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Benefits and difficulties during  
brain radiotherapy planning  
with hippocampus sparing

ABSTRACT
Radiotherapy (RT) is frequently used in the treatment of primary and secondary brain tumours, as well as in 

prophylactic cranial irradiation (PCI). The hippocampus plays a key function in the process of remembering, 

relaying information from short-term to long-term memory as consolidation, and spatial orientation. Sparing the 

hippocampus during brain radiotherapy aims to prevent hippocampal-dependent cognitive function deterioration. 

This procedure requires a good knowledge of the brain’s radiological anatomy and use of modern radiotherapy 

techniques. 

This article presents the validity of hippocampus sparing during brain radiotherapy, the potential benefits of using 

this procedure, available clinical premises regarding patient qualification, and technical difficulties in the brain’s 

RT planning with hippocampus avoidance.
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Hippocampus

The hippocampus was first described by Arantius in 
1587 as a grey matter brain zone resembling a creature 
from Greek mythology drawing the chariot of the god of 
the sea, Poseidon. It consists of the head with the appear-
ance of a horse’s head and a curved body like a sea wave. 
Hence the name of this organ is derived from hippo 
(horse) and campi (turn) [1]. It is difficult to depict the 
shape of the hippocampus in a two-dimensional plane 
due to its long, curved body (Fig. 1A, 1B).

Anatomically, the hippocampus is an even organ 
located in telencephalon region, in the temporal lobes 
of the cerebral cortex of the right and left hemispheres 
of the brain. Within the hippocampus, in the vicinity of 
the dentate gyrus, there is a cluster of neural stem cells 
(NSCs) grouped in two niches: the subventricular zone 
(SVZ) and the subgranular zone (SGZ) [2, 3] (Fig. 2). 
These NSCs are responsible for the key functions of this 
structure. It is worth noting that they are very sensitive to 

damaging factors such as ischaemia, stress, and ionising 
radiation [4]. An analysis of brain magnetic resonance 
imaging (MRI) of 58 patients with nasopharyngeal car-
cinoma performed three and six months after completed 
brain RT revealed atrophy of the hippocampal area [5]. 
Depopulation of NSCs by apoptosis, which occurs after 
the activation of the damaging factor, appears already 
after 12 hours and leads to the manifestation of deficits 
in cognitive functions for which the hippocampus cor-
responds, and in particular to disorders in memorising 
and reproduction of information from working memory 
[6–8]. It was shown that irradiation of the hippocampus 
area with doses close to 30 Gy and higher, given in 
conventional fractionation, causes a decrease in NSCs 
proliferation by 93–96% after 48 hours [7]. Deficits in 
cognitive functions appear about two months after the 
activation of the damaging factor, and the peak of inten-
sity falls around the fourth month [9–12]. Importantly, 
the consequences of NSC apoptosis are irreversible and 
usually progressive over time.
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A B

Hippocampi, dentate gyrus

Figure 2. Localisation of neural stem cell (NSC) compartment in the region of dentate gyrus of hippocampi (author: M. Filippow)

Figure 1. The anatomical shape of the hippocampi (A) and a sketch of the creation from Greek mythology (B) (author: M. Filippow)

The rationale of hippocampus 
contouring during brain CT planning

The majority of patients with malignant neoplasms 
within the brain manifest cognitive dysfunction even be-
fore the implementation of any causative treatment. They 
may result from the presence of malignant disease within 
the brain, its progression, the use of supportive treatment 
(e.g. opioids, steroids), comorbidities, or advanced age 
[13, 14]. Sudden/acute deterioration of cognitive functions 
may appear just after the brain’s RT due to the presence 
of brain metastases accompanied by extensive oedema 
zones around changes [15]. In turn, it was demonstrated 
that patients with small-cell lung cancer (SCLC) without 
metastases in the brain may show deterioration of cogni-

tive functions based on a previously unknown mechanism, 
presumably as a paraneoplastic effect [16]. The progress 
in oncological treatment is reflected both in the quality 
of therapy and in its effectiveness, which translates into 
longer survival time. Recently, attention has been paid to 
the patient’s quality of life after the use of anti-cancer treat-
ment, and attempts are being made to reduce the negative 
effects of the therapy. Irradiation of the brain, particularly 
the area of the hippocampus, may lead to further cognitive 
deficits, which as a result significantly affects patients’ quality 
of life. Described cognitive functions relate to the thought 
processes used to process information coming from the 
outside world into the mind and contain basic aspects such 
as memory, attention, and association and complex ones, 
which include thinking and imagination [17].
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The most frequently described deficits of cognitive 
functions after brain CT are losses in short-term memory 
and less frequently in delayed memory, and problems 
with information recall and learning [18, 19]. There 
are also described verbal memory disorders, necessary 
to understand reading text, as well as inhibition of the 
higher cognitive processes necessary to behave in new 
and difficult situations [20, 21]. It is worth noting that 
any deterioration of cognitive functions in oncological 
patients significantly affects the quality of life after the 
completion of anticancer treatment and can contribute 
to the deepening of lowered mood, and even the occur-
rence of depressive episodes [22, 23]. 

It should be noted that the hippocampus is a very 
rare location of cancer metastases [24, 25]. Researchers 
from the University of Wisconsin documented that only 
3.3% of intracranial metastatic lesions were located up 
to 5 mm from the hippocampus, and over 86% were 
located at least 15 mm from this structure [26]. In 
another retrospective study analysing the location of 
697 intracranial metastases, only 2.2% of lesions were 
found in the direct location of the hippocampus, and 
in patients with oligometastatic disease (one to three 
brain metastases) the rate of hippocampal metastases 
was below 1% [25]. 

Clinical assessment of impaired 
cognitive functions

Evaluation of the cognitive deficit after brain CT 
is methodically difficult and ambiguous. Until now, 
researchers have used subjective methods in the form 
of psychological tests, e.g. MMSE (mini-mental stage 
examination), HVLT (Hopkins verbal learning test), 
and AVLT (auditory verbal learning test) [10, 12, 27]. 
An example is the RTOG 0914 study conducted in 
a group of 445 patients with brain metastases (BM), 
who underwent whole brain radiotherapy (WBRT), 
which proved that both hypofractionated (30 Gy/10 frac-
tions) and conventional (40 Gy/20 fractions) RT lead 
to a significant reduction in cognitive function, and the 
results of the MMSE test revealed a marked deteriora-
tion in cognitive functions in both groups two and three 
months after completion of RT [9]. Another multicentre 
phase III trial based on 401 patients with BM treated 
with WBRT (30 Gy/10 fractions) revealed a significant 
decrease in cognitive functions assessed on the basis of 
the verbal fluency test (COWA, controlled oral word 
association) four months after RT, and then their 
improvement 15 months after completion of RT [28]. 
Preliminary results of the phase II RTOG 0933 study, 
using Hopkins’ verbal learning test (HVLT) showed 
that the use of hippocampal sparing in patients with 
BM during WBRT resulted in lower intensity of early 

cognitive deficits within the first four months of treat-
ment versus the state before treatment, as compared to 
RT without the cover of this structure [10, 12]. Another 
study, using the HVLT test, showed a smaller loss of cog-
nitive functions in the field of learning and short-term 
memory in patients with 1–3 BM, who underwent only 
stereotactic brain radiotherapy (SRT), in comparison to 
patients with WBRT [12]. In turn, the AVLT auditory 
test revealed a decrease in verbal memory 6–8 weeks 
after completion of WBRT in patients with BM, in com-
parison to baseline status [12]. In the phase III RTOG 
0214 study conducted in a group of patients with stage 
III non-small cell lung cancer (NSCLC) subject to PCI, 
a marked decrease in cognitive function was seen after 
three months of brain RT evaluated with the MMSE test 
[27]. Research is ongoing to find an objective biomarker 
used alone or in fusion with MRI to detect early damage 
in the hippocampal region [5].

Hippocampus contouring techniques

Manual contouring of the hippocampus

This is the most popular technique in the daily 
practice of a radiotherapist; however, it requires a good 
knowledge of anatomy in the planned area. Correct 
contouring of the hippocampus is the most important 
process during the preparation of an irradiation plan 
with a procedure for the protection of this structure. In 
any case of contouring of the hippocampus, it is neces-
sary to fuse locational computed tomography images 
with a current T2-weighted MRI brain examination 
at a scan density of min. every 1.5 mm [1]. The atlas 
created by the RTOG group is an assistance in the pro-
cess of contouring the hippocampus during brain RT 
planning [29]. The necessity of training in contouring 
is emphasised, which allows practice of the technique 
of contouring of the most important area within the 
hippocampus: the dentate gyrus [30]. It was shown that 
without “contouring learning” of this structure there are 
large discrepancies in the exact location of this region 
between radiotherapists, and hence inconsequence in 
planning the brain RT and suboptimal results of treat-
ment. The biggest discrepancies during manual contour-
ing of the hippocampus occur in the area of the horn of 
the anterior lateral ventricle, while the smallest are in 
the area of the brain stem [31].

Automatic contouring of the hippocampus 

Automatic methods of brain segmentation are usu-
ally based on MRI images obtained on 1.5 T, 3 T, and 
even 7 T cameras, for better imaging and contrast of 
individual structures [32]. The first group includes pro-
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grams based on atlases, i.e. Atlas-Based Segmentation, 
Multi-Atlas-Based Methods [33, 34]. The second group 
of methods are modern computer programs analysing 
voxels, such as the Auto-Context Model (ACM) [35]. 
The automatic program for contouring the hippocampus 
during RT planning has advantages and disadvantag-
es. The advantages undoubtedly include the minimum 
contribution of the “radiotherapist’s hand” and the ac-
curacy of contouring on MRI images. However, it should 
be remembered that such contouring should always 
be verified and approved by a radiotherapist, which is 
connected with the requirement of his/her knowledge 
not only of the radiological anatomy of the brain, but 
also of the influence of various pathologies on its mor-
phology [36, 37]. Automatic atlases for contouring of 
structures are becoming more common; however, most 
radiotherapy departments still do not have such software 
that is optimally integrated with the RT planning system. 
Importantly, this is also associated with the additional 
costs of purchasing such software. 

It is worth noting that the brain often has various pa-
thologies that disturb the anatomy of its structures, such 
as microcalcifications, the number of which increases 
with age, states after strokes, seizures, after brain infec-
tions or Alzheimer’s disease [38–40]. In such cases, the 
automatically contoured structures of the hippocampus 
may turn out to be incorrect. 

Clinical situations in which 
hippocampal protection should be 
considered during RT planning

In clinical practice, an appropriate group of patients 
should be selected in which there is a need for avoiding 
of the hippocampus during brain RT planning. The 
above procedure is a technical challenge regarding 
application of highly specialised RT techniques. It can 
be considered for patients with primary cerebral tu-
mours, where the use of intensity-modulated radiation 
therapy (IMRT) allows us to reduce the dose within the 
hippocampus by 56.8% in relation to the classical 3D 
technique, i.e. from 36.6 Gy to approx. 15 Gy in the case 
of irradiation of part of the brain in the aforementioned 
group of patients [41]. In certain clinical situations, i.e. 
in the presence of an extensive oedema or central tu-
mour location, especially around the brain stem, many 
authors suggest shielding only one hippocampus — on 
the opposite side of the tumour site [20, 42, 43]. It is 
worth adding that in children primary brain tumours 
are diagnosed much more frequently than in adults, and 
the procedure of hippocampal protection in these cases 
has a special clinical value during RT planning [44, 45].

Patients with SCLC represent another population. 
Elective brain radiotherapy — PCI with hippocampal 

sparing may be considered in patients with radical ra-
dio-chemotherapy or in patients undergoing palliative 
chemotherapy, who have achieved a clinical response 
within the chest after this treatment with no disease 
progression [46, 47]. The most frequently recommended 
PCI regimen is whole brain irradiation to a total dose 
of 25 Gy in 10 fractions of 2.5 Gy [48]. It has also been 
demonstrated that PCI may contribute to the impair-
ment of cognitive functions as a result of post-radiation 
depopulation of NSCs within the hippocampus [49, 50]. 
Research results indicate that the use of a cover of both 
hippocampi could reduce or even prevent cognitive 
complications after PCI [49, 51].

Patients with secondary brain tumours (BM) consti-
tute the most controversial group in terms of application 
of hippocampal protection procedure, due to the short-
est expected overall survival, and therefore a relatively 
short time of expected potential benefit. On the other 
hand, the majority of research on the hippocampus pro-
tection procedure during cerebral irradiation concerns 
patients with BM. Unfortunately, the current results of 
the study do not allow us to clearly define the eligibi-
lity criteria for the hippocampus protection procedure 
during brain RT in the above group of patients [52–54]. 

There is a need to select specific criteria for the 
qualification of patients for hippocampus protection 
procedure during brain RT and to develop practical rec-
ommendations during this procedure within brain RT.

“Protective” doses of ionising radiation 
in the area of the hippocampus

In current research it has been shown that even 
small doses of ionising radiation cause radiation-induced 
inflammation of the areas of neurogenesis within the hip-
pocampus [6, 7]. In the phase II RTOG 0933 study a dose of 
ionising radiation was initially proposed that should not be 
exceeded in the hippocampal area during PCI and WBRT 
planning (Table 1) [54]. The above recommendations may 
prevent deterioration in terms of memory, especially short-
term memory and verbal memory, or the reproduction of 
freshly-stored information after application of RT to the 
cerebral region [58]. The proposed doses refer to conven-
tional radiotherapy in which the fractional dose oscillates 
between 2 and 3 Gy. The problem arises in the case of 
hypofractionated RT and in particular stereotactic RT, 
although there are newer reports of “protective” doses in 
the hippocampus region in such cases [59, 60]. 

Summary

Brain radiotherapy is a recognised method of on-
cological treatment in patients with primary and meta-
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Table 1. Ionising radiation doses (Gray — Gy) recommended for hippocampal sparing brain irradiation (WBRT, PCI) 
procedure, according to the RTOG 0933 study compared to other authors. The ranges of standards are given in brackets

RTOG 0933 
[54, 58]

Gondi et al. 
[55]

Nevelsky et al. 
[53]

Wang et al. 
[37]

Krayenbuehl 
et al. [56]

Zhao et al. 
[57]

PTV D98% (Gy) ≥ 25 25.7  
(25.4–25.9)

25.8  
(25.0–27.1)

≥ 25*

PTV V95% (%) 96.9  
(96.1–97.5)

96.9  
(96.0–97.5)

96.4  
(95.2–97.8)

PTV D2 (Gy) ≤ 37.5 37.2 
(36.9–37.6)

35.1  
(34.8–35.6)

33.5  
(32.8–34.6)

PTV V30Gy (%) = 90 92.1 
(90.5–93.2)

92 (92.0–92.0) < 23.75

Hippocampus D100% (Gy) ≤ 9 8.4 (7.7–8.9) 9.3 (8.3–10.0) 8.1 (7.8–8.5) ≤ 9

Hippocampus Dmean (Gy) 7.3 (7.2–7.6) 7.3 (6.0–7.9)

Hippocampus Dmax (Gy) ≤ 16 15.3 
(14.3–15.9)

14.3  
(13.5–15.4)

16 (14.6–16.9) 14.1  
(12.0–15.3)

≤ 16

Lens Dmax (Gy) 3.8 (3.1–4.3) 5.8 (4.5–6.5) 4.6 (3.7–5.6)

Crossing of the optic nerves 
(optic chiasm) Dmax (Gy)

≤ 37.5 36.2  
(33.9–37.2)

34.7  
(33.1–36.8)

32.9  
(31.7–35.1)

Optic nerve Dmax (Gy) ≤ 37.5 32.5  
(28.3–35.7)

32.0  
(23.7–36.1)

33.1  
(32.5–33.8)

*PCI-PTV — planning target volume with 3 mm margin excluding the hippocampal region (hippocampus expanded by 5 mm); PCI — prophylactic cranial 
irradiation; WBRT — whole brain radiation therapy; PTV — planning target volume; Dmax — maximal point dose; Dmin — minimal point dose; Dmean — mean 
point dose; D100% — dose to 100% of the volume; D98% — dose to 98% of the volume; V95% — volume covered by 95% of the prescribed dose;  
D2% — dose to 2% of the volume; V30Gy — volume covered by 30% of the prescribed dose

static cerebral lesions, although cognitive impairment 
appearing after this treatment may contribute to the 
deterioration of patients’ quality of life. Occurrence of 
these complications is associated with post-radiation 
damage to the hippocampus, a structure particularly 
sensitive to ionising radiation, and especially the NSCs 
within it. Cognitive deficits mainly concern problems 
with memorising and reproducing information, and 
problems with short-term, delayed, and verbal memory. 
Application of the hippocampus protection procedure 
during brain RT may significantly reduce or even pre-
vent the above complications.

Modern RT techniques provide the ability to 
protect the hippocampus during brain RT, although 
there is a need for further research to establish clinical 
indications, qualify the appropriate group of patients, 
and develop technical recommendations for the imple-
mentation of this procedure, which could translate into 
clinical benefits and improve the quality of radiotherapy 
(quality assurance).

References

1. Chera BS, Amdur RJ, Patel P, et al. A radiation oncologist’s guide to 
contouring the hippocampus. Am J Clin Oncol. 2009; 32(1): 20–22, doi: 
10.1097/COC.0b013e318178e4e8, indexed in Pubmed: 19194118.

2. Kazda T, Jancalek R, Pospisil P, et al. Why and how to spare the 
hippocampus during brain radiotherapy: the developing role of hip-

pocampal avoidance in cranial radiotherapy. Radiat Oncol. 2014; 9: 
139, doi: 10.1186/1748-717X-9-139, indexed in Pubmed: 24935286.

3. Kier EL, Kim JH, Fulbright RK, et al. Embryology of the human fetal 
hippocampus: MR imaging, anatomy, and histology. AJNR Am J 
Neuroradiol. 1997; 18(3): 525–532, indexed in Pubmed: 9090416.

4. Barazzuol L, Rickett N, Ju L, et al. Low levels of endogenous or 
X-ray-induced DNA double-strand breaks activate apoptosis in 
adult neural stem cells. J Cell Sci. 2015; 128(19): 3597–3606, doi: 
10.1242/jcs.171223, indexed in Pubmed: 26303202.

5. Lv X, He H, Yang Y, et al. Radiation-induced hippocampal atrophy 
in patients with nasopharyngeal carcinoma early after radiotherapy: 
a longitudinal MR-based hippocampal subfield analysis. Brain Imaging 
Behav. 2018 [Epub ahead of print], doi: 10.1007/s11682-018-9931-z, 
indexed in Pubmed: 30054872.

6. Monje ML, Mizumatsu S, Fike JR, et al. Irradiation induces neural 
precursor-cell dysfunction. Nat Med. 2002; 8(9): 955–962, doi: 
10.1038/nm749, indexed in Pubmed: 12161748.

7. Mizumatsu S, Monje ML, Morhardt DR, et al. Extreme sensitivity of 
adult neurogenesis to low doses of X-irradiation. Cancer Res. 2003; 
63(14): 4021–4027, indexed in Pubmed: 12874001.

8. Tofilon PJ, Fike JR. The radioresponse of the central nervous system: 
a dynamic process. Radiat Res. 2000; 153(4): 357–370, indexed in 
Pubmed: 10798963.

9. Murray KJ, Scott C, Zachariah B, et al. Importance of the mini-mental 
status examination in the treatment of patients with brain metastases: 
a report from the Radiation Therapy Oncology Group protocol 91-04. 
Int J Radiat Oncol Biol Phys. 2000; 48(1): 59–64, indexed in Pubmed: 
10924972.

10. Chang EL, Wefel JS, Hess KR, et al. Neurocognition in patients with 
brain metastases treated with radiosurgery or radiosurgery plus whole-
-brain irradiation: a randomised controlled trial. Lancet Oncol. 2009; 
10(11): 1037–1044, doi: 10.1016/S1470-2045(09)70263-3, indexed 
in Pubmed: 19801201.

11. Li J, Bentzen SM, Renschler M, et al. Regression after whole-brain 
radiation therapy for brain metastases correlates with survival and im-
proved neurocognitive function. J Clin Oncol. 2007; 25(10): 1260–1266, 
doi: 10.1200/JCO.2006.09.2536, indexed in Pubmed: 17401015.

12. Welzel G, Fleckenstein K, Schaefer J, et al. Memory function before 
and after whole brain radiotherapy in patients with and without brain 

http://dx.doi.org/10.1097/COC.0b013e318178e4e8
https://www.ncbi.nlm.nih.gov/pubmed/19194118
http://dx.doi.org/10.1186/1748-717X-9-139
https://www.ncbi.nlm.nih.gov/pubmed/24935286
https://www.ncbi.nlm.nih.gov/pubmed/9090416
http://dx.doi.org/10.1242/jcs.171223
https://www.ncbi.nlm.nih.gov/pubmed/26303202
http://dx.doi.org/10.1007/s11682-018-9931-z
https://www.ncbi.nlm.nih.gov/pubmed/30054872
http://dx.doi.org/10.1038/nm749
https://www.ncbi.nlm.nih.gov/pubmed/12161748
https://www.ncbi.nlm.nih.gov/pubmed/12874001
https://www.ncbi.nlm.nih.gov/pubmed/10798963
https://www.ncbi.nlm.nih.gov/pubmed/10924972
http://dx.doi.org/10.1016/S1470-2045(09)70263-3
https://www.ncbi.nlm.nih.gov/pubmed/19801201
http://dx.doi.org/10.1200/JCO.2006.09.2536
https://www.ncbi.nlm.nih.gov/pubmed/17401015


109

Monika Konopka-Filippow et al., Benefits and difficulties during brain radiotherapy planning with hippocampus sparing

metastases. Int J Radiat Oncol Biol Phys. 2008; 72(5): 1311–1318, 
doi: 10.1016/j.ijrobp.2008.03.009, indexed in Pubmed: 18448270.

13. Scoccianti S, Ricardi U. Treatment of brain metastases: review of 
phase III randomized controlled trials. Radiother Oncol. 2012; 102(2): 
168–179, doi: 10.1016/j.radonc.2011.08.041, indexed in Pubmed: 
21996522.

14. Oğurel T, Oğurel R, Özer MA, et al. Mini-mental state exam versus Mont-
real Cognitive Assessment in patients with diabetic retinopathy. Niger 
J Clin Pract. 2015; 18(6): 786–789, doi: 10.4103/1119-3077.163274, 
indexed in Pubmed: 26289518.

15. Welzel G, Fleckenstein K, Mai SK, et al. Acute neurocognitive 
impairment during cranial radiation therapy in patients with intra-
cranial tumors. Strahlenther Onkol. 2008; 184(12): 647–654, doi: 
10.1007/s00066-008-1830-6, indexed in Pubmed: 19107345.

16. Kanard A, Frytak S, Jatoi A. Cognitive dysfunction in patients with 
small-cell lung cancer: incidence, causes, and suggestions on 
management. J Support Oncol. 2004; 2(2): 127–140, indexed in 
Pubmed: 15328816.

17. Falkowski A, Kurcz I. Procesy poznawcze. JS, Psychologia ogólna. 
Podręcznik akademicki, t. 2. GWP, Gdańsk 2006.

18. Meyers CA, Smith JA, Bezjak A, et al. Neurocognitive function and 
progression in patients with brain metastases treated with whole-brain 
radiation and motexafin gadolinium: results of a randomized phase III 
trial. J Clin Oncol. 2004; 22(1): 157–165, doi: 10.1200/JCO.2004.05.128, 
indexed in Pubmed: 14701778.

19. Chang EL, Wefel JS, Hess KR, et al. Neurocognition in patients with 
brain metastases treated with radiosurgery or radiosurgery plus whole-
-brain irradiation: a randomised controlled trial. Lancet Oncol. 2009; 
10(11): 1037–1044, doi: 10.1016/S1470-2045(09)70263-3, indexed 
in Pubmed: 19801201.

20. Meyers CA, Brown PD. Role and relevance of neurocognitive as-
sessment in clinical trials of patients with CNS tumors. J Clin Oncol. 
2006; 24(8): 1305–1309, doi: 10.1200/JCO.2005.04.6086, indexed in 
Pubmed: 16525186.

21. Meyers CA, Smith JA, Bezjak A, et al. Neurocognitive function and 
progression in patients with brain metastases treated with whole-brain 
radiation and motexafin gadolinium: results of a randomized phase III 
trial. J Clin Oncol. 2004; 22(1): 157–165, doi: 10.1200/JCO.2004.05.128, 
indexed in Pubmed: 14701778.

22. Jehn CF, Becker B, Flath B, et al. Neurocognitive function, brain-de-
rived neurotrophic factor (BDNF) and IL-6 levels in cancer patients 
with depression. J Neuroimmunol. 2015; 287: 88–92, doi: 10.1016/j.
jneuroim.2015.08.012, indexed in Pubmed: 26439967.

23. Petty F, Noyes R. Depression secondary to cancer. Biol Psychiatry. 
1981; 16(12): 1203–1220, indexed in Pubmed: 6984347.

24. Regine WF, Schmitt FA, Scott CB, et al. Feasibility of neurocognitive 
outcome evaluations in patients with brain metastases in a  multi-
-institutional cooperative group setting: results of Radiation Therapy 
Oncology Group trial BR-0018. Int J Radiat Oncol Biol Phys. 2004; 
58(5): 1346–1352, doi: 10.1016/j.ijrobp.2003.09.023, indexed in 
Pubmed: 15050309.

25. Marsh JC, Herskovic AM, Gielda BT, et al. Intracranial metastatic 
disease spares the limbic circuit: a review of 697 metastatic lesions 
in 107 patients. Int J Radiat Oncol Biol Phys. 2010; 76(2): 504–512, 
doi: 10.1016/j.ijrobp.2009.02.038, indexed in Pubmed: 20117288.

26. Ghia A, Tomé WA, Thomas S, et al. Distribution of brain metastases in 
relation to the hippocampus: implications for neurocognitive functional 
preservation. Int J Radiat Oncol Biol Phys. 2007; 68(4): 971–977, doi: 
10.1016/j.ijrobp.2007.02.016, indexed in Pubmed: 17446005.

27. Sun A, Bae K, Gore EM, et al. Phase III trial of prophylactic cranial 
irradiation compared with observation in patients with locally advanced 
non-small-cell lung cancer: neurocognitive and quality-of-life analysis. J 
Clin Oncol. 2011; 29(3): 279–286, doi: 10.1200/JCO.2010.29.6053, 
indexed in Pubmed: 21135267.

28. Meyers CA, Smith JA, Bezjak A, et al. Neurocognitive function and 
progression in patients with brain metastases treated with whole-brain 
radiation and motexafin gadolinium: results of a randomized phase III 
trial. J Clin Oncol. 2004; 22(1): 157–165, doi: 10.1200/JCO.2004.05.128, 
indexed in Pubmed: 14701778.

29. www.rtog.org/CoreLab/ContouringAtlases/HippocampalSparing.aspx.
30. Cacao E, Cucinotta FA. Modeling Heavy-Ion Impairment of Hippo-

campal Neurogenesis after Acute and Fractionated Irradiation. Radiat 
Res. 2016; 186(6): 624–637, doi: 10.1667/RR14569.1, indexed in 
Pubmed: 27925861.

31. Konopka-Filippow M, Sierko E, Hempel D, et al. Learning curve 
and interobserver variability in contouring hippocampus under 
the guidelines of Radiation Therapy Oncology Group 0933 hippo-
campal sparing atlas recommendations. Radiother Oncol. 2018;  
127: S1238.

32. Kim M, Wu G, Li W, et al. Automatic hippocampus segmentation of 
7.0 Tesla MR images by combining multiple atlases and auto-context 
models. Neuroimage. 2013; 83: 335–345, doi: 10.1016/j.neuroima-
ge.2013.06.006, indexed in Pubmed: 23769921.

33. Artaechevarria X, Munoz-Barrutia A, Ortiz-de-Solorzano C. Combina-
tion strategies in multi-atlas image segmentation: application to brain 
MR data. IEEE Trans Med Imaging. 2009; 28(8): 1266–1277, doi: 
10.1109/TMI.2009.2014372, indexed in Pubmed: 19228554.

34. Heckemann RA, Hajnal JV, Aljabar P, et al. Automatic anatomical 
brain MRI segmentation combining label propagation and decision 
fusion. Neuroimage. 2006; 33(1): 115–126, doi: 10.1016/j.neuroima-
ge.2006.05.061, indexed in Pubmed: 16860573.

35. Tu Z, Bai X. Auto-context and its application to high-level vision tasks 
and 3D brain image segmentation. IEEE Trans Pattern Anal Mach Intell. 
2010; 32(10): 1744–1757, doi: 10.1109/TPAMI.2009.186, indexed in 
Pubmed: 20724753.

36. Dekeyzer S, De Kock I, Nikoubashman O, et al. “Unforgettable” 
— a pictorial essay on anatomy and pathology of the hippocampus. In-
sights Imaging. 2017; 8(2): 199–212, doi: 10.1007/s13244-016-0541-2, 
indexed in Pubmed: 28108955.

37. Wang S, Zheng D, Zhang C, et al. Automatic planning on hippocampal 
avoidance whole-brain radiotherapy. Med Dosim. 2017; 42(1): 63–68, 
doi: 10.1016/j.meddos.2016.12.002, indexed in Pubmed: 28237294.

38. Becerril-Villanueva E, Ponce-Regalado MD, Pérez-Sánchez G, et 
al. Chronic infection with Mycobacterium lepraemurium induces 
alterations in the hippocampus associated with memory loss. Sci 
Rep. 2018; 8(1): 9063, doi: 10.1038/s41598-018-27352-x, indexed in 
Pubmed: 29899533.

39. Yuede CM, Timson BF, Hettinger JC, et al. Interactions between stress 
and physical activity on Alzheimer’s disease pathology. Neurobiol 
Stress. 2018; 8: 158–171, doi: 10.1016/j.ynstr.2018.02.004, indexed 
in Pubmed: 29888311.

40. Peters MEM, Kockelkoren R, de Brouwer EJM, et al. Histological valida-
tion of calcifications in the human hippocampus as seen on computed 
tomography. PLoS One. 2018; 13(5): e0197073, doi: 10.1371/journal.
pone.0197073, indexed in Pubmed: 29750809.

41. Marsh JC, Godbole R, Diaz AZ, et al. Sparing of the hippocampus, lim-
bic circuit and neural stem cell compartment during partial brain radio-
therapy for glioma: a dosimetric feasibility study. J Med Imaging Radiat 
Oncol. 2011; 55(4): 442–449, doi: 10.1111/j.1754-9485.2011.02282.x, 
indexed in Pubmed: 21843181.

42. Canyilmaz E, Uslu GD, Colak F, et al. Comparison of dose distributions 
hippocampus in high grade gliomas irradiation with linac-based imrt 
and volumetric arc therapy: a dosimetric study. Springerplus. 2015; 4: 
114, doi: 10.1186/s40064-015-0894-x, indexed in Pubmed: 25815244.

43. Chan JL, Lee SW, Fraass BA, et al. Survival and failure patterns of 
high-grade gliomas after three-dimensional conformal radiotherapy. J 
Clin Oncol. 2002; 20(6): 1635–1642, doi: 10.1200/JCO.2002.20.6.1635, 
indexed in Pubmed: 11896114.

44. Marsh J, Godbole R, Diaz A, et al. Feasibility of cognitive sparing 
approaches in children with intracranial tumors requiring partial brain 
radiotherapy: A dosimetric study using tomotherapy. journal of Cancer 
Therapeutics and Research. 2012; 1(1): 1, doi: 10.7243/2049-7962-1-1.

45. Brodin NP, Munck af Rosenschöld P, Blomstrand M, et al. Hippo-
campal sparing radiotherapy for pediatric medulloblastoma: impact 
of treatment margins and treatment technique. Neuro Oncol. 2014; 
16(4): 594–602, doi: 10.1093/neuonc/not225, indexed in Pubmed:  
24327585.

46. Lester JF, MacBeth FR, Coles B. Prophylactic cranial irradiation for 
preventing brain metastases in patients undergoing radical treatment 
for non-small-cell lung cancer: a Cochrane Review. Int J Radiat Oncol 
Biol Phys. 2005; 63(3): 690–694, doi: 10.1016/j.ijrobp.2005.03.030, 
indexed in Pubmed: 15913909.

47. Stuschke M, Pöttgen C. Prophylactic cranial irradiation as a compo-
nent of intensified initial treatment of locally advanced non-small cell 
lung cancer. Lung Cancer. 2003; 42 Suppl 1: S53–S56, indexed in 
Pubmed: 14611915.

48. Le Péchoux C, Dunant A, Senan S, et al. Prophylactic Cranial Irradiation 
(PCI) Collaborative Group. Standard-dose versus higher-dose prophy-
lactic cranial irradiation (PCI) in patients with limited-stage small-cell 
lung cancer in complete remission after chemotherapy and thoracic 
radiotherapy (PCI 99-01, EORTC 22003-08004, RTOG 0212, and IFCT 
99-01): a randomised clinical trial. Lancet Oncol. 2009; 10(5): 467–474, 
doi: 10.1016/S1470-2045(09)70101-9, indexed in Pubmed: 19386548.

49. Redmond KJ, Hales RK, Anderson-Keightly H, et al. Prospective Study 
of Hippocampal-Sparing Prophylactic Cranial Irradiation in Limited-
-Stage Small Cell Lung Cancer. Int J Radiat Oncol Biol Phys. 2017; 
98(3): 603–611, doi: 10.1016/j.ijrobp.2017.03.009, indexed in Pubmed: 
28581401.

http://dx.doi.org/10.1016/j.ijrobp.2008.03.009
https://www.ncbi.nlm.nih.gov/pubmed/18448270
http://dx.doi.org/10.1016/j.radonc.2011.08.041
https://www.ncbi.nlm.nih.gov/pubmed/21996522
http://dx.doi.org/10.4103/1119-3077.163274
https://www.ncbi.nlm.nih.gov/pubmed/26289518
http://dx.doi.org/10.1007/s00066-008-1830-6
https://www.ncbi.nlm.nih.gov/pubmed/19107345
https://www.ncbi.nlm.nih.gov/pubmed/15328816
http://dx.doi.org/10.1200/JCO.2004.05.128
https://www.ncbi.nlm.nih.gov/pubmed/14701778
http://dx.doi.org/10.1016/S1470-2045(09)70263-3
https://www.ncbi.nlm.nih.gov/pubmed/19801201
http://dx.doi.org/10.1200/JCO.2005.04.6086
https://www.ncbi.nlm.nih.gov/pubmed/16525186
http://dx.doi.org/10.1200/JCO.2004.05.128
https://www.ncbi.nlm.nih.gov/pubmed/14701778
http://dx.doi.org/10.1016/j.jneuroim.2015.08.012
http://dx.doi.org/10.1016/j.jneuroim.2015.08.012
https://www.ncbi.nlm.nih.gov/pubmed/26439967
https://www.ncbi.nlm.nih.gov/pubmed/6984347
http://dx.doi.org/10.1016/j.ijrobp.2003.09.023
https://www.ncbi.nlm.nih.gov/pubmed/15050309
http://dx.doi.org/10.1016/j.ijrobp.2009.02.038
https://www.ncbi.nlm.nih.gov/pubmed/20117288
http://dx.doi.org/10.1016/j.ijrobp.2007.02.016
https://www.ncbi.nlm.nih.gov/pubmed/17446005
http://dx.doi.org/10.1200/JCO.2010.29.6053
https://www.ncbi.nlm.nih.gov/pubmed/21135267
http://dx.doi.org/10.1200/JCO.2004.05.128
https://www.ncbi.nlm.nih.gov/pubmed/14701778
http://dx.doi.org/10.1667/RR14569.1
https://www.ncbi.nlm.nih.gov/pubmed/27925861
http://dx.doi.org/10.1016/j.neuroimage.2013.06.006
http://dx.doi.org/10.1016/j.neuroimage.2013.06.006
https://www.ncbi.nlm.nih.gov/pubmed/23769921
http://dx.doi.org/10.1109/TMI.2009.2014372
https://www.ncbi.nlm.nih.gov/pubmed/19228554
http://dx.doi.org/10.1016/j.neuroimage.2006.05.061
http://dx.doi.org/10.1016/j.neuroimage.2006.05.061
https://www.ncbi.nlm.nih.gov/pubmed/16860573
http://dx.doi.org/10.1109/TPAMI.2009.186
https://www.ncbi.nlm.nih.gov/pubmed/20724753
http://dx.doi.org/10.1007/s13244-016-0541-2
https://www.ncbi.nlm.nih.gov/pubmed/28108955
http://dx.doi.org/10.1016/j.meddos.2016.12.002
https://www.ncbi.nlm.nih.gov/pubmed/28237294
http://dx.doi.org/10.1038/s41598-018-27352-x
https://www.ncbi.nlm.nih.gov/pubmed/29899533
http://dx.doi.org/10.1016/j.ynstr.2018.02.004
https://www.ncbi.nlm.nih.gov/pubmed/29888311
http://dx.doi.org/10.1371/journal.pone.0197073
http://dx.doi.org/10.1371/journal.pone.0197073
https://www.ncbi.nlm.nih.gov/pubmed/29750809
http://dx.doi.org/10.1111/j.1754-9485.2011.02282.x
https://www.ncbi.nlm.nih.gov/pubmed/21843181
http://dx.doi.org/10.1186/s40064-015-0894-x
https://www.ncbi.nlm.nih.gov/pubmed/25815244
http://dx.doi.org/10.1200/JCO.2002.20.6.1635
https://www.ncbi.nlm.nih.gov/pubmed/11896114
http://dx.doi.org/10.7243/2049-7962-1-1
http://dx.doi.org/10.1093/neuonc/not225
https://www.ncbi.nlm.nih.gov/pubmed/24327585
http://dx.doi.org/10.1016/j.ijrobp.2005.03.030
https://www.ncbi.nlm.nih.gov/pubmed/15913909
https://www.ncbi.nlm.nih.gov/pubmed/14611915
http://dx.doi.org/10.1016/S1470-2045(09)70101-9
https://www.ncbi.nlm.nih.gov/pubmed/19386548
http://dx.doi.org/10.1016/j.ijrobp.2017.03.009
https://www.ncbi.nlm.nih.gov/pubmed/28581401


110

OncOlOgy in clinical practice 2019, Vol. 15, No. 2

50. Tarnawski R, Michalecki L, Blamek S, et al. Feasibility of reducing the 
irradiation dose in regions of active neurogenesis for prophylactic 
cranial irradiation in patients with small-cell lung cancer. Neoplasma. 
2011; 58(6): 507–515, indexed in Pubmed: 21895404.

51. Marsh JC, Gielda BT, Herskovic AM, et al. Cognitive Sparing during the 
Administration of Whole Brain Radiotherapy and Prophylactic Cranial 
Irradiation: Current Concepts and Approaches. J Oncol. 2010; 2010: 
198208, doi: 10.1155/2010/198208, indexed in Pubmed: 20671962.

52. Tallet AV, Azria D, Barlesi F, et al. Neurocognitive function impairment 
after whole brain radiotherapy for brain metastases: actual assessment. 
Radiat Oncol. 2012; 7: 77, doi: 10.1186/1748-717X-7-77, indexed in 
Pubmed: 22640600.

53. Nevelsky A, Ieumwananonthachai N, Kaidar-Person O, et al. Hippo-
campal-sparing whole-brain radiotherapy using Elekta equipment.  
J Appl Clin Med Phys. 2013; 14(3): 4205, doi: 10.1120/jacmp.
v14i3.4205, indexed in Pubmed: 23652251.

54. Gondi V, Pugh SL, Tome WA, et al. Preservation of memory with 
conformal avoidance of the hippocampal neural stem-cell compart-
ment during whole-brain radiotherapy for brain metastases (RTOG 
0933): a phase II multi-institutional trial. J Clin Oncol. 2014; 32(34): 
3810–3816, doi: 10.1200/JCO.2014.57.2909, indexed in Pubmed:  
25349290.

55. Gondi V, Tolakanahalli R, Mehta MP, et al. Hippocampal-sparing whole-
-brain radiotherapy: a “how-to” technique using helical tomotherapy 
and linear accelerator-based intensity-modulated radiotherapy. Int 

J Radiat Oncol Biol Phys. 2010; 78(4): 1244–1252, doi: 10.1016/j.
ijrobp.2010.01.039, indexed in Pubmed: 20598457.

56. Krayenbuehl J, Di Martino M, Guckenberger M, et al. Improved 
plan quality with automated radiotherapy planning for whole brain with 
hippocampus sparing: a comparison to the RTOG 0933 trial. Radiat 
Oncol. 2017; 12(1): 161, doi: 10.1186/s13014-017-0896-7, indexed 
in Pubmed: 28969706.

57. Zhao L, Shen Y, Guo JD, et al. Analyses of distribution and dosimetry 
of brain metastases in small cell lung cancer with relation to the neural 
stem cell regions: feasibility of sparing the hippocampus in prophylactic 
cranial irradiation. Radiat Oncol. 2017; 12(1): 118, doi: 10.1186/s13014-
017-0855-3, indexed in Pubmed: 28709456.

58. Gondi V, Mehta MP, Pugh S, et al. Memory Preservation With Conformal 
Avoidance of the Hippocampus During Whole-Brain Radiation Therapy 
for Patients With Brain Metastases: Primary Endpoint Results of RTOG 
0933. Int J Radiat Oncol Biol Phys. 2013; 87(5): 1186, doi: 10.1016/j.
ijrobp.2013.10.005.

59. Daniela Falco M, Giancaterino S, D’Andrea M, et al. Hippocampal 
sparing approach in fractionated stereotactic brain VMAT radio therapy: 
A retrospective feasibility analysis. J Appl Clin Med Phys. 2018; 19(1): 
86–93, doi: 10.1002/acm2.12216, indexed in Pubmed: 29125239.

60. Di Carlo C, Trignani M, Caravatta L, et al. Hippocampal sparing in 
stereotactic radiotherapy for brain metastases: To contour or not 
contour the hippocampus? Cancer Radiother. 2018; 22(2): 120–125, 
doi: 10.1016/j.canrad.2017.08.113, indexed in Pubmed: 29576492.

https://www.ncbi.nlm.nih.gov/pubmed/21895404
http://dx.doi.org/10.1155/2010/198208
https://www.ncbi.nlm.nih.gov/pubmed/20671962
http://dx.doi.org/10.1186/1748-717X-7-77
https://www.ncbi.nlm.nih.gov/pubmed/22640600
http://dx.doi.org/10.1120/jacmp.v14i3.4205
http://dx.doi.org/10.1120/jacmp.v14i3.4205
https://www.ncbi.nlm.nih.gov/pubmed/23652251
http://dx.doi.org/10.1200/JCO.2014.57.2909
https://www.ncbi.nlm.nih.gov/pubmed/25349290
http://dx.doi.org/10.1016/j.ijrobp.2010.01.039
http://dx.doi.org/10.1016/j.ijrobp.2010.01.039
https://www.ncbi.nlm.nih.gov/pubmed/20598457
http://dx.doi.org/10.1186/s13014-017-0896-7
https://www.ncbi.nlm.nih.gov/pubmed/28969706
http://dx.doi.org/10.1186/s13014-017-0855-3
http://dx.doi.org/10.1186/s13014-017-0855-3
https://www.ncbi.nlm.nih.gov/pubmed/28709456
http://dx.doi.org/10.1016/j.ijrobp.2013.10.005
http://dx.doi.org/10.1016/j.ijrobp.2013.10.005
http://dx.doi.org/10.1002/acm2.12216
https://www.ncbi.nlm.nih.gov/pubmed/29125239
http://dx.doi.org/10.1016/j.canrad.2017.08.113
https://www.ncbi.nlm.nih.gov/pubmed/29576492

