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Background: Hippocampal-avoidance whole-brain radiotherapy presents a significant technical challenge 
in terms of treatment planning in order to spare the hippocampus. To ensure dose homogeneity and 
precision, the Radiation Therapy Oncology Group (RTOG) 0933 recommends strict dose criteria. To 
balance the clinical workload with these time-consuming treatments is a challenge. Noncompliance adversely 
might affect clinical outcomes in cancer patients with brain metastasis. We intend to retrospectively evaluate 
the quality and dosimetry differences in delivering hippocampal-avoidance whole-brain radiotherapy in a 
regional hospital.
Methods: We retrospectively analyzed cancer patients with brain metastases who were diagnosed between 
January 2014 and December 2020. Dosimetry parameters were compared in terms of deviation from the 
RTOG 0933 protocol.
Results: We identified 21 eligible cancer patients with brain metastasis who underwent hippocampal-
avoidance whole-brain radiotherapy. The patients’ ages ranged from 36 to 81 years (median, 58 years). 
Sixteen patients (76%) received linear accelerator-based treatment, while five received TomoTherapy. The 
maximal dose to bilateral hippocampi ranged from 9.2 to 25.8 Gy, with a median of 14.4 Gy. In our cross-
modality analysis of the planning target volume (PTV) coverage, linear accelerator planning was comparable 
to TomoTherapy (P=0.29), and both treatments met the RTOG 0933 criteria in (D2% ≤37.5 Gy) hotspot 
evaluation. TomoTherapy was statistically superior to linear accelerator in the minimum PTV dose criteria 
(D98% >25 Gy) (P=0.03). Regarding the constraint dose of hippocampi, TomoTherapy tend to outperform 
linear accelerator treatment (P=0.1). The TomoTherapy technique had the longest delivery time (median: 
437 sec), compared to 364 sec for the linear accelerator, with statistical significance (P=0.03).
Conclusions: In this study, we presented a dosimetry analysis of hippocampal-avoidance whole-brain 
radiotherapy in clinical settings. The dilemma does exist in balancing clinical workload with the time-
consuming planning, so daily treatment may come at the expense of noncompliance and non-conformity on 
planning targets. In determining the final plan, the choice of the physician should depend on patient’s clinical 
situation and institutional facility.
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Introduction

Brain metastases are the most common intracranial tumors 
in adults. They pose a significant cause of morbidity and 
mortality, affecting approximately 10 % to 30 % of adult 
cancer patients (1). The increased incidence of brain 
metastasis can be attributed to a variety of factors, including 
an aging population, improved systemic treatment, and 
improved imaging methods for detecting smaller brain 
metastases in asymptomatic patients. For patients with 
multiple brain metastases, whole-brain radiotherapy 
(WBRT) has been the standard palliative treatment (1,2). 
Prior to the 21st century, patients with brain metastases had a 
poor prognosis. With treatment, the overall median survival 
after diagnosis is approximately 4–6 months; no long-
term cognitive deficits were observed after WBRT. With 
the advent of targeted therapies and advanced treatments, 
cancer patients with brain metastases can now live for 
longer periods of time, even for years after WBRT (3).  
Although the most important benefit of WBRT is control 
of metastatic brain lesions, neurocognitive decline may 
occur in patients with longer survival (4,5).

The neural stem cell compartment, which is located in 
the subgranular zone of the hippocampal dentate gyrus, 
has been linked to memory formation. Hippocampal 
neural stem cell  injury during WBRT may play a 
crucial role in neurocognitive decline (5-9). According 
to the Radiation Therapy Oncology Group (RTOG) 
0933 trial, hippocampal-avoidance (HA)-WBRT may 
reduce radiation-induced neurocognitive toxicities (5,6). 
Confirmed HA-WBRT in Phase II or III trial could have 
preserved better cognitive function without the increase 
in intracranial progression-free survival or overall survival, 
and should be considered standard of care for patients 
with no metastases in the HA region (7,8). According to 
Ghia et al., the incidence of metastases within 5 mm of 
the parahippocampal region is low. Thus, their findings 
suggested that a 5-mm margin around the hippocampus for 
HA-WBRT was an acceptable risk (9).

HA-WBRT presents a significant technical challenge 
in treatment planning in order to spare the hippocampus, 
which is located in the center of the brain and completely 
surrounded by the planning target volume (PTV). RTOG 
0933 recommends strict dose criteria; it requires a high-
level homogeneity and precise radiation delivery. Numerous 
studies on this subject apply complex treatment planning to 
deliver an adequate coverage, such as helical TomoTherapy 
or the linear accelerator (Linac)-based intensity-modulated 

radiation therapy (IMRT) technique (10-17). Further 
development of the sophisticated volumetric-modulated 
arc therapy (VMAT) technique allows for fractionated 
HA-WBRT (13,15-17). Gondi et al. discovered that 
modern radiation therapy techniques, whether helical 
TomoTherapy or Linac-based treatment plans, all allow for 
hippocampus sparing with acceptable target coverage and  
homogeneity (12), and Nevelsky et al. claimed that Elekta 
therapy machine can achieve Linac-based VMAT for HA-
WBRT treatment (14).

However, this presents a major challenge on clinical 
workload with the time-consuming HA-WBRT treatment. 
Thus, the treatment could deliver HA-WBRT at the 
cost of noncompliance and non-conformity of dose 
distribution on PTV, even deviations from the guideline 
on clinical scenario. Because the radiation treatment plan 
is a documented source in radiation therapy, retrospective 
quality evaluation is needed to identify inconsistencies of 
dosimetry parameters. In this study, we intend to evaluate 
the plan quality and dosimetry in delivering HA-WBRT 
in a regional hospital retrospectively. We present the 
following article in accordance with the STROBE reporting 
checklist (available at https://tro.amegroups.com/article/
view/10.21037/tro-22-17/rc). 

Methods

Study population

We retrospectively analyzed cancer patients with brain 
metastases who were diagnosed at a regional referral 
hospital in Tainan, Taiwan, between January 2014 and 
December 2020. We reviewed the medical records of 
patients who received HA-WBRT. The following data were 
extracted from the medical database: age, gender, histology, 
radiotherapy plan, and dosimetry parameters. Patients who 
had previously received brain irradiation or who did not 
complete HA-WBRT were excluded, while patients eligible 
for WA-WBRT were over the age of 20, had a fair-to-good 
performance status with an Eastern Cooperative Oncology 
Group score of ≤2. 

In addition, patients underwent brain magnetic resonance 
imaging (MRI) to rule out more than four metastatic foci, 
or patients with a single lesion were surgically resected or 
suited to stereotactic radiosurgery. Brain metastasis detected 
less than 5 mm of perihippocampal region were also 
excluded. The study was conducted in accordance with the 
Declaration of Helsinki (as revised in 2013). The study was 
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approved by Institutional Review Board, Chi Mei Medical 
Center, Liouying (IRB No. 10603-L06) and informed 
consent was taken from all the patients. 

Treatment planning and delivery

All enrolled patients underwent a computed tomography 
simulation scan of the entire head with a 2-mm slice 
thickness, using a thermoplastic mask to immobilize them. 
Before HA-WBRT, all patients should have had a brain 
MRI to delineate the bilateral hippocampi; the delineation 
was established and confirmed by an experienced radiation 
oncologist. HA regions are created by three-dimensionally 
expanding hippocampal contours by 5 mm to allow for 
a sharp dose fall-off. The whole-brain parenchyma is 
defined as the clinical tumor volume (CTV). The PTV 
is defined as the CTV minus the HA regions and plus a 
margin to allow for geometrical uncertainty. The Pinnacle 
(Philips, Fitchburg, WI, USA) or TomoTherapy (Accuray, 
Sunnyvale, CA, USA) planning systems were used to 
generate plans for 6-MV photon beams. Pinnacle 3 Version 
14 was used to optimize all 6-MV VMAT plans for Elekta 
Synergy, with 40 multi-leaf collimator leaf pairs of 1 cm 
leaf width at the isocenter. Our previous study reported on 
the detailed planning technique (15). Treatment parameters 
for TomoTherapy patients were treated with a slice width 
of 1.05 cm, a modulation factor with a mean of 2.5 (range,  
2.5–3) and a pitch with a mean of 0.287 (range, 0.287–0.3). 
The prescribed dose was 30 Gy in 10–12 fractions by 
physician’s preference.

Dosimetry analyses of HA-WBRT across different brain 
structures

The following parameters were evaluated for the organs 
at risk and PTV: PTV V30Gy, PTVD2%, PTV D98%, Dmax 
of the hippocampus, and Dmax of the optic chiasm. The 
following are the RTOG 0933 compliance criteria for HA-
WBRT (target and normal tissue planning doses): At least 
95% of the PTV receives 30 Gy (V30Gy >95% PTV), 2% of 
the PTV receives 37.5 Gy or less (D2% ≤37.5 Gy), 98% of 
the PTV receives 25 Gy or more (D98% PTV ≥25 Gy), the 
minimum dose to the hippocampi (Dmin=D100%) was 10 Gy, 
the maximum dose to the hippocampi was 17 Gy (5,6).

Deviation from the HA-WBRT plan was defined as 
when the dose parameters are in the protocol’s unacceptable 
deviation column. Unacceptable deviations include  
PTV V30Gy <90% (less than 90% of PTV received at least 

30 Gy), D2% of PTV >40 Gy, hippocampus Dmax >17 Gy, 
Dmin >10 Gy, and maximum dose of optic nerve or chiasm  
>37.5 Gy (5,6).

Delivery time comparison 

The time needed to deliver a single fraction of HA-WBRT 
was recorded. The delivery time is defined as the time 
elapsed between the first beam-on and the last beam-off, 
excluding the patient setup and daily imaging procedures. 
Treatment delivery time was measured during delivery of 
the calculated plans.

Statistical analysis

The clinical features and dosimetry parameters were 
described in detail. The Wilcoxon/Mann-Whitney test 
or Fisher’s exact test were used to evaluate corresponding 
variables. SPSS (Version 24.0). Armonk, NY: IBM Corp.) 
was used for all analyses. The two-tailed significance level 
was set at 0.05.

Results

There were 21 eligible cancer patients with brain metastasis 
who underwent HA-WBRT. Table 1 shows the demographic 
and clinical data of cancer patients. At the time of referral 
for brain irradiation, the patients’ ages ranged from 36 to 
81 years (median, 58 years). Ten patients (48%) were male. 
Fourteen patients (67%) had lung cancer, six (28%) had 
breast cancer, and one (5%) had liver cancer. There were 
50 brain metastatic lesions in total. The median number 
of metastases was 2 (range, 1–4). Sixteen patients (76%) 
received Linac-based VMAT treatment, while five accepted 
TomoTherapy. There was no patient who received upfront 
neurosurgical resection. Extracranial disease was clinically 
controlled in 13 patients (62%).

Dosimetry evaluation of brain organs showed that the 
volume of the hippocampi ranged from 2.3 to 11.5 mL 
(median, 5 mL), the volume of the HA ranged from 15.2 to 
76.9 mL (median, 35.1 mL), and the volume of the whole-
brain parenchyma ranged from 1,205 to 1,614 mL (median, 
1,369 mL). (V30Gy PTV) coverage ranged from 69% to 
96%, with a median of 85%. The volume of the PTV V25Gy 
ranged from 85% to 100% (median, 96.6%). The maximal 
dose to bilateral hippocampi ranged from 9.2 to 25.8 Gy, 
with a median of 14.4 Gy (Table 2).

Table 3 shows the dosimetry analysis of pairwise 
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comparisons between Linac-based VMAT therapy and 
TomoTherapy. An example of the isodose lines (ranging 
from 30, 25, to 16 Gy) around the hippocampus are 
displayed in Figure 1. When PTV (V30Gy>95%) coverage 
was compared across modalities, Linac-based VMAT 
planning was comparable to TomoTherapy counterpart, 

with only one plan deviating from RTOG 0933 criteria 
(6% vs. 20%, P=0.43). Both treatments met the RTOG 
0933 criteria in hot spots (D2 % ≤37.5 Gy) evaluation. In 
terms of the minimum PTV dose criteria (D98 % >25 Gy), 
TomoTherapy (4/5, 80%) outperformed Linac VMAT 
treatment (3/16, 19%) (P=0.03). In terms of the constraint 

Table 1 Demographics and tumor characteristics of patients with 
brain metastasis receiving hippocampal-avoidance whole brain 
radiotherapy 

Characteristics Patients (N=21)

Age (years), median [range] 58 [36–81] 

Gender, n [%]

Man 10 [48]

Woman 11 [52]

Performance (ECOG), n [%]

0–1 14 [67]

2 7 [33]

Histologic type of primary tumor, n [%]

Lung, NSCLC 13 [62]

Lung, SCLC 1 [5]

Breast 6 [28]

Liver 1 [5]

Number of brain metastasis at diagnosis, n [%]

1 8 [38]

2 4 [19]

3 2 [10]

4 7 [33]

Status of extracranial metastasis, n [%]

Controlled 13 [62]

Not controlled 8 [38]

Neurosurgery before radiotherapy, n [%]

Yes 0 [0]

No 21 [100]

Radiotherapy modality, n [%]

Linac-based VMAT 16 [76]

TomoTherapy 5 [24]

Linac, linear accelerator; NSCLC, non-small cell lung cancer; 
SCLC, small cell lung cancer; VMAT, volumetric-modulated arc 
therapy.

Table 2 Summary of dosimetry parameters in hippocampal-
avoidance whole brain radiotherapy 

Characteristics Patients (N=21) 

Hippocampus volume (mL), median (range) 5.0 (2.3−11.5)

HA volume (mL), median (range) 35.1 (15.2−76.9)

Brain volume (mL), median (range) 1,369 (1,205−1,614)

HA volume/brain volume (%) (range) 2.5 (1.2−5.4)

PTV (V30Gy) coverage (%), median [range] 85 [69−96]

PTV (V25Gy)
a
 (%), median [range] 96.6 [85−100]

Dmax of hippocampus (Gy), median (range)
b

14.4 (9.2−25.8)
a
, volume of PTV receive dose more than 25 Gy; 

b
, maximum 

dose on hippocampus. HA, hippocampal-avoidance; PTV, 
planning target volume. 

Table 3 Compliance criteria and ratio of unacceptable deviation 
from RTOG 0933 protocol criteria across different brain structures 
under two types of therapy machine

Structure and 
dosimetry metrics 
(RTOG 0933  
protocol criteria)

Non-compliance  
with criteria, n [%]

P valuea

Linac-based 
(n=16)

TomoTherapy 
(n=5)

Planning target volume

V30Gy >95% 1 [6] 1 [20] 0.43

D2% ≤37.5 Gy 16 [100] 5 [100] 1

D98% >25 Gy 3 [19] 4 [80] 0.03*

Hippocampus

D100% (Dmin) <10 Gy 9 [56] 5 [100] 0.1

Dmax <17 Gy 11 [69] 4 [80] 0.55

Optic nerves & chiasm

Dmax <37.5 Gy 16 [100] 5 [100] 1

Approximate delivery 
time (sec)

364 437 0.03*

a
, P value for Wilcoxon/Mann-Whitney or Fisher’s exact test; *, 

P<0.05. RTOG, Radiation Therapy Oncology Group.
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on both hippocampi (D100% <10 Gy), Linac-based VMAT 
had nine plans (9/16, 56%) that were unable to meet the 
protocol’s criteria, as opposed to TomoTherapy, which all 
met the protocol; however, this difference did not achieve 
statistical significance (P=0.1). 

When comparing the maximum doses for optic nerves 
and chiasm (Dmax <37.5 Gy), both Linac-based VMAT 
and TomoTherapy all achieve required constraint. When 
it came to therapy delivery time, TomoTherapy took 
the longest (median: 437 sec), averaging over 5 patients, 
compared to 364 sec for Linac VMAT averaging over 
16 patients, achieving a significant statistical difference 
(P=0.03).

Discussion

WBRT can provide rapid relief of neurologic symptoms 
and improve quality of life, which is especially beneficial in 
patients whose brain metastases are surgically inaccessible 
or when the patient is unable to undergo neurosurgery (1,2). 
Patients with limited intracranial disease are recommended 

focal therapeutic options, such as neurosurgical resection 
or stereotactic radiosurgery, to prevent risks of cognitive 
deterioration and decline in learning and recall function 
following WBRT (2,4). In order to preserve neurocognitive 
function, the HA-WBRT technique could be an option in 
brain metastasis without hippocampal involvement (5-9). 

RTOG 0933 was a prospective phase II trial designed 
to confirm the efficacy of HA-WBRT in preserving 
neurocognitive function (5,6). Another phase II trial 
conducted in Taiwan by Yang et al. confirmed no differences 
in intracranial progression and overall survival with better 
memory preservation, suggesting that HA-WBRT could 
be recommended as a standard of care for brain metastatic 
patients with good performance status and no metastasis 
in the HA region (8). Following these prospective clinical 
trials to confer neuro-cognitive protection in metastatic 
brain disease, HA-WBRT has gained clinical acceptance 
(7,8). However, perihippocampal failure has been reported 
from clinical observations (18-20). We have also reported 
unusual cases of intracranial failure following HA-WBRT 
therapy and perihippocampal failure rate was about 8% in 

Figure 1 Isodose distributions in axial, sagittal, and coronal views for a patient planned with HA-WBRT with 10×3 Gy using linear 
accelerator-based VMAT (A1-A3) vs. TomoTherapy (B1-B3). (A1-A3) Pink line indicates 30 Gy, orange: 25 Gy, green: 16 Gy, blue: 
hippocampus; (B1-B3) pink colorwash represents 30 Gy, green: 25 Gy, blue: 16 Gy. HA-WBRT, hippocampal-avoidance whole-brain 
radiotherapy; VMAT, volumetric-modulated arc therapy. 

A1 A2 A3

B1 B2 B3
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our previous report (18).
RTOG 0933 recommended stringent dose criteria which 

required a high dose homogeneity and precise radiation 
delivery. The protocol imposed strict limits on PTV 
coverage as well as the dose to organs at risk. However, 
plan optimization of the HA-WBRT is a complex process, 
including a steep gradient between minimal dose to the 
hippocampus, homogeneous target coverage, and maximal 
dose to the PTV, so multiple iterations are usually required 
before all constraints are met. The manual or automated 
optimization process, as well as the standardization of high-
level plan quality, takes time (10-17). Gondi et al. published 
a “how-to” guide for achieving conformal hippocampal 
sparing with helical TomoTherapy and Linac-based IMRT 
therapy (12). In our previous study, we found that non-
coplanar arcs outperformed coplanar arcs in terms of D2% 
≤37.5 Gy and D98% >25 Gy (P<0.05), as well as similar 
homogeneity and conformity between coplanar and non-
coplanar planning on HA-WBRT (15). In this study, PTV 
V30Gy coverage ranged from 69% to 96% (median, 85%), 
and PTV V25Gy volume ranged from 85% to 100% (median, 
97%). Based on the findings, we hypothesize that increasing 
the number of arc and using a non-coplanar VMAT 
technique could result in better dose PTV coverage, but it 
would also lengthen the treatment time (15-17).

The volumes of bilateral hippocampi range from 2.3 
to 11.5 mL with a median volume of 5 mL in our study. 
Nonetheless, the delineation was established by residents 
and confirmed by radiation oncologists, we also regarded 
it seem a relative high volume of hippocampus in some 
contouring in this retrospective analysis. Contouring of the 
hippocampi can be challenging and a RTOG contouring 
atlas was published to aid in their delineation, however, the 
disparity on manual contours by the radiation oncologists 
had arguable in the clinical scenario (12,15-17,21).  
In patients who received either Linac VMAT or helical 
TomoTherapy, the median dose to the hippocampi was 
14.4 Gy, and the maximum dose was 25.8 Gy, both of 
which were classified as an unacceptable deviation. All 
reports in the literature have shown excellent results in 
sparing the hippocampi of HA-WBRT planning (10-17). 
However, review of the literature, most studies compared 
re-calculated treatment plan from patient’s image dataset 
rather than clinical quality analysis of planning rounds in 
radiation therapy. In our clinical scenario, we also took extra 
care to keep the left hippocampus consistent per protocol 
if the patient only had right temporal lobe metastasis. 
According to Kazda et al., studies have shown that unilateral 

sparing of the dominant (left) hippocampus during WBRT 
may be able to mitigate the cognitive decline, particularly 
verbal memory, similar to the widely studied bilateral 
HA-WBRT (22). Le Fèvre et al. reported shielding at 
least one hippocampus by delivering the lowest possible 
dose is recommended, so that cognitive function can be  
preserved (23). The dilemma does exist in balancing clinical 
workload with the time-consuming planning required to 
meet all criteria, so daily treatment may come at the expense 
of noncompliance and non-conformity on planning targets, 
even with some deviations from RTOG 0933 (24).

The results of pair comparison with Linac-based VMAT 
and TomoTherapy did not show statistically significant 
differences in criteria among PTV coverage (V30Gy), and D2% 
hot spot, indicating that the performance of Linac-based 
VMAT is comparable to TomoTherapy. The coverage 
of D98% of TomoTherapy outperforms Linac-based 
VMAT with statistical significance (P=0.03). Gondi et al.  
demonstrated that helical TomoTherapy outperformed 
Linac-based IMRT in terms of PTV coverage and 
homogeneity, so this difference can be attributed to the 
faster dose fall-off provided by helical TomoTherapy (12). 
Furthermore, TomoTherapy appears to be superior to 
Linac-based VMAT in terms of minimizing Dmin <10 Gy 
dose in the hippocampus region (100% vs. 56%). However, 
probable due to limited case numbers, we were unable to 
detect the significance of these parameters in this study, 
whereas the literature Linac-based IMRT or VMAT 
techniques all reported for hippocampus sparing with 
acceptable target coverage and homogeneity (10-17). 

The average delivery time of Linac-based VMAT 
was faster than TomoTherapy (364 vs. 437 sec, P=0.03). 
Furthermore, Rong et al. reported a 15-minute delivery 
time for Linac-based IMRT and an 18-minute delivery time 
for TomoTherapy. Thus, the relatively slow delivery time 
in TomoTherapy (more than 8–15 min on average) can be 
attributed to the smaller jaw width’s narrow collimation (25).  
In a previous study of Linac-based VMAT, we found that 
average delivery times were 289 sec (coplanar) and 372 sec  
(non-coplanar) (15). In Taiwan, patients with brain 
metastasis cancer are only reimbursed by the National 
Health Insurance system for palliative setting. Thus, 
widespread use of HA-WBRT in routine radiotherapy is 
being conserved; the high cost of optimizing hippocampal 
planning is also not fully reimbursed.

Finally, due to the study’s retrospective nature and small 
sample size, we only demonstrated the introspective nature 
of the dosimetry analysis deviated from RTOG 0933 criteria 
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in clinical settings. So the dilemma does exist in balancing 
clinical workload with the time-consuming planning required 
to meet all criteria, so daily treatment may come at the 
expense of noncompliance and non-conformity on planning 
targets, even with deviations from protocol. In determining 
the final plan, the individual choice of the physician 
according to the patient’s clinical situation may have played 
a role definitely. That is, in an actual clinical situation, other 
clinical factors may have been considered more priority than 
strict adherence to the RTOG 0933 criteria. The patient’s life 
expectancy or the location and size of the gross tumor would 
have been considered before selecting the final treatment 
plan. However, subsequent intra-cranial failure either caused 
by inadequate dosing coverage or only from aggressiveness of 
cancer per se awaits further study. 
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