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Left hippocampus sparing whole brain radiotherapy (WBRT): A planning study

Tomas Kazda®®, Miroslav Vrzal*®, Tomas Prochazka®®, Petr Dvoracek®®, Petr Burkon®®, Petr Pospisil*®, Adam Dziacky",
Tomas Nikl*®, Radim Jancalek®¢, Pavel Slampa®"", Radek Lakomy®?

Aims. Unilateral sparing of the dominant (left) hippocampus during whole brain radiotherapy (WBRT) could mitigate
cognitive decline, especially verbal memory, similar to the widely investigated bilateral hippocampus avoidance (HA-
WBRT). The aim of this planning study is dosimetrical comparison of HA-WBRT with only left hippocampus sparing
(LHA-WBRT) plans.

Methods. HA-WBRT plans for 10 patients were prepared in accordance with RTOG 0933 trial and served as baseline for
comparisons with several LHA-WBRT plans prepared with an effort: 1) to maintain the same left hippocampus dosimetry
(“BEST PTV”) and 2) to maintain same dosimetry in planning target volume as in HA-WBRT (“BEST LH").

Results. All HA-WBRT plans met RTOG 0933 protocol criteria with a mean Conformity index 1.09 and mean Homogeneity
index (HI) 0.21. Mean right and left hippocampal D100% was 7.8 Gy and 8.5 Gy and mean Dmax 14.0 Gy and 13.8 Gy,
respectively. “BEST PTV” plans reduced HI by 31.2% (P=0.005) which is mirrored by lower PTV_D2% (-0.8 Gy, P=0.005)
and higher PTV_D98% (+1.3 Gy, P=0.005) as well as decreased optic pathway’s Dmax by 1 Gy. In“BEST LH", mean D100%
and Dmax for the left hippocampus were significantly reduced by 11.2% (P=0.005) and 10.9% (P=0.005) respectively.
Conclusions. LHA-WBRT could improve target coverage and/or further decrease in dose to spared hippocampus.
Future clinical trials must confirm whether statistically significant reduction in left hippocampal dose is also clinically
significant.
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INTRODUCTION memory®!!. Dosimetric consequences of potential unilat-
eral (left) hippocampus sparing during WBRT are not
Hippocampal sparing during whole brain radiother- known. We hypothesize that left hippocampal avoiding
apy (WBRT) in an effort to preserve cognitive function (LHA) during WBRT can possibly reduce the dose within
is a currently widely investigated approach in palliative  the spared hippocampus as well as improve dose cover-
irradiation in patients with brain metastases unsuitable age of the remaining brain including the right hippocam-
for local treatment!. Many planning studies have shown  pus. Minimizing the dose to the least possible level is of
the dosimetric feasibility of hippocampus avoiding (HA)  high clinical relevance since higher hippocampal D,
WBRT in different clinical situations using many different  was shown to predict greater decline in some memory
radiotherapy systems and techniques*’. However, these  tests over time!>". Also, the dose-response relationship
studies must be considered as experimental until well de-  between equivalent dose in 2-Gy fractions to 40% of the
signed clinical trials with appropriate endpoints definitely  bilateral hippocampi (EQDsz40%) and impairment in
reveal the significant clinical benefit of these novel ap-  delayed recall at 18 months was described after fraction-
proaches?¢. Further, some reports suggest different post  ated stereotactic radiotherapy for benign or low-grade
radiotherapy and/or post surgery changes in the two hip-  brain tumors!?. The aim of this planning study was to
pocampi. As a result, unilateral hippocampal sparing has  compare HA-WBRT with LHA-WBRT treatment plans,
been proposed™!. paying particular attention to left hippocampal dosimetry
The most important neurocognitive domain af- and quantitatively describe the potential benefit of only
fected by WBRT is memory. Radio-injury of the left, one-sided hippocampal sparing. To the best our knowl-
usually dominant, hippocampus may affect the forma-  edge, this is the first report of the practical consequences
tion of memory to a greater extent, in particular verbal  of LHA-WBRT.
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MATERIALS AND METHODS

Patients and contouring

This retrospective planning study included ten con-
secutive patients with brain metastases and with avail-
able planning CT and MRI scans (9 women, mean age 54
years, 5/10 with lung cancer). Left and right hippocampi
were separately contoured using the free available online
RTOG contouring atlas as a reference!. A five millime-
ter margin around each hippocampus was created for the
planning at risk volume (PRV) (ref."5). Other organs at
risk (optic nerves, chiasm and lenses) were segmented
according to recent contouring guidelines'. Planning tar-
get volume (PTV) contained the whole brain with 5 mm
expansion to accommodate random setup uncertainty.

Three different treatment plans were created for each
patient as described below (Fig. 1):

1) “standard” HA-WBRT serving as the baseline plan,
2) LHA-WBRT maintaining the same left hippocampal
dosimetry as in the baseline plan (labeled as “BEST
PTV”) and 3) LHA-WBRT maintaining the same base-
line plan’s PTV’s dosimetry (labeled as “BEST LH”).
For “standard” HA-WBRT, both hippocampi_PRV were
cropped out, while only the left hippocampus_PRV was
cropped out for LHA-WBRT plans. Thus, these experi-
mental plans included the entire right hippocampus
within PTV.

Experimental treatment plans

All treatment plans were created utilizing Eclipse™
treatment planning system (Varian Medical Systems, Palo
Alto, CA). The dose calculation was performed using the
Anisotropic Analytical Algorithm (v11, Varian Medical
Systems, Palo Alto, CA) with a 2.5 mm grid size and with
the heterogeneity correction turned on. VMAT treatment
plans were created for a TrueBeam STX with HD120
MLC (2.5 mm leaf width at isocenter). The 6 MV photon
beam model were used in all plans. The CT images which
were used for planning were 3 mm slices.

Baseline plans for bilateral hippocampus sparing
WBRT were created in accordance with online available
RTOG 0933 (phase II trial assessing bilateral HA WBRT)
study protocol criteria as follows: 90 % of PTV receiving
10x 3 Gy, PTV_D,, <37.5 Gy, PTV_D,, >25 Gy; D__
of optic nerves or optic chiasm < 37.5 Gy, Hippocampal
D, ., <9 Gy and Hippocampal D__ < 16 Gy) (ref."*").
D, represents the dose received by X % of specified struc-
ture. All treatment plans utilized three coplanar full arcs
and one non-coplanar semi arc (couch angle 90 degrees
and partial non-coplanar arc spanning 194 degrees (from
345 to 179 degrees)) in order to meet planning constraints
criteria as much as possible.

Dosimetric analysis
The following parameters were reported for PTV:
PTV_D._ , PTV_D. ., conformity index (CI) and

VIOO‘/’ 2%’ — 98%’
homogeneity index (HI). CI was calculated based on the

formula: (V. /V,,), Where V , . is the volume encom-

passed by 95% of the prescription isodose surface. This
definition of CI is not strictly as in ICRU 62, since the
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Fig. 1. Diagram of development of experimental treatment
plans.

entire PTV is not always totally encompassed by the 95%
isodose. Nevertheless, it remains a useful measure of the
conformality of the proposed treatments'’.
HI was calculated based on the formula: ((D,,-D,,, )/
Dme 4ian) With zero indicating the ideal homogeneity since
D,, and D,,, are equal. D __ was reported for optic
structures. D, , for the left hlppocampus converted to
biologically equivalent doses in 2-Gy fractions (EQD2)
assuming an o/f ratio of 2 Gy, was recorded (EQD22Gy
40%) (ref.'?). All pertinent values were extracted from
dose-volume histograms using an in house developed data
mining software. Basic statistical methods including the
Wilcoxon signed-rank test were used to obtain mean val-
ues and relative as well as absolute differences between
HA-WBRT and experimental plans.

RESULTS

Hippocampus avoiding-WBRT (“baseline”)
treatment plans

HA-WBRT plans’ characteristics are summarized in
Table 1. All treatment plans met RTOG 0933 “per proto-
col criteria” for PTV coverage with mean CI 1.09 (range
1.08 - 1.1) and mean HI 0.21 (range 0.19 - 0.23). Mean
value of near maximal dose in PTV was Dz% = 33 Gy
(RTOG 0933 limit is < 37.5 Gy) with mean near mini-
mal dose in PTV D, = 26.4 Gy (RTOG 0933 limit is >
25 Gy). All hippocampal dose-volume constraints were
met (“per protocol criteria”) with an exception in one
patient where right as well as left hippocampal D, e
ceeded limit of 9 Gy (9.34 Gy and 10.07 Gy, respectlvely)
The isodose treatment plan for one representative patient
is presented in Fig. 2.

Left HA-WBRT (“BEST LH”) treatment plans

For these experimental treatment plans, inverse plan-
ning was tailored to achieve the same PTV dosimetry
as in “baseline” HA-WBRT. Resultant dosimetric char-
acteristics are listed in table 2 along with absolute and
relative differences between these data and mean param-
eters in “baseline” HA-WBRT. The right hippocampus is

intentionally not spared leading to mean D, = 30.1 Gy.
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Table 1. Summary of treatment characteristics of HA-WBRT plans (effort to meet RTOG 0933 “per protocol” criteria).

Target / organ at risk l\‘/‘[ean (.SD,,) RTO.G 0.933
baseline criteria
PTV
A\ 90% (0) 90%

- 33 Gy (0.08) <375 Gy
D,,, 26.4 Gy (0.29) > 25 Gy
CI 1.09 (0.007)

HI 0.21 (0.01)
Optic nerves and chiasm
D, .. 33.7 Gy (0.48) <375 Gy
Hippocampus_right
00 7.8 Gy (0.56) <9 Gy
i 14 Gy (0.37) <16 Gy
Hippocampus_left
D2 8.5 Gy (0.57) <9 Gy

i 13.8 Gy (0.21) <16 Gy

EQD,* 40% 8.24 Gy (0.4)

RESEARCH

RESEARCH - ESEARCH -

Fig. 2. Isodose treatment plan of representative HA-WBRT (A) and LHA WBRT (“BEST LH”) for the same patient (B). Dose is
displayed in color wash with minimal dose of 80 % from prescribed dose.

Mean D, and D_ for the left hippocampus were signifi-  left hippocampal D, (P=0.92) and D__ (P=0.39) as in

cantly reduced by 11.2% (P=0.005) and 10.9 % (P=0.005)
respectively. Moreover, left hippocampal EQD,*® 40%
was significantly reduced from a mean value 8.24 Gy in
“baseline” to the mean value of 6.82 Gy in “BEST LH”
experimental plan (P=0.005). The isodose treatment plan
for one representative patient is shown in Fig. 2.

Left HA-WBRT (“BEST PTV”) treatment plans

For these experimental treatment plans, inverse plan-
ning was tailored to achieve the same left hippocampus
dosimetry as in “baseline” HA-WBRT. Resultant dosimet-
ric characteristics are listed in table 3 along with absolute
and relative differences between these results and mean
parameters in “baseline” HA-WBRT. Homogeneity of
PTV irradiation was significantly improved with the same
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“baseline” plans. HI was reduced by 31.2% (P=0.005) mir-
rored by lower PTV_D,, (-0.8 Gy, P=0.005) and higher
PTV_D,,, (+1.3 Gy, P=0.005). No difference was ob-
served in conformity index.

DISCUSSION

The potential of further decrease of hippocampal ir-
radiation during unilateral hippocampal sparing WBRT
is described in this planning study. This concept makes
it possible to significantly reduce unilateral hippocam-
pal D . D _ and EQD,*® 40% with comparable target
coverage as in “standard” HA-WBRT. Vice versa, it is

possible to significantly improve target coverage with ac-
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Table 2. Summary of treatment characteristics of Left HA-WBRT (“BEST LH”) treatment plans.

Target / organ at risk Mean (SD) Absolute (relative) difference
“BEST LH” to “baseline” HA-WBRT

PTV

\ 90% (0) 0(0%)

D,, 32.9 Gy (0.08) 0.1 Gy (-0.2%)

D,,, 27.1 Gy (0.49) +0.7 Gy (+2.7%)

CI 1.1 (0.004) +0.01 (-0.7%)

HI 0.2 (0.02) -0.03 (-12.0%)
Optic nerves and chiasm

D, . 33.3 Gy (0.37) -0.5 Gy (-1.4%)
Hippocampus_right

D 30.1 Gy (0.34) +22.3 Gy (+286.8%)

100%

32.9 Gy (0.39)

max

Hippocampus_left

+19 Gy (+136%)

D, 7.6 Gy (0.68) 0.9 Gy (-11.2%)
. 12.3 Gy (0.19) -1.5 Gy (-10.9%)
EQD,** 40% 6.82 Gy (0.54) -1.43 Gy (-17.4%)
Table 3. Summary of treatment characteristics of Left HA-WBRT (“BEST PTV”) treatment plans.
Target / organ at risk Mean (SD) Absolute (relative) difference
get/org “BEST PTV” to “baseline” HA-WBRT
PTV
A\ 90% (0) 0(0%)
D,, 32 Gy (0.07) 0.8 Gy (-2.4%)
D,,, 27.8 Gy (0.42) +1.3 Gy (+5%)
CI 1.09 (0.008) +0.01 (+0.55%)
HI 0.15 (0.02) 0.07 (-31.2%)

Optic nerves and chiasm
32.7 Gy (0.39)

max

Hippocampus_right

D 29.6 Gy (0.29)
D, 32.2 Gy (0.27)
Hippocampus_left
D o0 8.5 Gy (0.54)
. 13.7 Gy (0.33)
EQD** 40% 8.22 Gy (0.53)

-1 Gy (-3%)

+21.8 Gy (+280.7%)
+18.3 Gy (+131.1%)

+0.01 Gy (+0.2%)
-0.1 Gy (-0.8%)
-0.02 Gy (-0.3%)

ceptance of the same unilateral hippocampal dosage as in
“standard” HA-WBRT. Decreasing the hippocampal dose
(D) to as low as possible was shown to predict less
decline in some memory tests over time in patients irradi-
ated for brain metastases'>!*. More recently, white matter
damage as well as thinning of the cerebral cortex after
brain irradiation proved to be highly dose-dependent'".
Hippocampus itself demonstrates radiation dose-depen-
dent atrophy after treatment for brain tumors®>?'. These
dose-dependent brain changes are predicted to influence
cognition and memory. Altogether, minimizing the dose
within this critical part of the brain may be of high clinical
relevance??. The risk of recurrence of brain metastases in
undertreated regions is a reasonable trade-off especially
in palliative irradiation.

Our previous study described significant decreases in
hippocampal N-acetylaspartate concentration (marker of
neuronal density and viability) following WBRT (ref.!?).
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However, only changes in the left hippocampus positively
correlated with the decline in memory function". Another
recent study of predictors for late neurocognitive dysfunc-
tion showed correlations of vascular dose-response in the
left hippocampus in females with changes in memory
function after radiotherapy®. Is it possible that only uni-
lateral hippocampal radio-injury is responsible for subse-
quent neurocognitive decline? The functional anatomy of
the cognitive domains suggests that verbal memory, the
gold standard in evaluation of post radiotherapy cognitive
impairment, often localize to the dominant hippocam-
pus’. Nevertheless, it would be useful to at first know,
whether and to what extent this radiotherapy approach
translates into improvement in radiotherapy treatment
plans.

In order to demonstrate the potential of LHA-WBRT,
we created two types of experimental plans with differ-
ent optimalization intent. “BEST LH” treatment plans’
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"baseline" HA WBRT and "BEST LH" LHA WBRT plan
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Fig. 3. Averaged dose-volume histogram from all patients pre-
senting differences between “baseline” HA WBRT and “BEST
LH” left hippocampus sparing WBRT treatment plans.

potential to further decrease left hippocampal dose with
the same target coverage is showed in Fig. 3. The left hip-
pocampal EQD*® 40% was significantly reduced from
a mean value 8.24 Gy in “baseline” to mean 6.82 Gy in
“BEST LH” experimental plan. This dosimetric parameter
for both hippocampi was established by Gondi et al. with
a threshold of 7.3 Gy; irradiation surpassing this value
is associated with long-term impairment in list-learning
delayed verbal recall in patients with benign or low-grade
adult gliomas'?. “BEST LH” treatment optimization suc-
cessfully undershot this threshold value. Although, we
only assumed that the threshold value can be used for
patients with brain metastases and for unilateral hippo-
campal sparing. Nevertheless, the slope of dose-response
curve for EQD,*® 40% suggests that doses of around 6
to 8 Gy are highly clinically important'?. For this reason,
the decrease from 8.24 Gy to 6.82 Gy as observed in
our planning study may be clinically relevant. Altogether,
even if this reduction would not further decrease cogni-
tive impairment (suggesting the dominant role of left hip-
pocampus), with full irradiation of right hippocampus,
the risk of subsequent development of hippocampal or
perihippocampal metastases is reduced by one half. This
risk is generally considered low because only 1.6% of brain
metastasis extend to the hippocampus itself>.

There are several limitations in our study, which are
mainly related to the nature of planning studies in general.
Among others, comparison of PTV dosimetry between
“baseline” HA-WBRT plan and two experimental LHA-
WBRT plans is biased due to different definition of PTV.
This is because in LHA-WBRT plans, the right hippocam-
pus was integrated to PTV. Another already mentioned
limitation is in adaptation of hippocampal dose-volume
constraints from studies of primary gliomas (EQD22Gy
40%).

The inherent limitation may be the fundamental ques-
tion whether there is a role for WBRT in up-to-date treat-
ment of brain metastases and with higher availability of
systems for stereotactic radiosurgery*?°. From one per-
spective, the best technique for sparing the hippocampus
is avoidance of WBRT itself and proceeding with stereo-
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tactic radiotherapy. Clearly, the role of WBRT is changing
and more data from ongoing clinical trials are needed to
establish the best treatment recommendations for defined
subsets of patients?’.

CONCLUSION

Unilateral hippocampal sparing during WBRT could
improve target coverage and/or further reduce the dose to
the spared hippocampus. Whether reduction in left hippo-
campus dosage as described in our planning study would
further reduce post radiotherapy side effects warrants
further research. Only future clinical trials can confirm
whether statistically significant reduction in left hippo-
campal dose is also clinically significant.

ABBREVIATIONS

WBRT: whole brain radiotherapy; HA-WBRT:
hippocampus avoiding whole brain radiotherapy;
LHA-WBRT: left hippocampus avoiding whole brain ra-
diotherapy; PTV: planning target volume; MRI magnetic
resonance imaging; PRV planning organ at risk volume;
VMAT: volumetric arc therapy.
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