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resonance imagingMRI and computed tomographyCT had been repeated to evaluate the tumour control rate. Age, percent tumour 

coverage, conformality index, new conformality index, cochlear dose, and audiometric test results were collected and analyzsed 

for all patients.  Results: There were 41 patients enrolled in this study. The mean follow-up period of imaging studies was 
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higher cochlear radiation doses, and poorer hearing beforeprior to radiosurgery.  Conclusions: Excellent tumour control and 
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important alternative to microsurgery in treating small-and 
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is a form of SRS that, like its gamma knife predecessor, 
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is a robotic LINAC-based system that electronically monitors 

patient position in a real-time image space and removes the 
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delivering fractionated treatments. Nonisocentric treatment 
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and usually arises from the sheath of the vestibular cranial 
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loss, dizziness, vertigo, and gait instability.1,2 There are many 
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and radiation. The optimal treatment for a given patient 

is based on many factors, including age, tumor size and 

location, and the degree of hearing preservation.1,3,4 In recent 
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planning is possible because of the ability to place radiation 

beams along a vast number of potential trajectories.12� <��

treatment by CK can be split over multiple sessions, which 

may be a potential disadvantage for patients who do not want 

to undergo multi-day treatment.

Here, we performed a retrospective hearing preservation 

analysis in patients who had previously undergone CK-SRS 
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preservation and a variety of factors to determine which factors 
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MATERIALS AND METHODS

Subjects and population
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Hospital, Taipei, Taiwan, between 2007 and 2012. Here, 
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Median age at primary diagnosis was 57.4 ± 15.6 years 
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noncompletion of the audiograms and/or magnetic resonance 
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Type 2. The protocol and forms for this study were reviewed 

and approved by the Institutional Review Board of the 
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Radiosurgical metrics
The treatment planning-related metrics were originally derived 

from 1.25-mm contiguous axial high-resolution computed 

��'������"� /�	3� ��� 5���� ��� �����
�
�'���������� ��''�

contiguous axial T1-weighted MRI scans of the brain lesions. 

Treatment planning was performed using the MultiPlan inverse 
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coverage.

Data capture and follow-up
The patient characteristics were assessed included sex, 
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assessments, including those for speech discrimination and 
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that on the pretreatment MRI.14�	�'�����������5�����[�������

tumors that were the same size or had diminished in size on 

the follow-up MRI. The clinical evaluations and MRIs were 

performed at 3 mo, 9 mo, and 18 mo after radiotherapy and 

each year thereafter. The auditory evaluation was performed 

annually after CK-SRS treatment. To distinguish between 

tumor-related hearing loss and radiation-associated hearing 

loss, we analyzed a participant subgroup with good hearing. 
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were evaluated for radiation injury using posttreatment MRI 

scans. These nine patients were then reviewed for symptom 

improvement or worsening, as well as for complications 

related to CK-SRS treatment.

Statistical analysis
We used paired t�����������������������
�������������������'�����

the clinical parameters between groups. P < 0.05 was adopted 
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was used to evaluate the probabilities for tumor control and for 

hearing preservation. Data are presented as mean ± standard 

deviation with range in parentheses or as number.

RESULTS
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preoperative tumor size was 4.9 ± 4.8 cm3�/&��U#%�%��'33������

the mean cochlear size was 0.05 ± 0.07 cm3�/&�&#U&�$��'33��

The basic patient demographic information and CK-SRS 

parameters are listed in Table 1. The detailed cochlear 

dose-volume data and the cochlear dose-volume relationships 

are listed in Table 2.

Tumor local control
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and MRI were performed at 3 mo, 9 mo, and 18 mo after 
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patients treated by CK-SRS with good hearing evaluated for 
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radiation injury, the mean radiation reaction follow-up was 
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Treatment side effects
Nine patients had radiation responses after therapy; 
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had left-side facial numbness, two patients had left-side 

tongue numbness, and one patient had right-side trigeminal 

neuralgia. Among patients with worsened hearing, two 
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one patient had edema as an early side effect. Among patients 

with preserved hearing, one patient had a radiation reaction 
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Hearing preservation
The mean clinical PTA follow-up was 44.6 ± 15.5 mo 

/��U>L� '�3� �(���� �*�����9� ����"����� ���
����� (��[����� ����


�����
�����
���
�q��$�5����'����/�GQ3�����#>�5����(�'����/$#Q3]�

��(���
�����'����5������������
��������
�����/L#Q3�������
�����
���

��'����5������������
��#L����
�����/�%Q3��Table 3 and Figure 1]. 

B�� ���� ����������

�� ������'����� ��� ������ V� ����
��� ����

)���� '�
���
���� ���������'���� 
�� #�� ���
����� />LQ3�� ����

$� ���
����� /��Q3� ���� �����
������� ��� ��� ������ VV]� ���

������ VV� ����
��� ���� )���� '�
���
���� ���������'���� 
��

#�����
�����/L�Q3������%����
�����/�>Q3����������
�������������

������V��B(�����*��������
�������"��������
�����/��=$#����Q3�

�������������V�����
�������#%����
�����/#%=$#��$LQ3��������

������VV�����
����	���	<�����������
���'����������
��
��������

to the cochlea of patients with deteriorated hearing and of those 

with preserved hearing are listed for comparison in Table 4.
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Serviceable hearing at 24 mo, 36 mo, and 60 mo following 

���� U� %>�$Q�� GG��Q�� ���� >���Q�� �������

��"� �Figure 1a]. 

Tumor control at 24 mo, 36 mo, and 60 mo following 
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��"� �Figure 1b]. 
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In patients with worsened hearing, the mean cochlear 

volume was 0.08 ± 0.07 cm3� /&�&�U&�#�� �'33�� ���� '����
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In patients with unchanged hearing, the mean cochlear 

volume was 0.04 ± 0.04 cm3� /&�&#U&�#G��'33�� ����'����	<�
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patients with preserved hearing, the mean cochlear volume was 
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postprocedure. Among radiosurgical instruments, the gamma 

Table 1: Patient demographic information and CyberKnife 

parameters

<����

Number of patients 41

�������/'���q�(�'���3 24:17

j��������/"���3 �>�$O#��L�/�L�%&3

Mean audiometric follow-up, mo $$�LO#����/���>L3

Mean imaging follow-up, mo �L�LO#����/���GG3

Mean reaction follow-up, mo $���O#&�L�/���>#3

Anatomical parameters

Tumour side, left: right 25:16

Mean tumor size, cm3 $�%O$�G�/&��&3

Mean cochlear size, cm3 &�#O&�#�/&�&�$3

CK parameters

Dose prescription isodose line, % >%�LO����/>��%&3

Coverage, % %L�$O#���/%#�$�%%�#3

CI #��O&�#�/#�#�#��3

nCI #�$O&�#�/#�#�#��3

HI #��O&�/#�#�#�$3

Data are numbers or means±SD with ranges given in parentheses. 
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Table 2: Detailed cochlear dose-volume data and the 

cochlear dose-volume relationships

�" j���O�!�/�����3 Frequency distribution 

/Q3

Cochlear dose-volume 

/Q3

6 L�#O>�/L�L��3 �>�/%L�L3 85.1±27

8 G�#OL�L�/G�G��3 ���/GG�#3 74.1±32.8

10 #&�#OL�L�/#&�#&��3 $>�/G&3 62.8±39.1

12 #��#OL���/#��#���3 �$�/�>�L3 62±32.7

14 #$�#O>�/#$�#$��3 �#�/����3 34.1±30.6

16 #L�#O>���/#L�#L��3 #L�/�>�#3 24.4±22.5

18 #GO��%�/#G�#G��3 ��/��#3 12.6±17.1
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treatment outcomes, with follow-up periods >10 years.15 In 

general, the CK literature has shown excellent tumor control 

rates but with shorter follow-up times than in the literature for 

the gamma knife.14,16,17 Reported tumor control rates following 

�*����� (���<������#&&Q����#��'��17 98% at 48 mo,14 and 

96% at 60 mo.16 Our data demonstrated a comparable tumor 

control rate of 82.5% at 60 mo.
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gold standard in stereotactic radiosurgical systems for treating 
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55% to 79%.5,18-22 In 2004, Ishihara23 reviewed a series of 38 

<�� ���
������ �(� 5�
��� #$� 
�
�
���"� ���� ���

���)��� /����� ���

�\�������3�����
���/���V����VV3�)�(�����*������B�'����'���
����

������(�#>��"��
���#U������
���� /������
)���������##����"3�

was delivered to each of these patients. Of the 14 patients with 
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deterioration, and the overall hearing preservation rate was 

93%.23 Two larger series of 61 and 94 patients with serviceable 
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analyzed. The hearing preservation rates were similar, taking 
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treated by SRS, the hearing preservation rate at 5 years was 

50%; however, by 10 years, this had fallen to 23%.11 In 

another auditory follow-up, around 40% of patients had lost 

���

���)�������
������
�������[������"������(�������������������

and around 40% of patients lost hearing over the next 8 years, a 

more severe loss rate than the normal age-associated decline.24 

However, our study found a preservation rate of serviceable 

hearing of 75.5% at a mean follow-up of 60 mo. In summary, 

we found that CK-SRS offers hearing preservation rates 

Table 3: Hearing outcomes; hearing before and after 

stereotactic radiosurgery radiotherapy pretreatment pure 

tone averages/postpure tone averages Cross-tabulation

Post-PTA 	�����/Q3

V�/Q3 VV�/Q3

Pretreatment PTA

I #��/>L3 $�/��3 #>�/$#3

II %�/�>3 #��/L�3 �$�/�G3

Total ���/��3 #%�/$L3 $#�/#&&3

�	B������������
������

b

Figure 1:�/�3�	���*������j�
��U���
'������������(����

���)�������
�������$�'����L�'�������L&�'��(����5
�������������
�����
�������"�����%>�$Q��GG��Q������

>���Q���������

��"�������������
�������������������
������/���
�'���
��������'���3��/)3�	���*������j�
��U���
'������������(���'���������������$�'����L�'���

����L&�'��(����5
�������������
�����
�������"�����#&&Q��%>�$Q������G���Q���������

��"��/�3�	���*������j�
��U���
'������������(���'�����"���'���
���'��

expansion at 24 mo, 36 mo, and 60 mo following stereotactic radiosurgery are 97.4%, 88.5%, and 75.5%, respectively

c

a
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comparable with those in other reports on CK and at the upper 

end of those reported in the gamma knife literature.5-7,9-11,25

Because hearing loss does sometimes occur with SRS 

(��� <��� ������ ��
�� )���� '��"� �((����� ��� 
����
("� ����
������

of hearing preservation. Factors examined have included 

tumor size, cochlear volume, and dose received by the 

cochlea. Most studies have concluded that tumor size does 

not predict hearing loss.20,22,26,27 A systematic review of 45 

��)�
���
����/$���$����
����3���
����������
��
[������
((��������

in hearing preservation rates between patients with smaller 

��'���� /�
������ 	<� �� #��� �'33� ���� ������� ��'���� /L#� 
���

62%, P ��&�G%LG3�26 One possible explanation was that larger 

tumors might compress the vestibulocochlear nerve complex 

and lead to a lower radiation exposure for this neural structure. 

In contrast, our data showed that patients experiencing 

����
��� �����
����
��� ���� ��� ���� ���������� ���� �
��
[�����"�

larger tumors. A similar result was found previously;21 a 

	<��&�>���'3�5������
��
[�����������������
������(�����
����

hearing function. The predictive value of cochlear volume in 

the context of hearing preservation has been investigated.22 

A larger cochlear volume was associated with better hearing 

������
��
���
��������"��(�%$�<�����
�������������)"��*�����16 

Consistent with this, we found that patients with larger 

cochlear volumes had better hearing preservation rates after 

CK-SRS. Table 4 summarizes the characteristics of patients 

with posttreatment hearing preservation.

A higher radiation dose to the cochlea has been consistently 

associated with greater hearing loss.5,8,16,19,28-30 We found 

that among the radiation-injured patients, we studied, the 

�
������ ��'��� �
?�� />�#� O� L� �'33� 5��� )
����� ����� ����� 
��

)���� ���� ����
���������
��� ���
����� /$�%� O� �� �'33� ���� ����

����
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����� ��������� �
?�� 5��� �
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[������ B�������� ������ 
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established threshold dose for producing cochlear damage, 

many studies have provided useful frames of reference. 

B����������������������$����"��
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[�����"��������������
���

������
��
��� /
����� '�
��������� �(� ���� ��'�� ��� ��
��3�21 

Moreover, the median radiation doses delivered to the cochlea 


�����
�����5
�������
���������
��
������������5������>&��"�����

������"���������

��"�19 For better hearing outcomes, the mean 

���������������������
���'���������)��������"�5 The threshold 

cochlear dose for hearing loss is probably between 4 and 
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Due to advancements in imaging technologies, increasing 

��')�����(����
�������
��)�����
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still have normal and serviceable hearing. This prompts new 

Table 4: Characteristics of patients with posttreatment hearing preservation

Hearing deterioration 

���V�������VV�/n�$3

Hearing preservation no change from 

���V=���VV�/n��G3

Hearing improvement 

���VV�������V�/n�%3

�������/'���q�(�'���3 2:2 17:11 5:4

	�'�����
���/��(�q��
���3 3:1 15:13 7:2

j��������/"����3 �>O##�>�/$$�>�3 �%��O#L�$�/���%&3 �#�#O#��%�/�L�L>3

Mean tumour size, cm3 >�#OL�/#�#�3 $�%O��/&��&3 ��%O��L�/&�##3

Mean cochlear size, cm3 &�&GO&�&>�/&�&��&�#�3 &�&$O&�&$�/&�&#�&�#G3 &�&GO&�#�/&�&#�&�$$3

Mean audiometric follow-up, mo $G��O#>���/�%�L�3 $��$O#����/���>�3 $%�$O#L�/�G�>L3

Mean imaging follow-up, mo L&��O#>���/$#�>�3 �$�$O#����/���G$3 L#�$O#L�/$&�GG3

Mean reaction follow-up, mo �&��O#��/�>�>#3 �%�GO%�>�/���L�3 $��GO%���/�$�L�3

Treatment reactions

Controlled: Enlarged: Improved 2:1:1 24:0:4 1:0:8

Necrosis 0 1 1

	<� 1 5 0

Treatment parameters

Dose prescription isodose line, % >G�GO#�>�/>>�G#3 >%�GO��$�/>��G%3 >%��O#�G�/>L�G�3

Coverage, % %��$O#�%�/%����%L�L3 %L��O#�L�/%#�$�%%�#3 %L�>O#�#�/%����%G�$3

CI #�$O&�#�/#���#��3 #�$O&�#�/#�#�#��3 #��O&�#�/#�#�#�$3

nCI #��O&�#�/#�$�#��3 #�$O&�#�/#�#�#��3 #��O&�#�/#���#��3

HI #��O&�/#���#��3 #��O&�#�/#�#�#�$3 #��O&�/#���#�$3

*P�&�&&#�
���������
�����5
���5���������
��������������')�������'����O�!�5
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questions about the appropriate time of intervention. In several 

scenarios, an observation strategy may be preferred; examples 

are elderly patients who have mild symptoms, patients who 

have relatively small tumors, and asymptomatic patients who 

simply do not want any treatment. Nevertheless, evidence 

that early intervention is advantageous has been found. After 

����#�"����(����5�����(�������
��

��<�������'�����������
���

of the 903 patients had lost previously serviceable hearing, 

and 51% showed tumor growth.32�<�����
�����5��������5����

conservative expectant management were more likely to lose 

hearing than those who underwent gamma knife radiosurgery; 

over time, this effect became more pronounced.18 A conclusion 

from a review of several retrospective studies was that 

patients who underwent expectant management had gradual 

hearing degradation that led to loss of serviceable hearing 

within 5 years and that early SRS intervention exhibited 

better long-term tumor control and hearing preservation rates 

compared with conservative treatment.33

Among patients with preserved hearing, one patient 

had a radiation reaction consisting of tumor necrosis and 

��'�����"�	<���	��� ��'�����"�	<�� ����� (��� ��
�� �����'����


�������\
'����"��>QU�%Q�34,35 and the averaged start time of 

the expansion is 18 mo.34

���
����� 5
��� �� ��� V� ����
��� ������� )�(���� �����'���� ����

greater potential for hearing preservation after gamma knife 

radiosurgery.20 To prevent the loss of useful hearing, it may be 

better to use gamma knife radiosurgery when the patients still 

��
����������� V�����
���8����
�����5
������V�����
���)�(����

SRS had high hearing preservation rates after treatment.11,22,36 

The mean annual hearing declines before and after SRS 

/���%���="����������>>���="������������

��"3��((���

��"����5�

����� ���� ���
�������"� �
��
[�����"� ���5�� ���� ����
��� �����

rate.28 On the whole, and taking our own results into account, 
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undergo SRS as early as possible, particularly when they still 

��
�����V�����
���28

	�
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'
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�����<��������"����5����5�"��

and hearing degradation after SRS is a late effect. Accordingly, 

our follow-up period may not have been long enough, causing 

an overestimation of tumor control and hearing preservation 

rates. In addition, inherent methodological challenges and 

inaccuracies were encountered in precisely determining the 

radiation dose received by the cochlea.

CK-SRS has the particular advantage of providing staged 
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�������"�(�����'���
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��
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with greater accuracy than other LINAC-based systems.3 

Therefore, CK-SRS may have advantages for the preservation 

of neurological functions such as hearing. Certainly, our data 


��
����� ����� �*� 
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�)��� 
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and that further research on hearing preservation during this 

treatment is warranted.

CONCLUSIONS

������ <�� ���
����� �������� )"� �*����� ���� ��� �\��������

tumor control rate and a hearing preservation rate comparable 

with those reported in the previous literature. However, patients 

5��� ��
�� �� ���VV� ����
��� ������� )�(���� �*����� �����'�����

who have larger tumors or smaller cochlear volumes, and who 

have higher radiation doses to the cochlea, may have poorer 

hearing prognoses following this procedure.
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