ablative radiation doses seems to recover continuously
post-SBRT in most of the cases, pointing toward a possibility
of repeating local therapeutic approaches when necessary
[23]. Further research is necessary to define the transition of
ablative irradiation to non-ablative dose exposure to the
healthy liver tissue. Proposed thresholds such as the
BED,/p—10 gy Of 100Gy are possibly to be adapted based on
clinical cofactors such as chronic liver impairment [24]. In
this regard, clinical and biochemical-functional correlation
with the MMA should be further evaluated especially with
the evolving clinical application of quantitative imaging data,
such as radiomics databases [25]. Moreover, our findings sug-
gest that significant changes could be expected within the
first two post-treatment years. Corresponding to our results,
short-term course of CT-based tissue alterations in surround-
ing liver tissue after SBRT have been reported by Herfarth
et al. describing a prevalence of 100% (vs. 96% in our MRI-
population) after SBRT and volume-reduction to about 40%
at 2-4 months after initial detection (vs. median 44% in our
population) [26]. However, it is noteworthy to mention, that
direct comparisons would be inaccurate due to the different
information being given by CT- or MRI-based evaluation.
Regarding the 9% of cases with unaltered MMAs, further
investigations with a greater population are necessary. In
addition, and aiming at elucidating differences between
hypo- and hyperintense changes, histological analysis of the
altered peritumoral healthy liver tissue would be needed to
improve our understanding of these phenomena.

Despite of the systematic FU assessment and SBRT techni-
ques with comparable accuracy, this study carries inherent
limitations, such as its retrospective nature and the limited
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number of available imaging from the entire cohort, which
were performed on diverse platforms, with different MRI
scanners and different MRI sequence adaptions. With MMA
contouring being generally performed in contrast-enhanced
T1-weighted sequences, possible confounding effects of the
different contrast enhancement phases have to be taken into
account. On top of that, regarding the applied matching
approach, influencing factors such as the above-mentioned
differences of image acquisition and the lack of ex-vivo verifi-
cation of matching accuracy have to be taken into consider-
ation [27,28]. Due to the retrospective character distinct
differences for the time interval of MRI FU investigations
have to be taken into account. For liver volume analysis,
both CT and MRI-based liver volumes were included into
analysis. As this analysis was based on a multicentric cohort,
different imaging modalities and parameter deviations have
to be considered regarding the virtual liver volumetry.
Furthermore, several patients received SBRT to multiple treat-
ment volumes in one or more treatment courses. The per
MMA analysis approach of this study may obscure confound-
ing influence of radiotherapy of multiple liver lesions both
within one and in sequential treatment series. Due to multi-
disciplinary treatment regimens, confounding factors for
changes in MMA and liver volume (such as hepatotoxic
chemotherapy and radiofrequency ablation) cannot be
excluded. On top of that, longitudinal total liver volume
reduction may be in part influenced by the simultaneous
response and volume reduction of the liver metastases, espe-
cially in case of greater size of the metastases before SBRT.
An indirect comparison with changes after radiofrequency
ablation was not possible due to insufficient reporting of this
approach in this matter. Prospective studies should include
standardized imaging protocols within the FU schedule at
specific time points for the whole population and allow for
correlations with clinical parameters, such as metabolic liver
function and analyze changes in morphological appearance
in MRI-FU including quantitative imaging parameters. This is
of special importance, as an increasing proportion of patients
is treated with repetitive, ablative radiation of liver tumors in
combination with different multimodal treatment approaches
(e.g., systemic and other ablative therapeutic modalities).
Consequently further research in radiological changes after
SBRT is needed, on the one hand to optimize dose prescrip-
tion and PTV contouring and on the other hand to distin-
guish effect and toxicity of different treatment modalities on
an individual patient’s basis.

In conclusion, post-SBRT MRI-morphologic alterations in
the peritumoral healthy liver tissue resolve either completely
or partially in most patients up to 4years after treatment.
MMA reductions are to be expected especially within short-
term FU investigations after SBRT. The dependency of longi-
tudinal MMA course on treatment-related factors could be
demonstrated. A deeper understanding of radiological
changes after SBRT may optimize radiotherapy in the multi-
modal field of the treatment of liver tumors, which is why
investigations of different time frame evolutions, overall
prognostic values and clinical correlations of MMAs are
required.
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