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Table 2 Evaluation of risk for recurrence and progression using univariate analysis

Total cases Recurrence/progression Non-recurrence/progression p value
Cases 37 8 29
Age (years) 37 579 £+ 118 53.6 £ 13.2 0.41
Gender 37 Female 3 20
Male 5 54 0.22
Skull base 37 Yes 5 11
No 3 18 0.25
LN ratio 37 367 £ 115 2.65 £ 0.86 <0.01
Extent of resection 33 GTR 1 17
Non-GTR 5 10 0.053
WHO grade 33 Grade 1 5 25
Grade T 1 2 0.46
Ki-67 LI 33 181 +1.21 3.06 + 3.84 0.44
The LN ratio was a significant risk factor for recurrence and progression
LN lesion to normal, GTR gross total resection, LI labeling index
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Fig. 3 Cormelation between the LN ratio of MET PET and the Ki-67
LI. No correlation between the LN ratio and the Ki-67 LI was

Yes (n=8}) No (n=29)
Recurrence / Progression

Fig. 2 LN ratio of MET PET and recurrence/progression. The LN
ratio in cases with recurrence and progression was significantly higher
than that in cases without recurrence and progression (p < 0.01)

level of the LN ratio for predicting recurrence and pro-
gression. ROC analysis confirmed 3.18 as the best pre-
dictive cutoff value of the LN ratio for recurrence and
progression. The AUC was 0.754. Using the best cutoff
value of 3.18, the sensitivity and specificity were 63 and
79 %, respectively (Fig. 5).

Discussion
The risk factors for recurrence and progression in meningi-

oma have been reported in many previous studies. They
include age [5, 6], gender [7], tumor size [8], calcification [7,

'@ Springer

observed. Asterisks cases with recurrence or progression

91, brain invasion [10], location [11], vascular density [12],
Ki-67 LI[8, 13-15], extent of the resection [12, 16, 17], and
WHO grade [11]. In our study, age, gender, tumor location,
Ki-67 LI, and the LN ratio of MET PET were investigated. A
high LN ratic was significantly correlated with tumor
recurrence and progression. However, age, gender, tumor
location, and KI-67 LI were not significantly correlated with
tumor recurrence. These risk factors remain controversial.
Recently, the MET PET method has been used in glio-
mas and other intracranial tumors to evaluate the malig-
nancy of the tumor and the proliferative activity. In

- previous studies of gliomas, MET uptake correlated with
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the WHO grade, Ki-67 LI, and patient survival [18-21].
However, the role of MET PET in meningioma is not clear.
In a previous study using **F-fluorodeoxyglucose (FDG)
PET, '*F-FDG uptake was correlated with the Ki-67 LI but
not with recurrence of the meningioma [22, 23]. Using
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Fig. 4 Case 36. a Preoperative Gadoliniim (Gd)-enhanced T1-
weighted image. The tumor is located at the clivus. b *C-methionine
was taken up into the tumor. The LN ratio was 4.35. ¢, d Photomi-
crograph of a sample of the lesion. Hematoxylin and eosin-stained
section (¢ x 100} and Ki-67 staining (d x200) of a meningioma tissue

kinetic analysis with 'F-FDG PET, Tsuyuguchi [24]
showed that the kinetic rate constant of glucose metabolism
is refated to the Ki-67 LI. However, that analysis requires
frequent arterial blood samplings and dynamic PET scan-
ning. The procedure is very complicated and not practical
for clinical use. Moreover, the results of *F-FDG PET are
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specimen. The diagnosis based on pathology was meningothelial
meningioma. The Ki-67 LI was 0.5. e Postoperative Gd-enhanced
T1-weighted image. In this case, the tumor was partially removed
using a trans-sphenoidal approach. f Gd-enhanced T1-weighted
image 15 months after surgery. The tumor had begun to grow again

influenced by blood glucose. In patients with hyperglyce-
mia, the results may lead to overestimation [25]. Iuchi et al.
[26] showed that MET uptake is significantly correlated
with the count of nuclear organizer regions, which is a
histological index of protein synthesis, the Ki-67 LI, and a
histological index of proliferative activity. In that study,
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¥E_FDG uptake showed no significant correlation with the
Ki-67 LI or clinical malignancy. The uptake of methionine
reflects amino acid transport and metabolism, but this does
not mean that methionine uptake is correlated with protein

Table 3 Evaluation of risk factors for recurrence using Cox pro-
portional hazards model

p value Risk ratio
Age (years) 0.28
Gender 043
Skull base 0.12
LN ratio 0.03 4.21
Extent of resection (non-GTR/GTR} 0.014
WHO grade (grade I/grade 1) 0.0074
Ki-67 LI 0.079

LN ratio, extent of resection, and WHO grade were significant risk
factors

LN lesion to normal, WHO World Health Organization, GTR gross
total resection, L/ labeling index
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e
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o
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0.0 0.2 0.4 0.6 0.8 1.0
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Fig. 3 ROC curve of the LN ratio. AUC of the LN ratio of MET PET
was 0.754. The optimal cutoff value was 3.18. The sensitivity and
specificity were 63 and 79 %, respectively

synthesis and proliferation [27]. Some previous studies
have shown that MET uptake correlates with microvessel
density in glioma cases [28, 29], but in meningioma cases,
MET uptake does not correlate with microvessel density
[30]. This observation may reflect the fact that meningioma
has multiple pathological subtypes and, thus, microvessel
density may be different in each subtype. To evaluate the
correlation between the LN ratio and microvessel density
in meningioma, many cases of each subtype would be
necessary.

Arita et al. [30] showed that the LN ratio of MET uptake
is not significantly correlated with tumor doubling time.
In this study, many asymptomatic patients were enrolled,
and the mean tumor doubling time was very long
(174 £ 270 months) despite a short follow-up period
(26.7 £+ 16.7 months). Thus, evaluation of recurrence and
progression in meningioma using tumor doubling time
appeared to be difficult because most meningiomas pro-
gress slowly.

Compared with Bp DG PET, the contrast between a
meningioma lesion and normal brain tissue is clear in MET
PET and, thus, we can correctly define the ROl using MET
PET. Recently, we have evaluated MET uptake more
correctly by fusing PET images with computed tomogra-
phy or MR images.

In this study, we calculated the LN ratio using the mean
MET uptake of the lesion and the normal brain tissue. The
methionine uptake in the tumor depends not only on the
metabolic rate, but also on the vascular bed [31]. The
vascular bed of the meningioma is different within the
various pathological types of meningiomas [32], and the
vascular bed may be variable in the same specimen. Bio-
logical activity is heterogeneous in the same meningioma
lesion [33, 34]. Thus, partially high MET uptake does not
always indicate a high metabolic rate of the whole tumor.
In this study, we used the mean MET uptake, not the
maximum MET uptake, to reduce the influence on the
heterogeneity of MET uptake.

Table 4 Evaluation of risk

factors for recurrence and Total cases Recurrence/progression  Non-recurrence/progression  p value
progression excluding gross Cases 19 7 12
total ti
reseehion cases Age (years) 19 586 4+ 125 578 + 132 0.9
Gender 16 Female 2 7
Male 5 5 0.35
Skull base 1% Yes 5 6
Only the LN ratio was No 2 6 0.63
significantly different between i, 19 384+ 1.13 274 + 102 0.04
the recurrence/progression )
group and the non-recurrence/ Surgical cases 5 10
progression group WHO grade 15 GradeI 5 10
LN lesion to normal, WHO GradeIl 0 0
World Health Organization, Ki-67 L1 15 1.87 4 1.35 1.06 & 0.87 0.18

LIlabeling index
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In this study, tumor progression and recurrence were not
significantly different between the GTR and non-GTR
groups. However, in some cases with a high Ki-67 LI, GTR
was performed, and the recurrence rate was low. GTR was
a factor that strongly influenced the recurrence rate. We
evaloated the recurrence and progression in the non-GTR
group. The LN ratio in the group with recurrence and
progression was also significantly higher than that in the
group without recurrence and progression (p < 0.05). The
Ki-67 LI was not significantly different (p = 0.18). Our
observations are summarized in Table 4.

In our study, the LN ratio was a significant risk factor
for recurrence and progression. The LN ratio of MET PET
may indicate the proliferative activity of meningioma.
Using ROC analysis, the AUC was 0.754, and the best
cutoff value was 3.18, resulting in a sensitivity and speci-
ficity of 63 and 79 %, respectively. The sensitivity and
specificity of the LN ratio were not less than those of the
Ki-67 LI, as described in a previous study [33, 36].

In our study, the Ki-67 LI was not significantly different
between the patients with recurrence and those without. We
also found no correlation between the LN ratio and the Ki-
67 LI. Some previous papers have reported that the cor-
relation between the Ki-67 LI and tumor recurrence is
controversial [4, 33, 37, 38]. Meningioma is characterized
by heterogeneous biological activity within the same tumor
tissue [33, 34]. It is doubtful that the Ki-67 LI obtained
from a small tamor specimen can adequately evaluate the
proliferative potential of the whole tumor. In fact, MET
uptake is heterogeneous in a large tumor and may reflect
the heterogeneity of the Ki-67 LI. The MET PET method is
useful for evaluating the whole tumor. The Ki-67 LI
overlaps within each grade of meningioma [39—41]. Eval-
uating the proliferative activity of the whole tumor and
providing an accurate prognosis may be difficult with only
one index.

The extent of resection was a significant risk factor as
shown in a previous study [12, 16, 17]. However, the
location of the tumor was not a significant risk factor in this
study. Sixteen cases of skull base meningioma were
included. In these cases, total resection without complica-
tions is difficult. A GTR of the tumor would reduce the risk
of recurrence. This result may indicate that additional
treatments are necessary for a residual tumor in which the
LN ratio is higher than 3.18.

The WHO grade of meningioma was also a significant
risk factor. In this study, we investigated preoperative cases
and, thus, most cases were WHO grade I, only three cases
were WHO grade 1. Cases with WHO grade Tl meningi-
oma are relatively infrequent at initial diagnosis. Almost all
cases of meningioma are pathologically benign. Thus, we
have to follow patients for a long time to investigate
malignant changes and the prognosis. We must investigate
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additional consecutive cases to evaluate the largest number
and the widest variety of cases.

Our study showed that the MET PET method has useful
sensitivity and specificity for evaluation of recurrence and
progression in meningioma. The most beneficial point is
that '*C-methionine PET is not invasive, whereas analysis
of the Ki-67 LI requires surgery. Thus, without surgery, we
can evaluate the risk of progression and recurrence and
consider the treatment strategy. We can determine the risk
of progression and recurrence before deciding on obser-
vation or surgery. In asymptomatic cases, high LN ratio of
MET PET may be the decisive factor for determining
surgical treatment. We did not evaluate a large number of
cases, and thus continued collection of cases and evaluation
of the data are necessary.

Conclusion

The results of our study showed that MET uptake by the
meningioma was a significant prognostic factor. MET
uptake was significantly higher in cases with recurrence or
progression. The AUC of the LN ratio for recurrence or
progression was 0.754, and the best cutoff value was 3.18.
The greatest advantage associated with the MET PET
method is its non-invasive nature.
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Object. Retrochiasmatic craniopharyngiomas are surgically challenging tumors. Retrochiasmatic craniopharyn-
giomas with complicated conditions such as large diameter, major calcification, or significant extension to the third
ventricle or posterior fossa present surgical challenges; moreover, recurrent retrochiasmatic craniopharyngiomas
are particularly formidable challenges. Although the transpetrosal approach to retrochiasmatic cramiopharyngiomas
published by Hakuba in 1985 can provide unique advantageous exposure of the retrochiasmatic area to allow safe
neuwrovascular dissection and facilitate radical tumor removal, the procedure is viewed as complicated and time con-
suming and has a high risk of damaging hearing functions. The authors have modified Hakuba's technique to mini-
mize petrosectomy and reduce surgical complications and have applied this modified approach to retrochiasmatic
craniopharyngiomas with complicated conditions In this study, the authors describe their technique and surgical
outcomes to elucidate the role of this modified transpetrosal approach for retrochiasmatic craniopharyngiomas with
complicated conditions. This i the first study to report surgical outcomes of the transpetrosal approach for retrochi-
asmatic craniopharvngiomas.

Methods. Between 1999 and 2011, the minimum anterior and posterior combined (MAPC) transpetrosal ap-
proach, which is a modification of Hakuba's transpetrosal approach, was applied in 16 cases of retrochiasmatic
craniopharyngiomas with complicated conditions. Eight cases were recurrent tumors, 4 had previously received
radiotherapy, 11 had a large diameter, 10 had large calcification, 15 had superior extension of the tumor into the third
ventricle, and 10 had a posterior extension of the tumor that compressed the midbrain and pons. In all 16 patients,
more than 2 of these complicated conditions were present. The follow-up duration ranged from 0.8 to 12.5 vears
(mean 5.3 years). Surgical outcomes assessed were the extent of resection, surgical complications, visual function,
endocrinological status, and neuropsychological function. Five-year and 10-year recurrence-free survival rates were
also calculated.

Results. Gross-total or near-total resection was achieved in 15 cases (93.8%). Facial nerve function was com-
pletely maintained in all 16 patients. Serviceable hearing was preserved in 15 cases (93.8%). Visual function im-
proved in 13 out of 14 cases (92.9%) that had visual disturbance before surgery. None of the patients experienced
deterioration of their visual function. Twelve cases had endocrinological deficit and received hormonal replacernent
before surgery. New endociinological deficit occurred in 2 cases (12.5%). Neuropsychological function was main-
tained in 14 cases (87.5%) and improved in 1 case (6.3%). One case that had received previous conventional radio-
therapy treatment showed a gradual decline in neuropsvchological function. The 5-year and 10-year recurrence-free
survival rates were both 86.5%.

Conclusions. The authors obtained good results by using the MAPC transpetrosal approach for the removal
of retrochiasmatic craniopharyngiomas with complicated conditions. The MAPC transpetrosal approach should be
considered as a therapeutic option for selected cases of retrochiasmatic craniopharyngiomas with complicated condi-
tons.

(hutp://thefns.org/doi/abs/10 31717201 3.10.JNS13673)

Kry WoRrDs  »  refrochiasmatic craniopharyngioma e skullbase »

surgical approach ¢

RANIOPHARYNGIOMAS located in retrochiasmatic re-
gions are regarded as particulardy challenging to-
maors to remove safely and totally because of their
anatomical location and proximity to critical neurovascu-

Abbreviations ised in this paper: KPS = Karnofsky Performance
Scale; MAPC = mininmum anterior and posterior combined; PCoA
= posterior communicating artery; V18 = visual impaitment scale
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lar structures.2®? Surgical resection of this type of cra-
nmiopharyngioma is associated with high rates of surgical
mortality, surgical complications, and incomplete resec-
tion resulting in a high recurrence rate.526 Although vari-
ous surgical approaches to remove retrochiasmatic cranio-
pharyngiomas have been described, including pterional,
orbitopterional, orbitozygomatic, transbasal subfrontal,
frontobasal interhemispheric, and transnasal transsphenoi-
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dal approaches,>>58 1013172232522 the optimal surgical ap-
proach remains controversial.

In 1985, Hakuba reported the usefulness of the trans-
petrosal approach for the removal of retrochiasmatic cra-
niopharyngiomas,!' emphasizing that this approach offers
wide exposure of retrochiasmatic lesions and unique pos-
terior-to-anterior and inferior-to-superior projection to the
inferior and posterior surfaces of the chiasm, the floor of
third ventricle, and the hypothalamic tuber cerium area.
However, in his approach, Hakuba sacrificed 3 semicircu-
lar canals with 33% hearing preservation. Al-Mefty et al.
used Hakuba’s techniques and reported the effectiveness
of the transpetrosal approach for giant retrochiasmatic
cramiopharyngiomas' but have not yet reported outcomes
and complication rates in their surgical series. In addi-
tion, the complicated surgical procedures involved in the
petrosal approach have discouraged neurosurgeons from
assessing the most effective approach for removal of ret-
rochiasmatic craniopharyngiomas.

We have modified Hakuba’s techtiiiques to minimize
petrosectomy and reduce surgical complications and have
applied this approach to 16 patients with retrochiasmatic
craniopharyngiomas with complicated conditions such as
a history of excision or radiotherapy, tumors with large
calcification, large diameter (> 30 mm), superior exten-
sion into the third ventricle, or severe posterior extension
compressing the midbrain and pons. This study retrospec-
tively analyzed surgical outcomes, including the extent of
tumor resection, recurrence rate, surgical complications,
visual function, endocrinological status, neuropsychologi-
cal function, and functional performance status, to elaci-
date the role of our modified transpetrosal approach for
the removal of retrochiasmatic craniopharyngioma with
complicated conditions. This is the first study to report
surgical outcomes of the transpetrosal approach for retro-
chiasmatic craniopharyngioma.

Methods
Indications for MAPC Transpetrosal Approach

Minimum anterior and posterior combined (MAPC)
transpetrosal approaches were applied to retrochiasmatic
craniopharyngiomas with complicated conditions such as
a history of excisions or radiotherapy, tumors with large
calcification, large diameter (> 30 mm), superior extension
into the third ventricle, or severe posterior extension com-
pressing the midbrain and pons. If a retrochiasmatic cra-
niopharyngioma possessed not less than 2 of these com-
plicated conditions and no well-developed middle fossa
venous sinus (such as the sphenobasal or sphenopetrosal
sinus) blocking the surgical route to the tumor, the MAPC
transpetrosal approach was applied.

Patient Population

Between 1999 and 2011, a total of 44 consecutive pa-
tients underwent resection of craniopharyngiomas in the
Department of Neurosurgery at Osaka City University in
Osaka, Japan. Medical records from all 44 patients were
retrospectively examined. Tumors showing the following
conditions on imaging were defined as retrochiasmatic
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craniopharyngiomas: 1) the tumor extending toward the
posterior fossa and upward toward the third ventricle, dis-
placing the midbrain posteriorly and the optic chiasm an-
teriotly; and 2) no upward displacement of the anterior ce-
rebral arteries as would be seen in patients with a prechi-
asmatic craniopharyngioma. Thirty-six of the 44 tumors
were classified as retrochiasmatic craniopharyngioma and
16 of these 36 tumors were resected using our modified
MAPC transpetrosal approach. These 16 cases formed the
sample for this study. All clinical data of the 16 patients
were reviewed retrospectively.

Six patients were male and 10 patients were female,
and their mean age at the time of surgery was 47.9 years
(range 27-71 yearg; Table 1). Eight patients (50.0%) had un-
dergone previous surgical procedures at other institutions
(Table 1). Prior surgical approaches were intethemispher-
ic in 3 patients, pterional in 2, extended transsphenoidal in
2, and orbitozygomatic in 2. Ommaya reservoirs had been
placed in 2 patients. Four patients had received repeated
or combined operations. The mean interval between first
surgery and our surgery was 10.0 years (range 0.7-32.0
years). Four patients had already received radiotherapy
prior to referral to our institution. Stereotactic radiosur-
gery was added in 2 cases, conventional radiotherapy to
1, and conventional radiotherapy and 3 sessions of stereo-
tactic radiosurgery in 1. The mean maximum diameter of
the tumor, as estimated from preoperative MR images,
was 32.1 mm (range 25-40 mm). A large tumor diameter
(maximum tumor diameter > 30 mm) was present in 11
patients (68.8%). A large calcification (intratumoral calci-
fication > 10% of tumor volume on preoperative CT im-
ages) was present in 10 patients (62.5%). Superior exten-
sion into the third ventricle was documented in 15 patients
(93.8%). Posterior extension in which the tumor appeared
to be compressing the midbrain and pons was present in
10 patients (62.5%). All 16 patients had no fewer than 2 of
these complicated conditions (Table 1).

Nine tumors were removed in a single step via the
MAPC transpetrosal approach and 7 tumors were excised
in 2 steps via a combination of the MAPC transpetrosal
approach and other approaches (for example, orbitozy-
gomatic, interhemispheric lamina terminalis, and trans-
sphenoidal). The mean follow-up duration was 5.3 years
(range 0.8-12.5 years). The median survival duration was
5.6 years (range 1.4-12.5 years). Three patients died dur-
ing the follow-up period: 1 patient of radiation necrosis 3.6
years after surgery; 1 of chronic heart failure 6.1 years af-
ter surgery; and 1 of old age 1.7 years after surgery. Anoth-
er patient was followed up for 0.8 years before being lost
to follow-up after being transferred to another hospital for
an unrelated disease 1.4 years after surgery. Clinical and
ophthalmological examinations, imaging studies, endocri-
nological studies, neuropsychological function, and surgi-
cal complications were reviewed retrospectively based on
the medical records at our institution.

Neuroradiological Evaluation

Before surgery, all patients underwent MRJ, CT, and
angiography. Tumor size was estimated from MR images
by measuring the maximum anteroposterior, vertical, and
horizontal diameters. The extent of intratumoral calcifica-
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TABLE 1: Characteristics of 16 patients with tumors resected via the MAPC transpetrosal approach®

Max Tumer Posterior Extension
Case Age (yrs), Interval Btwn Diameter  Calcification Superior Extension Compressing
No. Sex Previous Op Ops (yrsjt  Previous Radiation {mm) (%) into 3rd Ventricle Brainstem
1 M F 25 >50 yes ho
2 63, F PTx4 32 conventional RT 32 <10 yes yes
3 89, F 40 >10 yes yes
4 27.F  0OZx 2, Ommaya 16 27 >10 yes yes
5 60, F 30 none yes ne
6 30, M 31 none yes ne
7 39, M IH 37 SRS 36 none yes yes
8 M, F 37 >50 yes ne
9 69, M 36 none yes yes
10 45 M N <10 yes yes
il 34,F  OZ, extended TSS 1.2 25 >10 no no
12 47, extended TSS 0.7 38 >10 yes yes
13 69, F 30 >50 yes yes
14 33,F  PTx3 Ommayax2 18 SRS x 3, convention- 25 >50 yes no
» al RT
15 33 M 53 SRS 26 >50 yes yes
16 61,F H 18 44 >10 yes yes

* IH = interhemispheric approach; OZ = orbitozygomatic approach; PT = pterional approach; RT = radiation therapy; SRS = stereotactic radiosurgery;

TSS = transsphenuidal surgery.
t Interval between first surgery and surgery at our institution.

tion was determined on CT images. Intratumoral calci-
fication that accounted for more than 10% of the tumor
volume was defined as large calcification. Anatomical
features of the cerebral vessels, such as the extent of de-
velopment of the posterior communicating artery (PCoA)
and the development of venous drainage on the lesion side,
were evaluated on angiograms. Precise understanding of
venous flow in the middle and posterior fossa is manda-
tory to safely complete the transpetrosal approach. For ex-
ample, the insertion of the petrosal vein into the superior
petrosal sinus represents a key landmark for ligation of
the superior petrosal sinus and the cerebellar tentorium.
In addition, a well-developed sphenobasal sinus without
sufficient collateral venous flow represents one of the most
significant hazards to the transpetrosal approach. These
fine venous findings can currently only be obtained on 3D
angiography. We therefore performed angiography in all
cases in addition to MR angiography.

Extent of Tumor Resection

Neuroradiologists independently reviewed the results
of preoperative and postoperative MR and CT images to
assess the extent of tumor resection. The extent of resec-
tion was determined from MR and CT images obtained
within 1 week after surgery and from follow-up radiologi-
cal studies. All tumors were evaluated using enhanced
MRI. However, small calcifications can only be detected
on CT, which is why this modality was used for radio-
logical evaluation. If small calcifications were identified, a
small residual tumor was considered to be present. Small
enhanced lesions that diminished in the late period were
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judged as representing postoperative reactive changes
rather than as residual tumor.

Resection was classified as gross-total resection when
there was no residual enhanced lesion or residual calcifi-
cation, near-total resection when residual enhanced lesion
or calcification was limited to less than 0.5 cm?, and sub-
total resection when there was residual enhanced lesion or
calcification was equal to or less than 0.5 cm®. The volume
of the residual enhanced lesion or calcification was calcu-
lated as the volume of an ellipsoid: volume = 4mabc/3 x
23, where a, b, and ¢ represent the orthogonal diameters on
the MR image.

Timor Recurrence

Follow-up MRI was performed within 1 week after
surgery, within 3 months after surgery, and then at regu-
lar intervals of 6-12 months. Three patients underwent
the second MRI session at 4 months after surgery rather
than within 3 months. All other patients underwent MRI
in accordance with the schedule. Recurrence of the tumor
during follow-up was defined as the appearance of new
pathological tissue on MR images or the growth of tumor
remnants.

Visual Function

Ophthalmological evaluation, including visual acuity
and field examination in accordance with the guidelines
of the German Ophthalmological Society, was performed
by an ophthalmologist before and after surgery and when
clinically appropriate. The timing of subsequent assess-
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ments was decided on an individual basis. Visuval function
was quantified using the visual impairment scale (VIS),
which is based on visual acuity and visual field defects in
both eyes (Fig. 1).” Available ophthalmological examina-
tions including visual acuity and visual field testing for
reviews were performed in 15 cases. One patient who was
transferred to another hospital for an unrelated disease
during the follow-up period did not undergo full ophthal-
mological evaluation.

Endocrinological Status

In addition to clinical symptoms, we evaluated basic
levels of luteinizing hormone, follicle-stimulating hor-
mone, free triiodothyronine, free thyroxine, thyroid-stim-
vlating hormone, growth hormone, cortisol, adrenocorti-
cotropic hormone, and prolactin before and after surgery.
Anterior pituitary hormone dysfunction was defined as
the use of hormone supplementation; deficits in basic lev-
els of luteinizing hormone, follicle-stimulating hormone,
free triiodothyronine, free thyroxine, thyroid-stimulating
hormone, growth hormone, cortisol, or adrenocorticotrop-
ic hormone; or high levels of prolactin without use of do-
pamine agonists. Diabetes insipidus was diagnosed before
and after surgery based on sodium level and the presence
of hypotonic polyuria. All patients underwent available
endocrinological assessment for review.

Neuropsychological Function

Neuropsychological function was evaluated preoper-
atively and postoperatively by face-to-face examinations.
Patients were classified as showing neuropsychological
dysfunction if any of the following conditions were met:
1) score < 70 on the full scale of the Wechsler adult intel-
ligence scale (3rd edition);,”® 2) score < 20 on the Mini-
Mental Status Examination;” or 3) the patient found it im-
possible to continue in a previous occupation. These data
were available for review from all patients.

Functional Performance Status

Functional performance status was evaluated using
the Karnofsky Performance Scale (KPS).

Statistical Analysis

The cumulative risk of tumor recurrence was calcu-
lated according to the Kaplan-Meier method; JMP 9.0
software (SAS Institute Inc.) was used.

The MAPC Transpetrosal Approach

Positioning. Patients were placed in a semiprone park
bench position. The head was fixed using 3-point fixation
with the head rotated and vertex down to keep the tempo-
ral side of the head in the horizontal plane.

Skin Incision. The skin incision started at the upper
margin of the zygomatic arch anterior to the tragus, turned
2-3 cm above the ear, and then descended behind the pos-
terior margin of the mastoid process. After reflecting the
skin fap, a temporal fascia-pericranial fap with a pedicle
of the sternocleidomastoid muscle was harvested to pre-
vent leakage of CSE

4

187

N. Kunihiro et al.

Craniotomy. Temporo-occipito-suboccipital cranioto-
my was performed prior to mastoidectomy. Key bur holes
were placed at 4 anatomical landmarks to avoid injuring
the sigmoid sinus. The first bur hole was made at the as-
terion, the second at the intersection of the supramastoid
crest with the squamous suture, the third at the mastoid
emissary foramen, and the fourth just at the inion-asterion
line. The first bur hole was usually just above the lateral
end of the transverse sinus, the second just anterior to the
transverse-sigmoid sinus junction, the third a few milli-
meters medial to the posterior edge of the sigmoid sinus,
and the fourth just on the transverse sinus.

Preparation for MAPC Petrosectomy. After temporo-
occipito-suboccipital craniotomy, the outer cortical bone
of the mastoid portion of the temporal bone was removed
as a thin triangular plate for cosmetic mastoidectomy.
This procedure was not essential and was skipped in cases
in which the groove of the sigmoid sinus was too large. At
this point, the transverse sinus and transverse sinus—sig-
moid sinus junction had been safely exposed (Fig 2A).
Dural dissection from the petrous and mastoid portions
of the temporal bone was then started for safe and swift
petrosectomy. At the middle fossa, the dura matter at the
temporal base was gently reflected to fully expose the en-
tire course of the petrous ridge and apex by cutting the
middle meningeal artery and dissecting the greater super-
ficial petrosal nerve. At the posterior fossa, the presigmoid
dura was carefully dissected from the posterior surface of
the petrous portion of the temporal bone and the entrance
of the internal auditory canal was epidurally exposed by
cutting the endolymphatic sac (Fig. 2B). After completion
of this dural dissection, bone work for petrosectomy was
performed (Fig. 2C). This full dural retraction is a unique
characteristic of the MAPC transpetrosal approach. The
membranous labyrinths of the semicircular canals were
kept intact to preserve hearing. A small amount of bone
at the petrous ridge was drilled out to obtain a surgical
corridor along the axis of the petrous ridge (Fig. 2D and
E). The amount of petrous portion of the temporal bone
required for petrosectomy is quite limited and this allows
a quick surgical procedure.

Dural Opening. The presigmoid dura was opened
along the drilled petrosal portion of the temporal bone as
far anteriorly as possible while the insertion of the petro-
sal vein at the superior petrosal sinus was inspected. The
subtemporal dura was opened antetiorly and the superior
petrosal sinus was divided by Weck clips (Teleflex) at a
point anterior to the insertion of the petrosal vein at the
superior petrosal sinus to preserve venous reflux from the
petrosal vein. The tentorium was cut behind the dural en-
trance of the trochlear nerve, and the trochlear nerve into
the tentorium was exposed.

Intradural Procedure. After superior retraction of the
temporal lobe and medial mobilization of the sigmoid si-
nus, the arachnoid membrane was dissected to obtain a
surgical corridor to the retrochiasmatic space (Fig. 3A).
The trochlear nerve, oculomotor nerve, C, and C, portions
of the internal carotid artery, PCoA and its perforating
branches, posterior cerebral artery, and superior cerebellar
artery were identified step by step; the tumor was widely

J Neurosurg / Volume 120 / January 2014



Transpetrosal approach for challenging craniopharyngiomas

Visval acuity Visual field defect
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Fis. 1. Tables of visual acuity and visudl field defects used to calculate the VIS score. The black boxes with rumbers provide
an example of the calculation made in a patient with a visual acuity of 0.4 in the left eye and 0.2 in the right eye, together with a
bitemporal visual field defect. The WIS score is the sum of these 2 numbers (that is, 35 +22 = 57). Reprintedwith permission from
Fahlbusch R, Schott W: J Neurosurg 86:235-243 2002,

Fis. 2. lllustrations of pelrosectomy used in the MAPC transpetrosal approach.  A: The transverse sinus and trensverse
sinus-sigmoid sinus junction are safely exposed after temporo-occipito- suboccipital craniotomy and cosmetic mastoidecto-
my.  B: Dural dissection from the petrous and mastoid portions of the temporal bore is completely performed at the middle
fossa andthe posterior fossa.  G: Complete exposed petrous portion of temporal bone is sefely and quickly removed inthe wide
surgical field.  D: A small amount of bone at the petrous ridge is drilled out to create a unique surgical corridor. E: The wide
exposure and unicue posterior-lo-anterior and inferior-to-superior projection for retrochiasmatic craniopharyngiomas are offered
by the MAPC transpetrosal approach (red arrow). |C = internal carotid artery; PCA = posterior cerebral artery, PCom = PCoA, T
=tumor; I = third cranial nerve. Copyright Noritsugu Kunihiro. Published with permission.
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Fis. 3. Intraoperative photographs of intradural exposure and tumor removal achieved using the MAPC iranspetrosal ap-
proach.  A:lnitial exposure of the vital retrochiasmatic space reveals cranial nerves coveredwith arachnoid membrane (A).  B:
The corridor of the MAPC transpetrosal approach is widely exposed to reveal the tumor (T) and vital neurovascular structures
near the tumor. € The space between the oculomator nerve (1) and PCoA (Pcom) as well as below the oculomotor nerve
provides wide surgical fields for tumor resection.  D: The pituitary stalk (PS) is well visualized through the space below the
oculomotor nerve. E and F: Theright oculomotor nerve (Rt 111}, the right PCoA (Rt Pcom), and the right internal carclid artery
(Rt IC) are well visualized. This allows preservation of perforating arteries from the PCoA. G and H: The upward mobilization
that follows the division of the PGoA; the mobilization cffers wider operative space and wide exposure of the tumor around the
inferior surface of the hypothalamus (H). |- The direct visualization cf the change in appearance of tissue between the tumor
and hypothalamus provides a safe gliotic plane of dissection.  J: The inferior and posterior surface of the chiasm (C) is well
visualized via posterior-to-anterior and inferior upward projection.  K: The medial wall of the third ventricle (3} is well visualized
after more upward projection IV = fourth cranial nerve; M = midbrain; PCA = posterior cerebral artery; SCA = superior cerebellar

artery. TL = temporal lobe; V' = fifth cranial nerve.

exposed behind the optic chiasm, under the hypothalamus
and in front of the midbrain (Fig 3B} In this approach,
the space between the oculomotor nerve and PCoA, as
well as below the oculomotor nerve, provided useful sur-
gical fields for tumor resection. After the initial internal
decompression of the tumor (Fig. 3C), the pituitary stalk
was visualized (Fig 3D) but not often preserved. The in-
ferior portion of the tumor on the contralateral side was
dissected from the contralateral oculomotor nerve, PCoA,
and internal carotid artery (Fig. 3E and F). The main cor-
ridor between the oculomotor nerve and PCoA allowed
safe dissection from the surrounding structures, such as
the surface behind the chiasm or hypothalamus on direct
visualization. The hypoplastic PCoA was often divided at

6
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the intersection point with the posterior cerebral artery,
and upward mobilization of the PCoA enlarged the op-
erative space (Fig. 3G and H) By obtaining more upward
projection through this wider operative space, the tumor
was safely dissected off the inferior surface of the hypo-
thalamus (Fig. 31). As dissection progressed anteriorly, the
inferior and posterior surfaces of the chiasm were visu-
alized directly via posterior-to-anterior and inferior-to-
superior projection (Fig. 3J). In cases where the tumor ex-
tended into posterior fossa, it was dissected away from the
basilar artery or lower cranial nerves. The intraventricular
part of the tumor with superior extension was dissected
from the medial wall of the third ventricle under direct vi-
sualization through the more upward projection (Fig. 3K)
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Closure. All opened mastoid air cells were sealed with
abdominal fat-soaked fibrin glue; then the mastoid and pe-
trous portions of the temporal bone and dural defect were
entirely covered with the harvested fascia-pericranial flap.
The lumbar drain was left open for approximately 3 days
to allow CSF pressure to reduce and prevent leakage of
CSE

Results
Extent of Tumor Resection

The extent of tumor resection is shown in Table 2.
Gross-total resection was achieved in 9 patients (56.3%)
and near-total resection was achieved in 6 patients (37.5%).
Subtotal resection was found in only 1 patient (Case 2).
This patient had particularly complicated conditions, in-
cluding 4 previous surgeries and a history of conventional
radiation therapy.

Tumor Recurrence

During the follow-up period, no tumor recurrence oc-
curred in any of the 9 patients with gross-total resection
(Table 2). Regrowth was detected in 1 of the 6 patients
with near-total resection but was successfully controlled
for 108 months after an additional resection and stereotac-
tic radiosurgery. Regrowth began 8 months after surgery
in the patient with subtotal resection. This was controlled
by additional resection and stereotactic radiosurgery treat-
ment, but the patient died due to radiation necrosis.

Morbidity and Mortality

No surgery-related deaths occurred. Transient oculo-
motor nerve palsy was confirmed in 7 patients and was
fully resolved within the follow-up period. Facial nerve
function was completely maintained in all 16 patients.
Serviceable hearing was preserved in 15 of the 16 patients.
No other cranial nerve palsies were seen. Venous infarc-
tion or contusion-related temporal retraction was not de-
tected. Leakage of CSF and surgical-site infection did not
occur in any patients (Table 2).

Visual Function

Results of the VIS are presented in Table 2. Fifteen
patients (93.8%) showed visual disturbance before sur-
gery. One patient who was lost to follow-up after admis-
sion to another hospital with an varelated disease did not
undergo a full ophthalmological evaluation and thus was
not included in this analysis. One patient with normal
visual function preoperatively retained normal function
postoperatively. Visual function improved after surgery
in 13 (92.9%) of the 14 patients who had visual distur-
bance before surgery. One patient (Case 2) did not show
improvement in visual fonction after surgery. This patient
was blind in both eyes (VIS score of 100) before surgery.
No patients experienced any deterioration in visual func-
tion. The mean VIS score improved from 37.2 + 33.7 pre-
operatively to 17.3 + 31.3 postoperatively.

Endocrinological Status

Twelve patients (75.0%) had an endocrinological def-
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icit or had received hormonal replacement before our sur-
gery. Preoperatively, 4 patients had received replacement
of anterior pituitary hormone, 6 patients showed a def-
icit in anterior pituitary hormone, and 9 patients had dia-
betes insipidus. Three patients showed deficit of anterior
pituitary hormone without diabetes insipidus and 2 pa-
tients showed only diabetes insipidus. Postoperatively, 14
patients (87.5%) received endocrine replacement (Table
2). Of these patients, 2 received replacement of anterior
pituitary hormone without diabetes insipidus and 1 had
diabetes insipidus only. Pituitary stalks were anatomi-
cally preserved in 6 patients but preservation of function
was only achieved in 2 patients.

Neuropsychological Function

Five patients (31.3%) showed neuropsychological def-
icit before surgery, and the neuropsychological function in
the remaining 11 patients (68.8%) was normal. During fol-
low-up, neuropsychological function was preserved in 14
patients (87.5%), improved in 1 patient (6.3%), and dete-
riorated in 1 patient (6.3%) (Table 2). The patient who had
deteriorated neuropsychological function had received
previous conventional radiotherapy and showed a gradual
decline in neuropsychological function,

Functional Performance Status

Postoperative KPS scores at final follow-up were
compared with preoperative KPS scores in 13 patients.
Two patients died of unrelated diseases, and 1 patient
was lost to follow-up after admission to another hospital
with an unrelated disease and thus was not included in
this analysis (Table 2). The mean preoperative KPS score
was 80.0 (range 60.0-90.0) and the mean postoperative
KPS score was 88.3 (range 70.0-90.0). The KPS scores
improved in all but 1 patient (Case 2), who died due to
radiation necrosis. All patients (except the one who died
due to radiation necrosis) returned to their normal daily
life and social activities after surgery.

Long-Term Outcome

The recurrence-free survival rate is shown in Hg. 4.
The S-year recurrence-free survival rate in the 16 patients
was 86.5% (IFig. 4). The 10-year recurrence-free survival
rate was also 86.5% (Fig. 4). The 5-year recurrence-free
survival rates were 100.0% after gross-total resection and
68.5% after near-total and subtotal resection (Fig. 5).

Discussion

Craniopharyngiomas located in the retrochiasmat-
ic region are regarded as challenging tumors to remove
safely and totally because of their anatomical location and
proximity to critical neurovascular structures. Because of
the hidden position of retrochiasmatic craniopharyngio-
mas behind the optic chiasm, their upward extension into
the third ventricle, and their downward extension in front
of the brainstem, the surgical exposure of these tumors
is usually unsatisfactory.»#02%2% Resection of this type of
craniopharyngioma has thus been associated with a high
rate of surgical mortality, surgical complications, and in-
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TABLE 2: Surgical outcomes in 16 patients with tumors resected via the MAPC transpetrosal approach*

161

SansounaN 1

-

FIOZ a7 7T sWop /

VIS Score Endocrinological Dysfunction  Neuropsychological Deficit KPS Score
Preop Postop Preop Postop
Case No. Approach Resection Complication Recurrence VA VF  Total VA VF Total APH DI APH DI Preop Postop Preop  Postop
1 CZ->TP GIR  none no 0 0 0 0 0 0 no no no yes na no 90 90
2 TP STR  none yes 100 25 106 100 0O 100 yes no yes  no no yes 60 deadf
3 TP GTR  none no 28 3 58 2 10 12 no  yes  yes  vyes yes no 70 deadf
4 TP—->0Z NTR  none yes B 22 % 0 0 0 yes yes yes nho no no 80 90
5 TP—TSS GTR  hearing disturbance ne 10 0 10 0 0 0 ne  yes yes  yes no no 60 deadt
6 TP GTR  none no 10 10 20 0 9 0 no  no yes  yes no ne 80 80
7 TP NTR  nene no 8 22 30 0 0 0 yes  yes yes  yes no noe 80 80
8 TP GTR  none ne 22 6 28 17 6 23 yes  yes yes  yes no no 80 90
9 TP NTR  none no 4 14 18 0 4 4 yes no no no no no 80 80
10 TP--0Z GTR  none no 20 14 34 0 0 0 yes  yes yes  yes yes yes 80 90
11 TP NTR  none no 2 0 2 0 0 0 ne  no no no no no 80 90
12 TP GTR  none no 2 22 24 0 22 22 yes yes  yes  yes no no 90 90
13 TP NTR  none no 7% 22 g7 —_— yes ho yes  yes yes yes 70 unknown§
14 TP—0Z NTR  none no 00 25 100 60 22 82 yes  yes yes  yes yes yes 60 70
15 TP—>iH GTR  none no 0 18 18 0 0 0 yes  yes yes  yes no no 90 90
16 TP—0Z GTR  none no 14 18 0 16 16 no  ho yes  yes yes yes 90 S0

* APH = anterior pituitary hormone; DI = diabetes insipidus; GTR = gross-total resection; NTR = near-total resection; STR = subtotal resection; TP = transpetrosal approach; VA = visual acuity; VF =

visual field

T Palient died of radiation necrosis related to the treatment.
1 Patient died of an unrelated disease.

§ Patient was lost to follow-up.
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Fis. 4. Recurrence-free survival time (calculated using the Kaplan-
Meier method) in patients who underwent surgery for retrochiasmatic
craniopharyngiomas via the MAPC transpelrosal approach.
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complete resection resulting in higher recurrence rates.5*
In addition, previous large series of craniopharyngiomas
have reported that retrochiasmatic location, larger size,
greater than 10% calcification, extension into the third
ventricle, and recurrence are significant prognostic factors
that negatively affect the extent of resection. 61219212628
Fahlbusch et al. achieved complete resection in only
21.4% of tumors with greater than 10% intratumoral cal-
cification.® Several studies have reported that the rate of
total resection in repeat surgery is markedly lower than
in primary surgery; moreover, perioperative morbidity
and mortality are also increased in cases of repeat sur-
gery.6.12138192629 Ty tumors with posterior extension where
the tumor appears to compress the midbrain and pons,
most surgeons might recognize that preservation of the
membrane of Lilliquist prevents the tumor from adhering
to vessels and the brainstem in this area, However, this is
less true for recurrent cases. We therefore regarded poste-
rior extension as one of the complicating conditions.

The 16 cases of retrochiasmatic craniopharyngiomas
with complicated conditions reported in this series all pos-
sessed at least 2 of these risk factors and thus can be re-
garded as the most challenging subgroup of craniopharyn-
giomas. Even under such difficult conditions, the results
of our MAPC transpetrosal approach were satisfactory in
terms of the extent of tumor removal, tumor control, and
complication rate. The unique posterior-to-anterior and
inferior-to-superior surgical corridor to the retrochias-
matic area afforded by the MAPC transpetrosal approach
provides a relatively wide space for surgical procedures
in the retrochiasmatic space and offers direct visualiza-
tion of the posterior and inferior surfaces of the chiasm,
the floor of the third ventricle, and the hypothalamic tuber
cinereum area. In addition, this posterior-anterior corridor
to the chiasm and the third ventricle has the advantage
of preserving small perforating vessels from the internal
carotid arteries that provide the primary blood supply to
the optic chiasm and hypothalamus. These characteristics
are distinet from other conventional surgical approaches,
such as pterional, orbitozygomatic, and interhemispheric
lamina terminalis approaches, and are the primary reason
for our good results regarding the extent of tumor removal
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Fie. 5. Recurrence-free survival times Calculaled using the Kaplan-
Meier method) in relation to the extent of resection in patients who un-
derwent surgery for retrochiasmatic craniopharyngiomas.

years

and preservation of visual function in retrochiasmatic cra-
niopharyngiomas with complicated conditions. The endo-
nasal endoscopic approach can also offer a direct view of
the posterior and inferior surfaces of the chiasm, but it
is not effective in cases of recurrent tumors, tumors with
large calcification, and large tumors because the maneu-
verability of surgical instruments is not as good as it is
when using a microscope, particularly when bipolar for-
ceps are needed for dissection of perforating vessels.'*18
The endonasal endoscopic approach would thus be unsuit-
able for the complicated cases reported here.

Despite the effectiveness of the MAPC transpetrosal
approach, some considered it to be a time-consuming and
difficult procedure that carries a risk of damaging cranial
nerves, such as the facial and acoustic nerves, and causing
leakage of CSF and surgical-site infection. At our insti-
tute, we modified the original transpetrosal approach of
Hakuba et al!! to overcome these problems and developed
the MAPC transpetrosal approach in 1999. In our proce-
dure the dura mater at the middle and posterior fossa is
completely peeled off the superior and posterior surfaces
of the petrous portion of the temporal bone before the
petrosectomy is initiated. This differs from other petro-
sal approaches and effectively shortens the surgical time
for petrosectomy and reduces the extent of bone removal
required. For epidural retraction of the temporal and pre-
sigmoid dura, a small amount of petrous drilling along
the petrous ridge is sufficient to obtain the surgical cor-
ridor to the retrochiasmatic space and is also effective in
preserving facial and cochlear functions. In fact hearing
was preserved in 15 of the 16 cases and facial function
was preserved in all 16 cases. In addition, no surgical-site
infection and no leakage of CSF were seen in any of the
16 cases.

A disadvantage of our MAPC transpetrosal approach
was an occasional occurrence of transient oculomo-
tor nerve palsy just after the surgical procedure, but we
consider this an acceptable complication considering the
surgical difficulty of the cases. Seven patients underwent
2-staged operations involving the transpetrosal approach
and another approach. One of the reasons for a second
operation was that in cases with adhesions between the tu-
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mor and the perforator of the opposite internal carotid ar-
tery, these parts of the tumor are more difficult to remove
safely via the transpetrosal approach. However, these
parts could be removed safely using an orbitozygomatic
approach from the contralateral side. Another reason is
that the part of the sella turcica or the superoposterior part
of the third ventricle is more difficult to access directly
because the transpetrosal approach provides inferior-to-
superior and posterior-to-anterior projections. However,
the residual tumors in the sella turcica could be removed
safely via transsphenoidal surgery and residual tumors in
the superoposterior part of the third ventricle could be re-
moved using an intethemispheric approach.

There 1s a school of thought that retrochiasmatic
craniopharyngiomas with complicated conditions should
be treated conservatively with a combination of safe par-
tial resection and stereotactic radiosurgery to reduce the
risks of surgery. This conservative treatment has provided
acceptable results for some types of craniopharyngio-
mas. 4242327 However, of the cases presented in this re-
port, radiotherapies or radiosurgeries had already been
applied in 4 cases; radiotherapies or stereotactic radiosur-
geries were not acceptable in the other 12 cases because
of the proximity of the tumors to the optic chiasm and hy-
pothalamus. In general, radiosurgery is contraindicated
if the distance between the tumor and optic apparatus is
less than 3 mun because the visual pathways would typi-
cally receive more than 10 Gy in these situations.' The 16
cases of retrochiasmatic craniopharyngiomas presented
in this report coudd be considered the most difficult cases
to control, and radical resection of the tumor should be re-
garded as the last treatment. Our results regarding extent
of tumor removal, tumor control, complication rate, and
visual function were satisfactory compared with the other
reports of craniopharyngiomas, 461219212629

Conclusions

Although this represents the first report on surgical
outcomes of the transpetrosal approach for retrochiasmat-
ic craniopharyngiomas, we achieved satisfactory results
using the MAPC transpetrosal approach for the removal
of retrochiasmatic cramiopharyngiomas under compli-
cated conditions. The MAPC transpetrosal approach can
provide an alternative procedure for resection of retrochi-
asmatic cranmiopharyngiomas with complicated conditions
such as recurrence, history of radiation, large calcification,
large tumor diameter, and extreme superior and posterior
extension.
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Introduction antibodies and peptide-targeting vectors [12,13] In a phage
display study, several small artificial cyclic peptides with

ErbB2 is a member of the epidermal growth factor receptor specific affinity for ErbB2 were identified. EC1, one of these
(EGFR) family of receptor tyrosine kinases, also called the artificial peptides, bound the extracellular domain of ErbB2 in
ErbB family. The ErbB family includes four members, ErbB1, living cells and fresh frozen human breast cancer specimens
ErbB2, ErbB3 and ErbB4. There are several endogenous [14]. Moreover, biotin-conjugated EC1 and the recombinant
ligands for ErbB receptors with the exception of ErbB2[1]. The protein EC1-eGFP retained affinity for ErbB2 and were

tyrosine kinase activity of ErbBs can be activated by internalized by ErbB2-overexpressing cancer cells [14,15]
endogenous ligands and the homo- or hetero-dimerization of Recently, divalent and multivalent forms of EC1-Fc ligand in
ErbB receptors, which is involved in the regulation of cellular liposomes were reported to improve affinity for ErbB2 and
proliferation and cell survival [1-3]. In addition, ErbB2 has been enhance internalization [16]. Thus, EC1 peptide may be a
implicated in tumor pathogenesis and progression [4-6]. potential artificial ligand for targeting ErbB2.

Clinically, overexpression of ErbB2 is associated with In tumor pathogenesis, several abnormal mutations are
approximately 30% of breast cancers, ovarian cancers [7] and found in tumor-suppressor genes. One of the best-known
other common types of cancers including lung, gastric, and oral tumor-suppressor genes is p53, which is an important regulator

cancers [8]. The overexpression is also associated with the of apoptosis and the most commonly mutated gene in cancer
metastasis, therapeutic resistance and poor prognosis of [17,18]. Restoration of pb3 activity has been proved to be an
cancer [9-11] Thus, ErbB2 may be a promising molecular effective means of treating cancer cells with p53 mutations
target for cancer imaging and treatment using monoclonal [19,20]. In our previous studies [21-23], a full-length
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recombinant p53 was successfully delivered into human
malighant glioma cells, oral and bladder cancer cells by fusing
with poly-arginine, a cell-penetrating peptide (CPP). It was
found that the full-length recombinant p53 had a significant
inhibitory effect on the proliferation of cancer cells. However,
the large molecular size and rapid degradation by the ubiquitin-
proteasome pathway greatly influenced the efficiency of protein
transduction and effect of the transduced p53 on cancer cells
[24]. The C-terminus of p53 is a lysine-rich domain subjectto a
variety of posttranslational modifications [25,26]. A peptide
derived from the C-terminus activates specific DNA binding
with p53 in vitro through an unknown mechanism [27]. It was
reported that the p53-derived C-terminal peptide (p53C)
induced rapid apoptosis in breast cancer cells carrying
endogenous p53 mutations or overexpressed wild-type (wt)
p53, but was not toxic to nonmalignant human cell lines
containing wt p53 [28]. In addition, p53C peptide fused with
CPP inhibits the proliferation of cancer cells by reactivating
endogenous p53, and significantly increases lifespan in animal
models of terminal peritoneal carcinomatosis and bladder
cancer in vivo [29-31] These studies demonstrate the
reactivation of the p53 protein by p53C peptide to be a
promising means for cancer therapy.

Bioluminescence imaging is emerging as a relatively simple,
cost-effective and extremely sensitive way to monitor dynamic
biological processes in intact cells and living animals [32]. In
recent years, the technology has developed rapidly with
improvements in luciferase reporters and instrumentation [33].
The most common luciferases for bioluminescence imaging
include Firefly luciferase (FLuc), Renilla luciferase (RLuc) and
Gaussia luciferase (GLuc). Each luciferase has distinct
properties in the application of bioluminescence imaging. FLuc
(62 kDa) catalyzes the oxidation of luciferin to yield
bioluminescence in the presence of O,, magnesium and ATP
[34]. RLuc (36 kDa) and GLuc (19.9 kDa) catalyze the oxidative
decarboxylation of coelenterazine to emit light independent of
ATP. However, RLuc has a lower quantum yield than FlLuc,
and also less enzymatic efficiency [35,36]. GLuc yields
approximately 200- (in vivo) to 1000-fold (in vitro) more
bioluminescence in mammalian cells than FLuc and RLuc [37].
Therefore, its small molecular size (19.9kDa), independence
from ATP and strong emission make GLuc much more suitable
for bioluminescence imaging /n vitro and in vivo [38,39).

The concept of “Theranostic” was originated by Funkhouser
in 2002 from one of his reviews [40]. Theranostics is defined as
a material that combines the modalities of therapy and
diaghostic imaging at the same time within the same dose. The
goal of theranostic is to donate materials with the capacity of
monitoring the treated tissue and efficacy in the long-term
period [41]. Theranostic reagents have been developed fast in
the previous decade, especially after the emergence of some
new optical probes and potent biomolecules for targeting and
therapy. In the present study, a novel ErbB2-targeting
bioluminescence protein was constructed by fusing EC1 with
GLuc and p53C peptide. Two human breast carcinoma cell
lines, MCF7 without expression of ErbB2 and BT474
overexpressing ErbB2, were employed to evaluate the role of
EC1-GLuc-p53C in specific bioluminescence imaging and
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cancer therapy. We observed that EC1-GLuc-p53C not only
targeted ErbB2 for bioluminescence imaging, but also
selectively inhibited cell proliferation and tumor growth of
BT474 in vitro and in vivo. The present results indicate that
EC1-GLuc-p53C may be a promising theranostic reagent
targeting ErbB2 for bioluminescence imaging and therapy.

Materials and Methods

Cell culture and detection of ErbB2 expression

The MCF7 and BT474 cell lines were obtained from the
American Type Culture Collection (ATCC). BT474 cells carry a
missense mutation (E285K) in the p53 gene [42], while MCF7
cells with overexpression of wt p53 [28] BT474 cells were
grown in a RPMI-1640 medium supplemented with 10% fetal
bovine serum (FBS) and 100 ug/ml penicillin-streptomycin
(P/S). MCF7 cells were cultured in DMED medium
supplemented with 10% FBS and 100 pg/ml P/S. The
mediums, FBS and P/S were from Invitrogen. All cultures were
maintained in a humidified incubator at 37°C with an
atmosphere containing §% CO,.

The expression of ErbB2 in MCF7 and BT474 cells was
examined by Western immunoblotting. Briefly, MCF7 and
BT474 cells on 35mm dishes were washed once with PBS, and
scraped in 1xSDS sample buffer. Cell lysates were subjected
to 6% SDS-PAGE, and immunoblotted with Rabbit anti-ErbB2
antibody (1:1000; Cell Signaling) overnight at 4°C. HRP-
conjugated secondary antibody (Sigma-Aldrich) was used at
1:2000. Immunoblotting signals were detected by the Versa
Doc 5000 imaging system (Bic-Rad) with an enhanced
chemiluminescence detection kit (Amersham Biosciences,
Pittsburgh, PA).

Plasmid construction

The pGluc plasmid was purchased from LUX biotechnology
Ltd (Scotland, UK). The GlLuc gene was amplified from the
plasmid using a sense primer (5-
GGATCCGAAACCAACTGAAAACAATGAAG-3'") and antisense
primer (5'-GTCGACATCACCACCGGCACCCTTTAT-3"). The
PCR product was ligated into the pCR2.1 TOPO vector
(Invitrogen) for amplification, and recloned in the pET52b
vector {Invitrogen) fo construct GLuc-pETS52b. The following
sense and antisense oligonucleotides (Hokkaido System
Science, Japan) with appropriate resistance enzyme sites for
EC1 or p53C peptide were prepared; for EC1; 5%
GGGTGGACTGGCTGGTGCCTGAATCCAGAAGAATCTACTT
GGGGATTCTGTACTGGATCTTTCGGTGGAGGTAGTTCAG-
3' (sense, underline indicates Sam | and BamH| sites) and 5
GATCCTGAACTACCTCCACCGAAAGATCCAGTACAGAATC
CCCAAGTAGATTCTTCTGGATTCAGGCACCAGCCAGTCCA
CCC-3' (antisense, underline indicates BamHl and Sam |
sites), and for p53C, 5
TCGACGGGAGCAGGGCTCACTCCAGCCACCTGAAGTCCA
AAAAGGGTCAGTCTACCTCCCGCCATAAAAAAGGCGC-3'
(sense, underline indicates Safland Noflsites), and 5-
GGCCGCGCCTTTTTTATGGCGGGAHHTAGACTGACCCTTT
TTGGACTTCAGGTGGCTGGAGTGAGCCCTGCTCCCG-3!
(sense, underline indicates Aofland Sallsites). The
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oligonucleotides for EC1 and p53C were modified by
phosphorylation at 5. The sense and antisense
oligonucleotides (10 pmol each) were co-incubated at 95°C for
10 min, and annealed at room temperature to form double-
stranded DNA. The double-stranded DNA for EC1 or p53C was
ligated to GLuc-pET52b treated with the appropriate resistance
enzymes to construct EC1-GLuc-pET52b or EC1-GLuc-p53C-
PET52b. Site-directed mutagenesis was introduced at BamHI
in EC1-GLuc and EC1-GLuc-p53C using a QuikChange kit
(Stratagene) according to the manufacturer's instructions. The
primers for mutagenesis were 5'-
GTGGAGGTAGTTCAGGAACCAAACCAACTG-3' (sense,
underline indicates  the mutated nucleotide), 5'-
CAGTTGGTTTGGTTCCTGAACTACCTCCAC-3' (antisense).
Gluc, EC1-GLuc and EC1-GLuc-p53C were then subcloned
into pGEX-6p-1 between the BamHI and EcoRl sites for protein
purification. The sequences of constructed plasmids were
confirmed using an ABI 3100 sequencer.

Expression and purification of recombinant proteins

The expression and purification of recombinant proteins were
performed as described previously [21]. Briefly, E. co#f BL21
(DE3) transformed with the plasmid for GLuc, EC1-GlLuc or
EC1-GLuc-p53C was grown in a LB medium containing 100
po/mL ampicillin at 37°C. When the ODB600 reached 0.6,
expression of the GST-fused proteins was induced by adding
0.2 mM isopropyl 1-thio-B-D-galactopyranoside at 25°C
overnight. The fusion proteins were purified using a column of
glutathione Sepharose 4 Fast Flow (GE Healthcare). To cleave
GST from the fusion proteins, the purified proteins were further
treated with PreScission protease (GE Healthcare) according
to the manufacturer's instructions. Recombinant proteins were
subjected to 15% SDS-PAGE, and confirmed by Coomassie
brilliant blue staining and immunoblotting with rabbit anti-
Gaussia Luciferase serum (1:1000, Nanolight). The proteins
were finally dialyzed against PBS, and concentrations were
determined using a protein assay kit (Bio-Rad Laboratories).
Aliquots of protein were stored at -80°C prior to use.

Preparation of coelenterazine (CTZ)

The substrate for GlLuc was prepared as described
previously [32]. Briefly, CTZ (Nanolight} was dissolved in
acidified methanol (1 drop of concentrated HCI (12.4 N) in 10
mL of methanol) to a concentration of 5mg/ml. Aliquots of 100yl
were stored at -80°C. For luminescence imaging, the aliquots
of CTZ (5mg/mL} were diluted with PBS (containing 5mM NacCl,
pH 7.2) for higher light output and more stability.

Assays of the luminescent activity and stability of
recombinant proteins

To determine the luminescent activity of the purified proteins,
2ug of each protein was transferred to a 96-well plate.
Bioluminescence was measured using a plate luminometer
(Microlumat plus LB 96V, Berthold technologies) after the
addition of 10 pl of CTZ (20 uM). Bioluminescent activity was
reported in relative light units (RLU) measured with a 10 sec
integration time and calculated as RLU per micromole for each
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protein. The values for EC1-GLuc and EC1-GLuc-p53C were
normalized with GLuc.

The stability of recombinant proteins was assessed as
described previously [38]. Aliquots of protein were incubated
with an equal volume of mouse serum (Sigma) at 37°C. At
each time point, samples were withdrawn for bioluminescence
imaging and Western blotting. In the analysis of
bioluminescence stability, the percentage of the initial amount
of RLU at each time point was plotted for each protein. To
detect the degradation of proteins after the incubation with
serum, samples withdrawn at each time point were subjected
to electrophoresis in 15% acrylamide SDS-PAGE gel, and
immunoblotted with rabbit anti-Gaussia Luciferase serum at a
dilution of 1:1000. HRP-conjugated secondary antibody
(Rabbit, Sigma-Aldrich) was used at 1:2000.

Bioluminescence imaging /n vitro, Internalization by
ErbB2-overexpressing cells and WST-1 assay

For bioluminescence imaging in vitro, MCF7 and BT474 cells
were cultured on 35-mm glass-bottomed dishes. To improve
the adherence of MCF7 and BT474 cells, all glass-bottomed
dishes were pre-coated with laminin (Roche). MCF7 and
BT474 cells were incubated with 1uM of each protein for 24h.
After three washes with DMEM, bioluminescence was detected
with an Olympus Luminoview LV 200 (Bio-luminescence
microscope) immediately after the addition of 1 pg/mL CTZ in
serum-free DMEM. Images were acquired and analyzed with
Metamorph software (Molecular devices).

To examine the internalization of EC1-fused proteins in
ErbB2 overexpressing cancer cells, BT474 cells were
incubated with 1 uM of GLuc, EC1-GLuc or EC1-GLuc-p53C.
In blocking study, BT474 cells were treated with anti-ErbB2
antibody against extra-cellular domain of ErbB2 (Chicken, 1.0
Hg/mL, abcam) 1 h prior to incubation with EC1-GLuc or EC1-
GLuc-p53C. After 24 h, cells were washed with PBS three
times and trypsinized. Cell lysate was prepared and subjected
to 15% SDS-PAGE. The internalization of fusion protein was
immunoblotted with rabbit anti-Gaussia Luciferase serum. B
actin was used as an endogenous control.

To evaluate the therapeutic effect of EC1-GLuc-p53C in
vifro, cell viability was determined using a WST-1 assay as
described previously [21]. After 3.0x10° MCF7 and 1.0x10?
BT474 cells were seeded on 96-well flat-bottomed plates, they
were cultured in DMEM or RPM11640 medium containing 10%
fetal bovine serum for 24 h. The cells were then supplemented
with 1uM of protein or PBS (day0) and further cultured 96 h
(day4). Cell viability from day 0 to day 4 was measured using
the WST-1 assay according to the manufacturer’s instructions
(Roche Applied Science). To determine the dose-dependent
effect of EC1-GLuc-p53C on the proliferation of BT474 cells,
the protein was used at 0.1 ~ 2.0 yM, and the WST-1 assay
was conducted on day 4.

Reporter Assay for p53-driven Transactivation

The reporter assay was performed as described previously
[22]. Briefly, the luciferase reporter vector pGL2-basic
(Promega) containing a 2.4 kbp fragment of the human p21%##?
promoter was a gift from Drs. T. Akiyama (Tokyo University)
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and K. Yoshikawa (Osaka University). BT474 cells grown until
80% confluent in 35 mm-diameter dishes were transfected with
the luciferase reporter vector by lipofectamine 2000
(Invitrogen). After 24 h, the cells were incubated with 1uM of
GLuc, EC1-GLuc, EC1-GLuc-p53C or the same volume of PBS
for 24h, and further cultured in hew medium 2 h prior fo cell
harvest. The cell lysate was used for measuring luciferase
activity with a luminometer and Luciferase Assay System
(Promega). The background luciferase activity was subtracted
in all experiments. Five independent experiments were
performed for each condition.

Preparation of tumor-bearing mice

Nude mice (Balb/c Slc-nu/nu, female, 6~8 weeks) were
purchased from Charlesriver, Japan. The plan of animal
experiments was reviewed and approved by the ethics
committee for animal experiments of Okayama University
under the [Ds OKU-2010378, OKU-2011400. 17B-estradiol
pellets (0.72 mg; Innovative Research of America) were
implanted 4 days before tumor cell transplantation and
remained in place until the end of the study. The cultured
MCF7 and BT474 cells were washed twice with PBS,
typsinized, and harvested by centrifuge. Cells (5.0x10¢ cell)
suspended in Matrigel (BD Bioscience) were transplanted
subcutaneously on both flanks of anesthetized mice with
intraperitoneally injection of 5mg/100g pentobarbital solution
under aseptic conditions. Mice with tumors developed for
10~14 days were used for /n vivo experiments. During tumor
development, breath and behavioral activity were monitored
twice every day to evaluate pain in mice. Experiments were
immediately stopped if mice appeared significant symptom of
pain. All mice were sacrificed by intraperitoneally injection of
15mg/100g pentobarbital solution after experiments.

The expression of ErbB2 in MCF7 and BT474 xenografts
was confirmed by immunofluorescence (IF) staining. Paraffin-
embedded slices of tumors were prepared at a thickness of 5
pm. First, histological observations of xenografted tumors were
made using H&E staining. IF staining was then performed with
anti-ErbB2 antibody (1:50, Cell Signaling). The secondary
antibody was Cy3-conjugated anti-rabbit IgG (1:100; Invitrogen,
Molecular probes). The nucleus was counter-stained with 0.1
Hg/ml of Hoechst 33248 (Sigma) for 5 min. Fluorescence
sighals were observed using a confocal laser microscope
(FV300, Olympus).

Tumor site retention of EC1-GLuc-p53C in tumor
xenografts

Next, 30 pL of EC1-GLuc-p53C protein (0.5 pg/pL) was
injected intratumorally into MCF7 and BT474 xenografts in
nude mice. At 1, 3, 6, 12 and 24 hours after the injection, the
mice were sacrificed. Tumors were excised and immediately
fixed with 4% paraformaldehyde. Paraffin-embedded slices of
MCF7 and BT474 tumors were prepared at 10 pm.
Immunofluorescence staining was carried out to analyze the
distribution  of  EC1-GLuc-p53C in  tumors. The
immunofluorescence staining was performed according to the
instructions that accompanied the rabbit anti-Gaussia
Luciferase serum. The secondary antibody was FITC-
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cohjugated rabbit 19G (1:100, Invitrogen, Molecular probes).
Fluorescence sighals were observed using a confocal laser
microscope (FluoView, Olympus, Japan).

Bioluminescence imaging in vivo

For bioluminescence imaging in vivo, 30 pl of EC1-GLuc-
p53C protein (0.5 ugrdl) was intratumorally injected into the
MCF7 and BT474 xenografts established in nude mice. At 6, §,
12 and 24 hours after the injection, mice were imaged by
injection via a tail vein with 100 pl of CTZ solution (3 mg/Kg)
under anesthesia using a cooled CCD camera (IVIS Lumina-If,
Caliper Life Sciences) as described previously [39]. The
bioluminescent intensity of the selected region over the tumor
was recorded as maximum photons ' cm-? steradian”.

Effect of EC1-GLuc-p5S3C on tumor growth

MCF7 and BT474 xenografts on both flanks of nude mice
were allowed to grow until an average volume of ~ 100mm?® +
10mm? was obtained prior to protein injection. Then, 30 pL of
purified recombinant protein (0.5 pg/uL) or 30 UL of PBS was
intratumorally injected into MCF7 and BT474 xenografts
everyday for § days. The mice were monitored daily and their
tumor volume was measured using digital vernier calipers twice
week. During the whole course of therapy in tumor burden
experiment no mouse died. Tumor volume was calculated
according to the formula: tumor volume=LxW?x0.5 (L is the
longest diameter, W is the shortest diameter).

Statistical analysis

Data are shown as the mean+S8D or mean+S.E.M. Data were
analyzed using either Student's t test to compare two
conditions or ANOVA followed by planned comparisons of
multiple conditions, and P<0.05 was considered to be
significant.

Results

Purification and biochemical characterization of the
recombinant proteins

The three GST-fused protein constructs were expressed in
E. coli BL21 and purified using a column of glutathione
Sepharose 4 Fast Flow. After purification, the GST tag was
cleaved by PreScission protease to harvest GLuc, EC1-GLuc
and EC1-GLuc-p53C as shown in Figure 1a. GLuc and EC1-
GlLuc were used as control proteins. Coomassie brilliant blue
staining revealed the purity of all three proteins to be > 80%.
The molecular sizes of GLuc, EC1-GLuc and EC1-GLuc-p53C
were approximately 20, 23, and 25KDa, respectively (Figure
1b). In Western blotting, the main bands of GLuc, EC1-GLuc
and EC1-GLuc-p53C  and additional minor bands
corresponding to the GST-fused proteins were observed
(Figure 1c). Moreover, a loss in bioluminescent activity was
induced by the fusion of EC1 and p53C peptide with GLuc. An
approximately 30% and 50% reduction was detected in the
bioluminescent activity of EC1-GLuc and EC1-GLuc-p53C
compared with GlLuc, respectively (Figure 1d).
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