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Japanese guideline for the oncology FDG-PET/CT data
acquisition protocol: synopsis of Version 1.0 (the Guide-
line) based on the results of the phantom experiments
performed by the Core Laboratory.

Results A total of 18 centers (19 scanners) participated
in this trial. The center’s default protocol was unchanged
for 9 scanners (47.4 %) and changed for 10 scanners
(52.6 %). Both acquisition duration and reconstruction
parameters were changed in 3 (15.8 %) of 10 scanners
and the acquisition duration alone was changed in 7
(36.8 %) scanners. Also, the accuracy of the standardized
uptake value (SUV) was evaluated with the acceptable
level 1.0 £ 0.1, resulting in readjustment and recalibra-
tion in 2 scanners (10.5 %), which were confirmed to
attain the acceptable accuracy after the required read-
justment. As of August 2012, 21 patients have undergone
an FDG-PET/CT examination under the acquisition
protocols determined by the Core Laboratory. Evaluation
of the image quality using several physical parameters
confirmed that the accumulated data were of sufficient
quality.

Conclusions Optimization of the acquisition protocol,
in compliance with the guideline, was successfully
achieved by the Core Laboratory in the framework of
JSCT NHLI10 to accumulate equivalent quality data
across multiple centers. The progress of the trial was
greatly facilitated by support from the Japan Society of
Nuclear Medicine Working Group for Investigation of
Response Evaluation Criteria in Malignant Tumors
Using Standardized PET/CT (Principal Investigator:
Ukihide Tateishi, MD., PhD).

Keywords FDG - PET/CT - Diffuse large B cell
lymphoma - Standardization - Multicenter study

Introduction

Positron emission tomography (PET) using 2-fluorine-18-
fluoro-2-deoxy-D glucose (FDG) is an indispensable
imaging modality for diagnosing malignant lymphoma.
FDG-PET imaging has been reported to be effective in
staging and evaluating the response to treatment. Its
effectiveness in monitoring post-treatment recurrence/
exacerbation and evaluating the prognosis at mid-therapy
was recently investigated in a clinical trial [1].

FDG-PET is performed during treatment of diffuse large
B cell lymphoma (DLBCL) because the response to treat-
ment revealed by FDG-PET images can reflect prognosis.
If FDG-PET images show a poor response after treatment,
the planned treatment can potentially be altered to improve
the outcome [2~4]. On the basis of this hypothesis, several
stratified clinical trials were performed on patients with
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aggressive lymphoma with a poor prognosis. Aggressive
chemotherapy or high-dose chemotherapy in combination
with autotransplantation was employed when FDG-PET
revealed a poor response to treatment [5, 6].

However, the data from several reports do not support
the correlation between mid-therapy FDG-PET observa-
tions and prognosis [7]. One of the possible reasons for the
negative results may be related to the details of FDG-PET
data acquisition and assessment [8].

In Japan, a multicenter trial, “Japan Study Group for
Cell Therapy and Transplantation (JSCT) NHL 107, is
underway to investigate the effectiveness and safety of a
stratified treatment protocol, in which high-risk CD20
positive DLBCL patients undergo two courses of R-CHOP
chemotherapy before evaluation by FDG-PET. Patients
with poor response to treatment (positive cases) receive
high-dose chemotherapy followed by autologous stem cell
transplantation (PET positive treatment) while patients
with sufficient response to treatment (negative patients)
receive eight courses of R-CHOP chemotherapy (PET
negative treatment).

FDG-PET image quality depends on many factors
including scanner type, administered dose, acquisition
protocol, and image reconstruction parameters. Therefore,
the quality of the PET images between multiple centers can
only be guaranteed through standardization of the imaging
parameters and appropriate quality control (QC) of the
scanners. In the US, the Clinical Trial Network (CTN)
organized by the Society of Nuclear Medicine (SNM) is
attempting to standardize the synthesis of PET radiophar-
maceuticals and the scanning protocol [9]. In addition to
the CTN, the American College of Radiology Imaging
Network (ACRIN) [10] is active in the field and the
European Association of Nuclear Medicine (EANM)
operates a similar network [8]. However, a network that
focuses on standardizing image quality through scanning
protocols or QC of the acquired data is still under devel-
opment in Japan [11].

Japanese guideline for the oncology FDG-PET/CT data
acquisition protocol: synopsis of Version 1.0 (the Guide-
line) was established [12], though there is no Core Labo-
ratory to promote standardization that is comparable to
those in the US and Europe. As a result, we established a
trial-specific Core Laboratory for JSCT NHL10 comprising
two board certified PET nuclear medicine physicians and
three board certified nuclear medicine technologists. The
purpose of the laboratory was to standardize FDG-PET
image quality and quantification on the basis of the
guideline, as well as to evaluate the validity of the stan-
dardization. This report describes the procedure and result
of this attempt. The Japan Society of Nuclear Medicine
Working Group for Investigation of Response Evaluation
Criteria in Malignant Tumors Using Standardized PET/CT
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(Principal Investigator: Ukihide Tateishi, MD., PhD) jointly
conducted this study.

Materials and methods

Accreditation of the PET/CT scanners
and determination of data acquisition protocol

The Core Laboratory was utilized to determine if FDG-
PET data were acquired under appropriate conditions and if
appropriate QC was implemented for the scanner. To
ascertain the validity of the acquisition protocol and image
reconstruction parameters, phantom experiments were
conducted in compliance with the guideline. The investi-
gated items were: (1) scanner manufacturer and model
type; (2) frequency and content of QC; (3) availability of
FDG; (4) injection method; (5) injected dose; (6) uptake
duration; (7) data acquisition mode; (8) scan duration; (9)
availability of list mode; (10) image reconstruction
method; (11) image reconstruction parameters; (12) history
of phantom experiments; and (13) evaluation of phantom
experiment results. If possible, centers provided existing
phantom experimental data to the Core Laboratory. In
centers with no existing phantom experimental data, cen-
ter’s staff carried out the experiment and/or Core Labora-
tory members visited the centers to provide technical
support during acquisition of phantom experiment data.

The National Electrical Manufacturers Association
(NEMA) standards body phantom [[3] and 8F_golution
were used as part of experiments in which PET data on a
simulated torso of the human body were acquired with
varied scan duration. The obtained images were both
physically and visually evaluated. Phantom background
activity concentration was controlled at 2.65 kBg/ml and
the hot sphere activity was controlled at four times the
background activity. Emission scan duration was 12 min
with three-dimensional (3D) list-mode acquisition. When
the list mode was not available, the default acquisition
duration used in the clinical PET/CT examinations was
used to acquire the data. Computed tomography (CT) for
attenuation correction was performed with default acqui-
sition parameters of each center. List-mode data were
histogramed into a sinogram of 1-10 min/bed position and
the image was reconstructed by the center’s default method
and parameters.

Phantom data were stored in the DICOM format and
submitted to the Core Laboratory. PET images submitted to
the Core Laboratory were viewed with the viewer OsiriX
MD for physical analysis. Then, the phantom noise
equivalent count (NECphancom)» Visualization of the 10-mm
sphere (visual score), image noise (Njpmm), % contrast
(Ou.10mm/N1omm), and relative recovery coefficient (RC)

were evaluated and compared with the reference values
recommended in the Guideline [12]. Visualization of the
10-mm sphere was evaluated in the Core Laboratory. On
the basis of these analyses of phantom data, the imaging
conditions recommended for the clinical trial were deter-
mined for each scanner.

Although the guideline does not provide any recom-
mendations regarding the accuracy of the SUV, the values
were obtained for 12 regions of interest (ROIs) defined in
the background area of a phantom image with a 30-min
scan duration to evaluate accuracy with an acceptable level
of 1.0 &+ 0.1 [10].

Quality assurance of the patient data

As of August 2012, 21 patients have undergone FDG-PET
examination with the acquisition conditions determined on
the basis of phantom experiments (Table 1). The institu-
tional review board approved the investigations in each
center. All patients gave informed consents. The patient
group comprised 11 males and 10 females with a mean
height of 160.7 £ 9.6 cm (range 146.4-185.0 cm), a mean
weight of 50.5 £ 11.2 kg (range 31.6-73.0 kg), and a body
mass index (BMI) of 19.4 + 3.0 kg/m2 (range 13.2-25.0
kg/m?). The mean administered dose was 270.5 + 38.4
MBq (range 211.0-324.8 MBq), while uptake duration
was 60.3 + 2.6 min (54.0-64.0 min), and blood glucose
level was 103.0 &+ 10.6 mg/dl (89.0-117.0 mg/dl). Patient
image data were submitted to the Core Laboratory imme-
diately after examination to check for the presence of
artifacts attributable to the scanner, body movement during
examination, or poor registration of the PET and CT
images. The patient noise equivalent count (NEC,ieny),
patient noise equivalent count density (NECgensiy), and
mean signal-to-noise ratio (SNR) within the liver ROI
(liver SNR) were determined to establish if the patient data
were in compliance with the Guideline.

Results

A total of 18 centers (19 scanners) were enrolled in this
trial (Table 1). Only one center had conducted phantom
experiments to determine the scan and image reconstruc-
tion conditions before participation in this trial. The other
17 centers carried out the phantom experiments especially
for this trial. One of the centers performed the phantom
experiment independently while the others had support
from the Core Laboratory members who performed the
phantom experiments and obtained the data. The follow-
ing PET/CT models were used: General Electric—3 Dis-
covery STs, 3 Discovery STEPs, 4 Discovery STEs, and 1
Discovery 690; Siemens—4 Biographs, 1 Biograph True
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Table 1 List of center, prefecture, scanner and number of patients

No. Center Prefecture  Scanner Number
of
patients
1 Anjo Kosei Hp. Aichi Biograph 16
(Siemens)
2 Central CI clinic  Hokkaido  Discovery STEP
Hp. (GE)
3 Gifu Univ. Hp. Gifu Biograph 16 2 .
(Siemens) \ 00000
4 Ehime Pref. Ehime Discovery STE
Central Hp. (GE)
5 Kusunoki Hp. Gunma Discovery ST 3
(GE) Fig. 1 Example of a phantom image that could not visualize a
6 National Tokyo Tokyo Biograph 40 10-mm hot sphere with a SUV = 4
Medical Center (Siemens)
7 Sapporo Hokkaido  Discovery STEP
Goryokaku Hp. (GE)
8 Sapporo Medical = Hokkaido Discovery STEP 1
Univ. Hp. (GE)
9 Kameda Clinic Kanagawa Discovery STE
Hp. (GE)
10 Toranomon Hp. Tokyo Aquiduo
(Toshiba)
11 Kawasaki Medical Okayama Discovery STE 5
Univ. Hp. (GE)
12 Kyushu Univ. Hp. Fukuoka  Discovery STE 6
(GE) 0Ga0
13 Kyushu Univ. Hp. Fukuoka  Biograph mCT
(Siemens)
14 Oike Clinic Kyoto Biograph 64
Si
, . (Siemens) Fig. 2 Example of a phantom image that visualized a 10-mm hot
15 Izumo City Hp. Shimane Tru'e Point sphere with a SUV = 4
Biograph 64
(Siemens) Point, 1 Biograph mCT; Philips—1 GEMINI GX-L; and
16 ~ Kurume Univ. Hp. Fukuoka  GEMINI GX-L 4 Toshiba Medical—1 Aquiduo.
(Philips) Analysis by the Core Laboratory confirmed visualiza-
17 Kanazawa Kanazawa Discovery 690 tion of a 10-mm hot sphere in 9 scanners (47.4 %) with the
Advanced (GE) . s .. . .
Medical Center respective centers’ own clinical default settings without a
18 Takinomiya Kagawa  Discovery ST need for modification. Examples of the phantom images
General Hp. - (GE) that could and could not visualize the 10-mm hot sphere are
19 Kusatsu General  Shiga Discovery ST shown in Figs. | and 2, respectively. Three scanners

Hp.

(GE)

required modification of the scan duration and image

Fig. 3 Phantom images that
a initially could not visualize a

10-mm hot sphere with a

SUV = 4 and b visualized the
hot sphere after the conditions
were revised. The protocol
revisions included changes in
the scan duration from 2 min to
4 min/bed and image
reconstruction parameters from

2 iterations to 3 iterations
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reconstruction parameters (15.8 %), and 7 scanners

b

0.0000

— 145 —



Ann Nucl Med (2013) 27:225-232

229

Table 2 List of scanners, scan durations and injected dose

Scanner Scan duration Injected dose (MBg/kg or MBq)
(min)
Initial Revision Initial Revision
Biograph 2 3 3.0 MBqg/kg 3.7 MBg/kg
Sensation16
Discovery 243 NC 4.5 MBg/kg NC
STEP
Biograph 16 2 4 185 MBq (deliver NC
FDG)
Discovery 3 NC 3.0 MBqg/kg 3.7 MBg/kg
STE
Discovery ST 2 4 185 MBq (deliver NC
FDG)
Biograph 40 3 4 185 MBq (deliver NC
FDG)
Discovery 3 NC 185 MBq 3.7 MBg/kg
STEP (<50 kg),
220 MBq
(50-80 kg),
260 MBq
(>80 kg)
Discovery 3 NC 185 MBq (deliver NC
STEP FDG)
Discovery 3 NC 4.3 MBg/kg NC
STE
Aquiduo 2 4 185 MBq (deliver NC
FDG)
Discovery 2 NC 185 MBq (deliver NC
STE FDG)
Discovery 3 NC 185 MBq (deliver NC
STE FDG)
Biograph 2 NC 185 MBq (deliver NC
mCT FDG)
Biograph 64 2 4.5 MBg/kg NC
True Point 2 185 MBq (deliver NC
Biograph FDG)
64
GEMINI 2 4 4.4 MBg/kg NC
GX-L
Discovery 2 NC 4.0 MBg/kg NC
690
Discovery ST 2.5 4 185 MBq (deliver NC
FDG)
Discovery ST 2 3 3.0 MBg/kg 3.7 MBg/kg

The initial and post-revision scan durations and injected doses are
shown :

NC No revision parameters

required modification of the scan duration (36.8 %). A
phantom image that could not visualize the 10-mm hot
sphere before the scanning protocol was modified is shown
in Fig. 3a. Figure 3b shows an image that visualized the
hot sphere after modification of the scanning protocol. No
serious artifacts were observed in the PET images pro-
duced by any of the scanners.

Table 3 List of scanners, image reconstruction methods and

parameters
Scanner Image reconstruction
Method Initial parameter Revision
parameter
Biograph FORE- iter:3, sub:8, filter: NC
16 OSEM 5 mm, matrix:128
Discovery VUE- iter:2, sub:21, filter: NC
STEP POINT+  5.14 mm,
matrix;128
Biograph FORE- iter:2, sub:8, filter:  iter:3, sub:8, filter:
16 OSEM 5 mm, matrix:256 5 mm,
matrix:256
Discovery  VUE- iter:2, sub:20, filter: NC
STE POINT+  4.29 mm,
matrix:128
Discovery FORE- iter:5, sub:16, filter: NC
ST OSEM 5.14 mm,
matrix:128
Biograph FORE- iter:4, sub:8, filter: NC
40 OSEM 5 mm, matrix:168
Discovery VUE- iter:2, sub:21, filter;: NC
STEP POINT+ 6 mm, matrix:128
Discovery  VUE- iter:2, sub:21, filter: NC
STEP POINT+  5.14 mm,
matrix:128
Discovery VUE- iter:2, sub:21, filter: NC
STE POINT+ 6 mm, matrix:128
Aquiduo FORE- iter:4, sub:14, filter: NC
OSEM 8 mm, matrix:128
Discovery VUE- iter:2, sub:20, filter: NC
STE POINT+  5.14 mm,
matrix:128
Discovery VUE- iter:2, sub:28, filter: NC
STE POINT+ 6 mm, matrix:128
Biograph TrueX iter:2, sub:21, filter: NC
mCT with TF 6 mm, matrix:256
Biograph FORE- iter:3, sub:8, filter:  iter:4, sub:8, filter:
64 OSEM 6.5 mm, 6.5 mm,
matrix:168 matrix:256
True Point  TrueX iter:3, sub:21, filter: NC
Biograph 4 mm, matrix:168
64
GEMINI LOR- smooth HQ mode, sharp
GX-L RAMLA
Discovery  VUE- iter:2, sub:18, filter: NC
690 POINT 5 mm, matrix:128
FX
Discovery = FORE- iter:4, sub:16, filter: NC
ST OSEM 5.14 mm,
matrix:128
Discovery = FORE- iter:5, sub:16, filter: NC
ST OSEM 5.14 mm,
matrix:128

The initial and post-revision image reconstruction parameters are

shown

NC No revision parameters
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Fig. 4 Liver SNR in 21 cases 30.00
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SUV was out of the acceptable range of 1.0 & 0.1 in
-2 scanners (10.5 %). Therefore, maintenance services
including normalization, adjustment of gain value for the
detector, QA of the dose calibrator, and recalibration were
performed to ensure SUV accuracy. After this procedure,
phantom data were acquired again and the SUV accuracy
was confirmed to be within the acceptable range for this
trial.

10-mm spheres were visualized in 3.1 £ 0.8 min on
average (range 1-4 min). The mean physical indexes at
that time were: NECppanom = 7.7 £ 2.4 Mcounts (range
4.6-14.2 Mcounts), Nigmm = 6.0 = 1.3 % (range 4.3—
9.3 %), Ouy.iomm = 16.7 £4.3 % (range 10.4-24.2 %),
On.10mm/N1omm = 2.8 £ 0.7 (range 1.8-4.1). The mean
relative RC for 10-mm sphere was 0.44 + 0.05 (range
0.38-0.55). The mean background SUV was 0.97 + 0.04
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& liver SNR

patient

& NECdensity

patient

(range 0.92—-1.05). The injected dose and scan duration of
each scanner are shown in Table 2, and reconstruction
methods with the parameters are shown in Table 3 with or
without revision.

No significant artifact was observed within any of the
acquired patient images and compliance with the protocol
was confirmed with the header data in each PET image.
With the mean NECpagen = 46.8 & 13.8 Mcounts/m
(range 31.4-75.5 Mcounts/m), mean NECgepgy = 1.21 £
0.45 kcounts/cm® (range 0.69-2.21 kcounts/cm®), and
mean liver SNR = 19.3 £ 3.1 (range 14.8-25.1), the
physical indexes were in the reference ranges recom-
mended in the Guideline (Figs. 4, 5, 6). Count data were
not recorded in the DICOM header in three cases for
which the liver SNR was used for confirmation. Typical
clinical images with NECgengy = 0.86 (kcounts/cm®),
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Fig. 6 NEC,qenc in 21 cases 90.00

86.00 1

7000 4

NECptiem (Mcounts/m)

Fig. 7 Clinical FDG-PET
images (left coronal, upper right
brain transverse, lower right
liver transverse)

NEC,atien: = 33.7 (Mcounts/m), and liver SNR = 18.5 are
shown in Figs. 6, 7.

Discussion

We attempted to standardize FDG-PET image quality by
optimizing the scan duration and reconstruction parame-
ters on the basis of the guideline. Phantom experiments
involved determining the acquisition/reconstruction
parameters by scanner model and then verifying the
validity of the conditions. Centers that already had default

protocols only required the validation step. Though all of
the participating centers in this trial had already per-
formed clinical FDG-PET/CT examinations, we acquired
the data for this trial using the list mode during validation
in order to evaluate the data with varied acquisition
durations. This procedure allowed for the simulation of
PET images with varied acquisition durations, which
enabled determination of optimal acquisition durations
with only one phantom experiment. This was necessary
when the default scanning protocol did not meet the
recommendation of the guideline. However, multiple
phantom experiments with varied acquisition durations
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were required when utilizing PET/CT scanners with no
list mode available.

With the acquisition duration that permitted visualization
of the 10-mm hot sphere in the phantom experiment, the mean
NEC,panom and Niomm values were below the values recom-
mended in the guideline while the mean Qu ; omm/N1omm Value
of 2.81 was far beyond the recommended value. Visualization
of a lesion depends on the correlation between image noise
and contrast or Qg ;omm/N1omm. Therefore, the scanning pro-
tocol determined on the basis of the phantom experiments in
this trial can guarantee sufficient image quality.

Although not included in the guideline, this trial eval-
uated SUV (calibration) accuracy. The Core Laboratory of
the ACRIN uses a cylindrical phantom for 18F or 68Ge to
evaluate the calibration accuracy within 10 % or less than
10 %. In this trial, we applied the same allowance range for
calibration evaluation and determined that two scanners
(10.2 %) did not meet the allowance range. Our phantom
shape was different from ACRIN’s but the influence should
be minor. One of the two scanners required an adjustment
and the other required an adjustment of the dose calibrator.
Both scanners attained the acceptable accuracy after
recalibration. This indicated that the phantom experiment
was useful for identifying the physical error or calibration
process error of the scanner.

Phantom experiments resulted in prolonged data acqui-
sition duration in 10 centers. As of August 2012, 21
patients had undergone FDG-PET examination for this
trial. The QA parameters NEC aieni; NECgensity, and liver
SNR were all beyond the levels recommended in the
guideline, suggesting that the accumulated image data have
sufficient quality for the trial.

While there is currently (August 2012) no Core Labo-
ratory representing the entire academic community in
Japan, this trial was directed by the special Core Labora-
tory established for JSCT NHL10 and was facilitated by
the collaboration of the Japan Society of Nuclear Medicine
Working Group members (principal investigator: Ukihide
Tateishi, MD., PhD).

The phantom experiments were performed based on the
guideline to optimize the acquisition protocol and stan-
dardize the image quality used in the multicenter trial to
assess mid-therapy FDG-PET/CT. Phantom experiments
enabled accumulation of sufficient quality image data
across multiple centers.
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The present study was conducted to assess the relationship
between tumor uptake and pathologic findings using dual-tracer
PET/computed tomography (CT) in patients with breast cancer.
Seventy-four patients with breast cancer (mean age 54 years)
who underwent "'C-choline and 2-[*®FIfluoro-2-deoxy-o-glucose
("®F-FDG) PET/CT prior to surgery on the same day were enrolled
in the present study. Images were reviewed by a board-certified
radiologist and two nuclear medicine specialists who were una-
ware of any dlinical information and a consensus was reached.
Uptake patterns and measurements of dual tracers were com-
pared with the pathologic findings of resected specimens as the
reference standard. Mean (+SD) tumor size was 5.9 = 3.2 cm. All
primary tumors were identified on "®F-FDG PET/CT and ''C-cho-
line PET/CT. However, "®F-FDG PET/CT demonstrated focal uptake
of the primary tumor with (n =38; 51%) or without (n = 36;
49%) diffuse background breast uptake. Of the pathologic find-
ings, multiple logistic regression analysis revealed an indepen-
dent association between fibrocystic change and diffuse
background breast uptake (odds ratio [OR] 8.57; 95% confidence
interval [Cl] 2.86-25.66; P < 0.0001). Tumors with higher histo-
logic grade, nuclear grade, structural grade, nuclear atypia, and
mitosis had significantly higher maximum standardized uptake
values (SUV,.x) and tumor-to-background ratios (TBR) for both
tracers. Multiple logistic regression analysis revealed that only
the degree of mitosis was independently associated with a high
SUVax (OR 7.45; 95%Cl 2.21-25.11; P = 0.001) and a high TBR
(OR 5.41; 95%Cl 1.13-25.96; P = 0.035) of ''C-choline PET/CT. In
conclusion, '"C-choline may improve tumor delineation and
reflect tumor aggressiveness on PET/CT in patients with breast
cancer. (Cancer Sci 2012; 103: 1701-1707)

P ositron emission tomography/computed tomography (PET/
CTg with the glucose analog 2-[ 8F]ﬂu0r0-2-deoxy—D-glu-
cose (°F-FDQG) is recognized as an important tool in initial
tumor evaluation, including staging, in the evaluation of treat-
ment response, and in the assessment of recurrent disease for
breast cancer."? It has been reported that PET/CT adds incre-
mental diagnostic confidence to PET in 60% of patients and in
>50% of regions with increased '*F-FDG uptake.® Tatsumi
et al.® concluded that PET/CT was preferable in evaluating
breast cancer lesions in view of the level of diagnostic confi-
dence that it allows. Regardless of the exact type of PET/CT
fusion technique, '*F-FDG uptake in non-malignant conditions
often leads to high background uptake on breast imaging.®
Histological changes are the cause of considerable variations
and false-positive findings on breast imaging. Fibrocystic
changes (FCC) are the most common of these conditions that
can affect the assessment of imaging features on mammogra-
phy(6’7) and MRI.®2 Similarly, there is evidence in the litera-
ture that ®F-FDG PET and accelerated glucose metabolism as

doi: 10.1111/].1349-7006.2012.02348.x
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a result of FCC lead to false-positive findings and difficulty in
determining the boundary of specificity.'°

Choline is an essential component of the cell membrane and
choline uptake is upregulated by choline kinase-o, which catal-
yses the phosphorylation of choline."'® In mammary epithe-
lial cells, levels of phosphocholine metabolites increase due to
overexpression of choline kinase-o, which is regulated by the
mitogen-activated protein kinase (MAPK) pathway.@''®
Recent clinical studies in patients with breast carcinoma under-
going molecular-targeted therapy suggest that 1 choline
uptake is 10-fold higher in aggressive breast carcinoma pheno-
types and that the u)ptake of "'C-choline on PET is correlated
with tumor grade.(13 Thus, 1. choline is considered a promis-
ing radiotracer for the evaluation of breast cancer in the clini-
cal setting prior to treatment.

Although both data from '®F-FDG and *'C-choline PET/CT
allow more precise evaluation of the primary breast cancer,
direct comparisons of these two tracers in breast cancer have
not been made. In the present study, we sought to confirm and
extend previous findings of 'C-choline PET/CT studies by
investigating the association between histological findings and
the results of 'F-FDG PET/CT investigations in patients with
breast cancer.

Materials and Methods

Patients. Seventy-four patients (mean age 54 years; range 25—
89 years) with breast carcinoma were enrolled in the present
retrospective dual PET/CT study between March 2008 and
March 2010. Patients were eligible for inclusion in the study if
they met the following criteria: (i) performance status O or 1; (ii)
no concomitant malignancy; (iii) histologically proven breast
carcinoma diagnosed by biopsy at least I month before; and (iv)
no history of hormone therapy. All patients were required to
provide written informed consent. A regimen of 5-fluorouracil,
epirubicin, and cyclophosphamide (FEC) plus paclitaxel was
used as neoadjuvant chemotherapy in 32 patients (43%). As a
rule, hormone therapy was introduced after completion of imag-
ing studies if needed. Our institutional review board (National
Cancer Center Hospital, Tokyo, Japan) approved the present
study, which complied with the Health Insurance Portability and
Accountability Act. The clinical records of all patients were
available for review. All patients received surgery after imaging
studies.

Phantom study. A phantom study of PET/CT was performed
prior to the clinical study at two institutions to clarify the opti-
mum conditions for data acquisition and to ensure quality con-
trol.!* Studies were performed with a whole-body PET/CT
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scanner (Aquiduo PCA-7000B; Toshiba Medical Systems,
Tochigi, Japan). The CT component of the scanner has a 16-
row detector. We used an NEMA image quality (IQ) phantom
(NU 2-2001) for cross calibration, because this type of phan-
tom is used in many institutions and data regarding the estima-
tion of the optimum time are available. The radioactivity
concentration of the background was set at 2.6 + 0.2 kBg/mL
F_FDG, similar to that in clinical settings. The radioactivity
concentration of the hot portion was fourfold greater than that
of the background. Data were collected over a period of 2—
5 min in the dynamic acquisition mode and for 30 min in the
static acquisition mode. The data acquired, including normali-
zation data, cross-calibration data, blank scan data, and trans-
mission data, were assessed for visual inspection, phantom
noise equivalent count (NECppanom), percentage contrast
(Qu,10 mm) and percentage background variability (Njg mm)-
The preferred parameters pertinent to the clinical condition
were  NECphaniom > 104 (counts), Nig mm < 6.2%, and
Qu10 mm/Nio mm > 1.9%. After a review of the data analyses,
the optimum conditions for the PET/CT were determined as
follows: data acquisition, 180 s for one bed; field-of-view,
500 mm; iteration, 4; subset, 14; matrix size,128 x 128; filter,
Gaussian 8 mm in full width at half maximum; reconstruction,
ordered-subsets expectation maximization (OSEM).

Data acquisition. '!C-Choline was synthesized using a com-
mercially available module, as described by Hara et al >
Prior to the ''C-choline PET/CT study, patients fasted for at
least 6 h. Immediately after they had evacuated their bladder,
patients were placed in a supine, arm-up position. For the
PET/CT, low-dose CT data were first acquired at 120 kVp
using an autoexposure control system (beam pitch 0.875 or 1
and 1.5 or 2 mm X l6-row mode). Data acquisition was per-
formed for each patient from the top of the skull to the mid-
thigh. Patients maintained normal shallow respiration during
the three-dimensional acquisition of CT scans. No iodinated
contrast material was administered. Acquisition of emission
scans from the head to the mid-thigh was started 5 min after
intravenous administration of a mean ''C-choline dose of
475 MBq (range 469491 MBq). The "®F-FDG PET/CT study
was performed 1 h after the ''C-choline PET/CT study in all
patients. Patients received an intravenous injection of
311 MBq (range 197-397 MBq) BEFDG with an uptake
phase at 64 = 5 min.

Image interpretation. Dedicated software (Vox-base SP1000
workstation; J-MAC Systems, Sapporo, Japan) was used to
review all PET, CT, and coregistered PET/CT images in all
standard planes. Images were analyzed visually and quantita-
tively by two independent reviewers, who recorded their find-
ings after reaching a consensus. A region of interest (ROI) was
outlined within areas of increased uptake and measured on
each slice. When the lesion was extensively heterogeneous, the
ROI was set so as to cover all the components of the lesion.
The diffuse pattern of breast was assigned to the breast that
shows homogeneous accumulation greater than aortic blood
except for the primary lesion. For quantitative interpretations,
the standardized uptake value (SUV) was determined accord-
ing to the standard formula, with activity in the ROI recorded
as Bg/mL per injected dose (Bq) per weight (kg), but time
decay correction for whole-body image acquisition was not
performed. The maximum SUV (SUV,,.x) was recorded using
the maximum pixel activity within the ROI. The tumor-to-
background ratio (TBR) was calculated with reference to
uptake in the contralateral breast.

Pathologic analysis. All patients underwent surgery. Each
tumor was staged according to the TNM classification of the
International Union against Cancer.'® Resected specimens
were fixed in 10% buffered formalin and embedded in paraffin
wax. Then, 4-um sections were obtained in a plane perpendic-
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ular to the long axis of the breast. Paraffin-embedded
microslices were stained with H&E. Tissue grading, nuclear
grading, and structural grading were done using the grading
system of Elston and Ellis."” Estrogen receptor (ER) and pro-
gesterone receptor status was evaluated using the H-scoring
system of McCarty e al."'® Human epidermal growth factor-2
(HER-2/neu) was evaluated by immunostaining with 4BS pri-
mary antibody. Evaluation of the primary lesion was based on
the following pathologic findings: FCC, differentiation, sub-
type, location, diameter of the invasive component, diameter
of the non-invasive component, ratio of the invasive compo-
nent in the tumor (%), tissue grading, nuclear grading, struc-
tural grading, nuclear atypia, mitosis, necrosis, fat invasion,
cutaneous invasion, muscular invasion, ER status, progesterone
receptor status, and HER-2/neu status. In the present study,
“non-invasive component” referred to ductal carcinoma in situ
(DCIS).

Statistical analysis. The Chi-squared test or Fisher’s exact
probability test were used to compare pathologic findings asso-
ciated with PET/CT findings. In addition, the Wald test and
95% confidence intervals (CI) were used to evaluate the statis-
tical significance of individual variables. To determine rela-
tionships of SUV and TBR between the two tracers, we used
Spearman rank correlation. Comparisons of mean values
between groups were made using Student’s #-test or analysis of
variance (aNova) with Bonferroni’s adjustment for multiple
comparisons. Parsimonious univariate and multivariate logistic
regression models were used to measure independent associa-
tions with PET/CT findings. Statistical tests used a two-sided
significance level of 0.05. Statistical analyses were performed
using PASW Statistics 19 (IBM, Tokyo, Japan).

Results

In all, 74 patients completed the study procedures. The demo-
graphic data for all patients are given in Table 1. There were
66 patients (89%) with invasive tumors, 60 of which were duc-
tal carcinoma and six lobar carcinoma. Eight patients (11%)
had non-invasive ductal carcinoma.

All primary tumors were identified on '®F-FDG PET/CT and
YC-choline PET/CT (Fig. 1). The SUVinay of "C-choline
PET/CT was significantly lower than that of '*F-FDG PET/CT
(P = 0.002; Table 2). Conversely, the TBR of ''C-choline
PET/CT was significantly higher than that of '*F-FDG PET/
CT (P < 0.0001; Table 2). Using '|F-FDG PET/CT, focal
uptake of the primary tumor with (n = 38 [51%]; Fig. 2) or
without (n = 36 [49%]) diffuse background breast uptake was
demonstrated. Conversely, ''C-choline PET/CT showed only
focal uptake of the primary tumor in all patients. There were

Table 1. Patient demographics

Age (years) 54 + 13 (24-78)

Tumor side
Right 44 (59)
Left 30 (41)

Tumor size (cm) 5.9 + 3.2 (1.8-12.0)
Main location
Medial upper quadrant

Medial lower quadrant

8(11)
8(11)

Lateral upper quadrant 46 (62)

Lateral lower quadrant 6 (8)

Central 2 (3)
Invasive tumor 66 (89)

8 (11)

Data are given as the mean = SD, with the range in parentheses, or as
the number of patients in each group with percentages in
parentheses.

Non-invasive tumor
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E-FDG PET/CT

Fig. 1. Results for a 51-year-old woman with
invasive ductal carcinoma of the left breast. (a,¢)
'8F-fludeoxyglucose (FDG) PET/computed (©)
tomography (CT) images (fusion image: a; PET

alone: (c) reveal a focal hypermetabolic focus in the

primary tumor (arrows). The maximum standardized

uptake value (SUVyax) was 5.5 and the tumor-to-
background ratio (TBR) was 47.0. (b,d) Transverse
"C-choline PET/CT images (fusion image: b; PET

alone: d) also reveal a focal hypermetabolic focus in

the primary tumor (arrows). The SUV|,., was 5.0

and the TBR was 137.5. On microscopy, the tumor
contained 100% invasive component.

Table 2. Computed tomography (CT)/PET measurements and
pathologic components with or without diffuse background breast
uptake on '®F-fludeoxyglucose PET/CT

With Without p.
Total diffuse diffuse

uptake uptake value
"C-Choline uptake
of tumor
SUV max (@/mL) 3.7 %29 3635 3.8x20 0.789
TBR 8.0 + 6.0 7.7 £9.9 8398 0.709
8E-FDG uptake of
tumor
SUVnax (g/mL) 4.4 + 3.1 4.6 + 3.6 42 + 25 0.571
TBR 3.7 x27 32+24 45 + 2.9 0.016
Diameter of 4.1+35 42+ 40 40 + 3.0 0.800
invasive
tumor (cm)
Diameter of 1.8x23 2.6 +29 09 +1.0 0.002
non-invasive
tumor (cm)
% Invasive 66.0 + 36.5 540+ 414 786 254 0.003
component

FDG, fludeoxyglucose; SUV .y, maximum standardized uptake value;
TBR, tumor-to-background ratio.

significant differences between patients with or without diffuse
background breast uptake on '‘|F-FDG PET/CT for TBR
of F-FDG (Table 2). There was no interaction between
'C_choline uptake and background breast uptake patterns on
BEFDG PET/CT. There were significant differences for the
diameter of the non-invasive component and the percentage
invasive component between l%atients with and without diffuse
background breast uptake on "F-FDG PET/CT (Table 2).

The pathologic findings and background breast uptake pat-
terns on '*F-FDG PET/CT are listed in Table 3. Patients with

Tateishi et al.
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diffuse background breast uptake had significantly different
values for percentage invasive component, FCC, necrosis, and
triple negative tumor compared with patients without diffuse
background breast uptake. There were no significant differ-
ences between the two groups in histologic grade, nuclear
grade, structural grade, nuclear atypia, mitosis, fat invasion, or
cutaneous invasion. Nor were there any significant differences
in hormone receptor status between the two groups, specifi-
cally HER-2/neu, ER, and progesterone receptors. Only FCC
showed an independent association with diffuse background
breast uptake on multiple logistic regression analysis (OR
8.57; 95% CI 2.86-25.66; P < 0.0001).

There was a modest correlation between the diameter of the
invasive tumor and SUV ., (P < 0.0001) or TBR (P = 0.006)
on '"F-FDG PET/CT (Table 4). Similar trends were found
between the diameter of the invasive tumor and SUV,
(P < 0.0001) and TBR (P < 0.0001) on ''C-choline PET/CT
(Table 5). The TBR on ''"C-choline PET/CT also showed a
modest correlation with the percentage invasive component
(P = 0.047). The diameter of the non-invasive tumor was not
correlated with SUV ., or TBR on either '*F-FDG or ''C-cho-
line PET/CT.

Pathologic characteristics and tracer uptake are summarized
in Table 6. Tumors with a higher histologic grade, nuclear
grade, structural grade, nuclear atypia, and mitosis showed sig-
nificantly higher SUV ., and TBR for both'®F-FDG and !!C-
choline PET/CT. Tumors without expression of hormone
receptors, including ER and progesterone receptors, and triple
negative tumors showed significantly higher SUV . and TBR
for both'®F-FDG and ''C-choline PET/CT. Tumors expressing
FCC and fat invasion were more likely to have high SUV .,
and TBR on 'C-choline PET/CT, but these differences were
not identified in the TBR of 'SF-FDG PET/CT. In addition,
tumors with necrosis and cutaneous invasion were found to
have greater SUV ., and TBR only on "¢ choline PET/CT.
There was no significant association between the SUV,,,, or
TBR and the percentage of invasive component or the HER-2/
neu status for both tracers. After adjusting for age and tumor
size, multiple logistic regression analysis revealed that the
degree of mitosis was independently associated with high
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SUV,.x (OR 7.45; 95% CI 2.21-25.11; P = 0.001) and high
TBR (OR 5.41; 95% CI; 1.13-25.96; P = 0.035) of "'C-cho-
line PET/CT.

Discussion

The present study examined the association between dual-tracer
uptake and histological background in breast cancer. Despite
positive correlations for SUV ., or TBR with BE_FDG and M'C-
choline, mitosis was found to be correlated with ¢ choline
uptake only, which reflects tumor aggressiveness reported in the
previous study of patients with breast cancer.""? The results also
reveal that diffuse background breast uptake on *F-FDG PET/
CT depends on FCC and this pattern of uptake was not identified
in any patients on ''C-choline PET/CT. Our findings suggest that
"1C-choline may be feasible for the imaging of breast cancer
particularl}l for patients with underlying FCC in whom mammog-
raphy and "®F-FDG PET/CT are limited.

Our observation of a positive correlation between mitosis and
"'C-choline uptake supports results reported in previous stud-
ies.!!31? This phenomenon was not affected by the underlying
histological background because comparative correlation coeffi-
cients of SUV,,,, and TBR were similar on !'C-choline PET/CT.
Furthermore, the association between mitosis and '®F-FDG
uptake was not observed, regardless of positive correlation
between '®F-FDG and ''C-choline uptake. This discrepancy in
terms of mitosis and tracer uptake in our patients is presumably
caused by differences in the degree of tracer uptake.

The present study demonstrated that there were significant
differences in the diameter of the non-invasive component and
the percentage invasive component between patients with and
without diffuse background breast uptake on '*F-FDG PET/
CT. However, the SUV .., and TBR of both tracers were simi-
lar between patients with or without diffuse background breast
uptake on BE_FDG PET/CT. These results suggest that the
non-invasive component of breast cancer, which refers to the
DCIS component in the present study, cannot be depicted by
both tracers. These findings are consistent with that of another
study that suggested DCIS could not be precisely visualized by
PET." Neubauer ez al.®® suggested that the DCIS component

1704

£1C-Choline PET/CT

Fig. 2. Results for a 47-year-old woman with
invasive scirrhous carcinoma of the left breast. (a,c)
"8r-fludeoxyglucose (FDG) PET/computed tomography
(CT) images (fusion image: a; PET alone: ¢) reveal a
focal hypermetabolic focus (arrows) of the primary
tumor with diffuse background breast uptake. The
maximum standardized uptake value (SUV,,.,) was
5.4 and the tumor-to-background ratio (TBR) was
35.7. (b,d) Transverse ''C-choline PET/CT images
(fusion image: b; PET alone: (d) reveal only a focal
hypermetabolic focus in the primary tumor
(arrows). The SUVnax was 5.0 and the TBR was
125.0. On microscopy, the tumor contained 15%
invasive component. Diffuse fibrocystic changes
were found in the background breast.

could be detected by dynamic contrast-enhanced MRI, but the
specificity was unfavorable because of an overlap in kinetic
curve appearance. A major limitation of previous studies, as
well as the present study, is that whole-body PET/CT scanners
were used to evaluate primary lesion of the breast.

Fibrocystic changes are the most common diffuse benign
condition of the breast related to changes in responses to estro-
gen and progesterone. The histology of FCC varies consider-
ably and includes cysts, apocrine metaplasia, fibrosis,
calcification, ductal hyperplasia, adenosis, and fibroadenoma-
tous changes.®'*? Because of its diverse appearances and
kinetic features, FCC is major cause of false-positive findings
on MRL®*2% As for PET studies, Yutani et al.®® have previ-
ously explored the '8F-FDG uptake of FCC in 38 patients with
breast cancer, providing evidence that diffuse ®F.FDG uptake
caused by accompanying FCC obscures uptake by the primary
tumor. Palmedo e al.*” have confirmed that FCC is a major
cause of reduced specificity in the detection of primar%' breast
cancers on '®*F-FDG PET. Furthermore, Kole ef al.®® com-
pared the detectability of primary lesions between 'SF-FDG
PET and '!C-tyrosine PET in patients with breast cancer and
concluded that the visual assessment and delineation of the pri-
mary tumor were complicated only on 3E_FDG PET when the
contralateral breast tissue served as the control because FCC is
a bilateral disease. As far as we were aware, the present study
is the first that has been designed to evaluate the primary
lesion of breast cancer using the dual tracers of *FDG and
" C-choline. However, considering the hiigh incidence of FCC,
PET tracers including ''C-tyrosine and ''C-choline in addition
to '"®F-FDG are more likely to fulfill specificity expectations.

The exact mechanism of ''C-choline uptake by tumor cells is
largely unknown; however, ''C-choline has been proposed as a
marker of the extracellular receptor kinase/MAPK pathway,
exhibits significant uptake in tumor tissues, and is regarded as a
favorable tracer for breast cancer."'® C-Choline uptake may
occur via a choline-specific transporter protein that is overex-
pressed in the cell membranes of breast cancer. ''C-Choline is
phosphorylated by choline kinase, which is upregulated in tumor
cells for the synthesis of phosphatidylcholine, and is retained
within tumor cells." "~ Phosphatidylcholine is an essential
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Table 3. Pathologic characteristics and background breast uptake on
8F-fludeoxyglucose PET/computed tomography

Table 4. Relationship between '®F-fludeoxyglucose uptake and
invasive or non-invasive tumor components

No. patients BE-FDG
P-value
With diffuse uptake Without diffuse uptake SUVax  P-value TBR P-value
Invasive component Diameter of invasive tumor 0.381 <0.0001 0.318 0.006
>30% 20 32 0.001 Diameter of non-invasive tumor —-0.058  0.625 —0.14 0.234
<30% 18 4 % Invasive component 0.126  0.286 0.189  0.089
Fibrocystic change FDG, fludeoxyglucose; SUV .y, maximum standardized uptake value;
Present 24 6 <0.0001  1BR, tumor-to-background ratio.
Absent 14 30
Histologic grade
lor2 16 22 0.102
3 2 14 Table 5. Relationship between "'C-choline uptake and invasive or
Nuclear grade non-invasive tumor components
1o0r2 16 22 0.102 Tic-Choline
3 22 14
Structural grade SUVimax  P-value TBR P-value
Tor2 14 18 0.253
3 24 18 Diameter of invasive tumor 0.425 <0.0001 0.537 <0.0001
Nuclear atypia Diameter of non-invasive tumor  0.038 0.745 -0.066 0.575
1or2 16 20 0.247 % Invasive component 0.125 0.29 0.232  0.047
3 22 16 SUVpmax maximum standardized uptake value; TBR, tumor-to-back-
Mitosis ground ratio.
lor2 26 20 0.254
3 12 16
Necrosis receptor status."” The apparent discrepancy between the
Present 22 8 0.002 present study and those of the previous study’ & may be due,
Absent 16 28 in large part, to differences in the patient populations studied.
Fat invasion In the present study, tumors exhibiting fat invasion were
Present 22 24 0.437 more likely to have a high SUV,,.x and TBR on ¢ choline
Absent 16 12 PET/CT, but these differences were not identified in the TBR
Cutaneous invasion of "F-FDG PET/CT. This appeared to be associated with
Present 4 4 0.163 diffuse '®FDG uptake of breast caused by accompanying FCC,
Absent 32 32 which may obscure tumor delineation. The presence of necro-
HER-2/neu receptor sis or cutaneous invasion was also found to have an associa-
Positive 22 14 0102 tion with SUV,,,, and TBR on ''C-choline PET/CT. Overall,
Negative 16 22 our results are consistent with those reported in in vivo and
Estrogen receptor in vitro studies, in which ''C-choline uptake was found to
Positive 28 21 0.163 reflect tumor aggressiveness of breast cancer.'*
Negative 10 15 The present study design had limitations. First, the present
Progesterone receptor study was designed to assess tumor uptake of dual tracers
Positive 28 21 0.163 prior to surgery. The results from a breast cancer patient
Negative 10 15 population of will not fully explain the detectability of
Triple negative advanced or recurrent disease. Second, the present study was
Yes 4 1 0.032 an observational study and not a clinical trial, which raises
No 34 25 the possibility of confounding factors affecting the results.

component of cell membranes and is involved in the modulation
of transmembrane signaling by carcinogenesis. Therefore, ''C-
choline metabolism is accelerated in cell proliferation and is
enhanced with increasing tumor grade of breast cancer. In the
present study, tumors with higher histologic grade, nuclear
grade, structural grade, nuclear atypia, and mitosis showed sig-
nificantly higher SUV,,,, and TBR for "¢ choline PET/CT.
These results are in accord with those of previous in vivo and
in vitro studies.""*

"'C-Choline PET/CT has been introduced as feasible method
for the evaluation of breast cancer. In the present study,
tumors without ER or progesterone receptors and triple nega-
tive tumors showed greater uptake of ''C-choline compared
with control groups. This suggests that ''C-choline uptake
reflects tumor aggressiveness. In a study of 32 patients with
pathologically proven breast cancer expressing ER, no associa-
tion was found between ''C-choline uptake and hormone

Tateishi et al.

Third, although ''C-choline is clearly a possible PET tracer
for tumor localization in patients with breast cancer, its
short half-life restricts its practical application. However,
'8E.choline is a tracer with a longer half-life than that of
"C_choline, and so '®F-choline may improve the accuracy
of tumor localization. Additional comparative studies regard-
ing detectability and pathologic correlation are needed to
validate the findings of the present study. Although we
found that ''C-choline uptake reflected tumor aggressiveness
in patients with breast cancer, we did not have any data
regarding nodal status and follow-up management of the
patients. Further studies are needed to clarify the relation-
ship between ''C-choline uptake and patient outcome with a
long follow-up period.

In conclusion, the results of the present study suggest that
""C-choline PET/CT allows for the evaluation of tumor
aggressiveness and improves delineation of primary tumors
compared with '®F-FDG PET/CT in patients with breast
cancer. The results demonstrate the advantages and potential
of 'C-choline, but clinical evaluation with a long follow-up
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Table 6. Pathologic characteristics and tracer uptake

"'c-Choline '®F-FDG
SUV max P-value TBR P-value SUV max P-value TBR P-value
% Invasive component 0.979 0.432 0.934 0.79
>30% 3.7+ 23 8556 4.4 x 3. 39+24
<30% 3.7+ 35 74 £ 6.4 4.4 + 3.1 4.1+3.2
Fibrocystic change <0.0001 <0.0001 0.002 0.429
Present 5.4 + 35 11467 57 +35 43 +22
Absent 25+ 1.6 57 +4.0 35%25 3.8 3.1
Histologic grade <0.0001 <0.0001 <0.0001 <0.0001
Tor2 22 %11 44 £25 2.9+ 20 29+ 23
3 53 +33 11.8 £6.2 6.1+ 33 52+28
Nuclear grade <0.0001 <0.0001 <0.0001 <0.0001
1or2 22+ 1.1 4425 29 %20 29x23
3 53 +33 11.8£6.2 6.1 £33 5228
Structural grade <0.0001 <0.0001 <0.0001 0.011
1lor2 2315 47 £35 3.0£24 3.1+£27
3 4.8 £3.2 10.5 £ 6.3 55 %32 47 + 27
Nuclear atypia <0.0001 <0.0001 <0.0001 0.012
lor2 2.1+ 1.1 4.2 +24 2.8 %20 2.8 +23
3 52+ 33 11.6 = 6.1 59+ 3.2 5127
Mitosis <0.0001 <0.0001 <0.0001 <0.0001
lor2 2.1+ 1.1 45+ 25 2.8+ 18 2.6 2.1
3 6.4 + 3.0 13.8 + 5.5 7.1+ 3.0 6.3+ 2.1
Necrosis 0.046 0.001 0.051 0.529
Present 4.5 x 3.2 10.6 + 7.1 5333 42+ 26
Absent 3.1+26 6.2 4.3 38x29 3829
Fat invasion 0.003 0.002 0.024 0.061
Present 45+ 33 9.6 +6.5 50x34 44 + 28
Absent 24 %15 53 %36 3.4+22 3226
Cutaneous invasion 0.004 <0.0001 0.133 0.706
Present 6.4 + 3.1 148+ 73 6.0 + 4.7 43 +22
Absent 34 %27 7.2+53 4.2 +28 3.9 %28
HER-2/neu receptor 0.53 0.772 0.518 0.766
Positive 3526 8.2 +6.0 4.2 +27 4.1+ 3.1
Negative 39%3.2 7.8 +6.0 4.7 £ 35 39+25
Estrogen receptor <0.0001 <0.0001 <0.0001 <0.0001
Positive 23+ 14 54 + 34 3.1+ 1.8 29+29
Negative 6.3 %3 13.1 + 6.6 7.0 £ 35 6.1+25
Progesterone receptor <0.0001 <0.0001 <0.0001 <0.0001
Positive 24+ 15 5.6 + 3.7 3.1+ 19 2.9 %29
Negative 6.2 + 3.4 127 + 6.8 7.0 35 6.1+25
Triple negative <0.001 <0.0001 <0.0001 0.002
Yes 6.7 + 3.3 129+ 6.5 7.4 + 3.8 6.2 + 2.1
No 2922 6.7 = 5.2 3.7x24 3.4 %27
FDG, fludeoxyglucose; SUVmax, maximum standardized uptake value; TBR, tumor-to-background ratio.
period is warranted to clarify the exact role of this technique  Abbreviations
and how it affects patient outcome.
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Abstract Complete removal of malignant gliomas is
important for the prognosis in neurosurgery treatment.
Currently, the challenge is how to detect any remaining
tumors and resect them during the operation. We have
developed a laser ablation system with accurate tumor
analysis and fluorescence guidance for high-precision
brain tumor resection during neurosurgery. A 5-
aminolevulinic acid-induced fluorescent protoporphyrins
IX (PpIX)-based intra-operative fluorescence measure-
ment and corresponding spectra analysis technique is
used to identify the position of tumors. A galvano
mirror scanning mechanism is integrated into the fluo-
rescence measurement and the laser ablation devices for
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automatic tumor area scanning and corresponding laser
ablation. A set of phantom experiments was performed
to evaluate the proposed system. Results showed that
the galvano scanning mechanism enabled both PpIX
fluorescence detection and laser ablation in the same
optical axis. In vitro experiments using porcine brain
were performed to evaluate the effectiveness of the
automatic laser scanning, fluorescence detection, and
laser ablation system. The proposed fluorescence-
guided laser ablation system can provide accurate anal-
ysis and high-precision treatment for tumor resection in
neurosurgery. With further improvement, the system can
be used in neurosurgical implementation to provide
accurate, safe, and simple surgical diagnosis and
therapy.

Keywords Laser ablation - Neurosurgery -
5-aminolevulinic-acid - Fluorescence - Spectra analysis

Introduction

Malignant gliomas are the most common type of prima-
ry brain tumor. While primary malignant brain tumors
account for just 2 % of all adult cancers, these tumors
cause a huge burden in long-term of disability and
death [1]. The symptoms, prognosis, and treatment for
malignant gliomas depend on the cell type, grade of
malignancy, and location of tumor within the brain.
Determining how to completely remove malignant glio-
mas during neurosurgery is crucial because it affects the
overall prognosis of the treatment. Surgeons can resect
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Fig. 1 System configuration
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most tumors with an accuracy of millimeters by using a
combination of conventional surgical instruments and
diagnostic images [2, 3]. Although magnetic resonance
(MR) and computed tomography (CT) images can pro-
vide surgeons with pre-/intra-operative diagnosis infor-
mation, some tumor cells remain in the areas adjacent to
the tumor removal area and can negatively affect both
the diagnosis outcome and the precision of the treat-
ment. It is not enough for surgeons to distinguish the
edges of the tumor only using conventional surgical
techniques because of the uncertainty involved in iden-
tifying viable tumor margins during surgery. In order to
perform a complete tumor resection, the accuracy of
intra-operative tumor detection and diagnosis needs to
be improved.

In a previous study, a 5-aminolevulinic acid (5-
ALA)-induced protoporphyrins IX (PpIX) fluorescence
was used for intra-operative visualization of malignant
glioma tissue [4]. Using the 5-ALA leads to intracellular
accumulation of fluorescent PpIX in malignant gliomas
and enables intra-operative visualization of malignant
gliomas tissue. Other studies have shown that fluores-
cence can be used to identify residual malignant glioma
intra-operatively, thus improving the accuracy of surgi-
cal treatment [5-8]. With the guidance of 5-ALA-
induced fluorescence in neurosurgery, surgeons can
resect a tumor more accurately and intuitively [9, 10].

To achieve a complete resection of tumor tissue,
tumor ablation accuracy during treatment is required.
The use of laser ablation enables a smooth, precise
treatment for small and/or remaining tumors [11]. Laser
photocoagulation provides a noncontact therapeutic
method with a sub-millimeter accuracy [12, 13]; more-
over, the power and the photocoagulation time of the
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laser is easy to control, thus enabling a more complete
tumor removal.

An integrated diagnosis and therapeutic system has
been developed for high-precision malignant glioma re-
section using a 5-ALA-induced fluorescence PpIX-based
intra-operative tumor diagnosis technique combined with
a laser ablation technique that features an autofocus
(AF) mechanism [14, 15]. The boundary between tu-
morous and nontumorous tissue is identified using 5-
ALA-induced PpIX fluorescence and the tumor is then
accurately ablated with the micro laser. Combining the
5-ALA fluorescence guidance with high-precision spec-
tral analysis results in higher tumor identification accu-
racy than with a system that uses only pre-/intra-
operative MR imaging [16]. However, the fluorescence
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Fig. 2 Design of laser scanning unit

— 158 —



Lasers Med Sci (2013) 28:891-900

893

Hand piece .

Handpiece
holder

Sapphire lens
- holder

_ Rotally
~ sorenoid

Optical fiber

Field lens

Hand piece
AY

.

) v
Field lens

Fiberport collimators

Fig. 3 Manufactured laser scanning unit. a Galvano scanning mechanism and laser ablation guidance device; b compacted laser scanning unit that

can be mounted to a robotic arm during neurosurgery

measurement device and the laser ablation device were
separated. The entire tumor was first scanned and the
tumor area was indentified. Laser ablation was per-
formed after fluorescence spectral analysis. Although
experiments have demonstrated that it is possible to
use an AF device mounted on a robotic manipulator,
the spectral analysis and laser ablation could not be
performed simultaneously. Because deformation and
movement of the brain tissue occurs during the surgical
procedure, the nonsimultaneous preformation of diagno-
sis and therapy affects the accuracy of tumor resection.

To address these issues, we developed a new mechanism
with the same optical path for the excitation laser used in
fluorescence measurement and the ablation laser used for
tumor laser photocoagulation. Our coaxial system includes

Laser scanning unit

Fluorescence
measurement unit

Fig. 4 Prototype of the fluorescence measurement and laser ablation
device

an automatic laser scanning mechanism for automatic fluo-
rescence measurement and laser ablation when the direction
of the lasers is needed to be changed. The rest of this paper
is organized as follows. In the “Methods and system con-
figuration” section, we describe the requirements of
fluorescence-guided laser ablation for neurosurgery, the sys-
tem configuration, and the details of each unit. In the
“Experiments and results” section, we present our auto-
matic laser scanning ablation device and a set of experi-
ments we performed to assess the laser photocoagulation
as well as our analysis of the fluorescence spectra. An
in vitro experiment using porcine brain tissue is also
described in this section. We discuss possible extensions
to the method and conclude with a brief summary in
“Discussion and conclusion” section.

Methods and system configuration

We develop a coaxial fluorescence measurement with and
laser ablation system for accurate analysis of tumor and
high-precision brain tumor resection during neurosurgery.
In this section, we describe the system requirements related
to fluorescence-guided laser ablation for neurosurgery, the
system configuration, the fluorescence measurement and
analysis, the laser scanning mechanism, and the laser abla-
tion device.

Requirements of fluorescence-guided laser ablation
for neurosurgery

Although combining diagnosis imaging techniques (such
as MRI and CT) can improve tumor acquisition,
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Table 1 Laser power transmission efficiency (n=10)

Positions of Er: 20 Hz— 20 Hz~ 20 Hz- 10 Hz—
YAG laser 50 mJ 75 mJ 100 mJ 100 mJ
Tip of hand piece  99.6+0.5 97.2+04 982+03 98.2+0.4
Sapphire lens 85.8+0.5 853404 85.8+0.5 86.4+0.6
Objective lens 66.9+0.5 65.4+03 66.6:04 67.2+0.6

performance, accurate, real-time tumor identification is
still required. Using 5-ALA-induced PpIX fluorescence
enables high-precision identification of the tumor sur-
face, which is then used to precisely identify small
tumors or residual tumor tissue during an operation,
thereby providing guidance for laser ablation. With the
integration of a laser ablation device, the system can be
used for precision intra-operative treatment for blurry
boundaries between healthy brain tissue and brain tumor
that may contain a tumor. There are four main require-
ments for using fluorescence-guided laser ablation in
neurosurgery: (1) the working distance from the scan-
ning plane should be about 20 mm, (2) the laser scan-
ning unit should be mounted on a neurosurgery robotic
arm in the operation room, (3) the laser scanning range
for small tumors should be about 10 mmx10 mm, (4)
the diameter of the laser spot ablated on the tumor
should be less than 2 mm, and (5) laser photocoagula-
tion should only be performed on a tumor with the
guidance of fluorescence.

System configuration
The proposed fluorescence-guided automatic laser abla-

tion system includes a fluorescence measurement unit, a
laser scanning unit, and a PC for fluorescence spectra

analysis and ablation laser control (Fig. 1). The PC is
used to control the fluorescence measurement and laser
scanning units. Data received from a spectrometer is
also analyzed by the PC. These analyzed results are
then used to determine whether or not the scanned area
is tumor tissue. The laser scanning unit has two func-
tions: one for fluorescence measurement scanning and
the other for laser ablation scanning. The laser scanning
and tumor ablation procedure consists of four parts: (1)
an excitation light (blue-violet light, A=405 nm) is
used to excite the PpIX so that a brain tumor is easy
to spot by the red fluorescence it emits, (2) a spectro-
scope is used to collect excited fluorescence, which is
then analyzed by PC, (3) if the area is identified as
containing tumor tissues, a hot mirror is angled down-
ward so that the Er:YAG laser can be trained on the
target area, and (4) the fluorescence analysis and laser
ablation procedure with the galvano mirror scanning
mechanism are repeated so that all the required area
can be scanned.

Fluorescence measurement unit

As a metabolic precursor in the heme biosynthesis path-
way, 5-ALA elicits and induces the synthesis of PpIX,
which tends to accumulate in pathological lesions.
When it is excited by blue-violet light (wavelength of
about 405 nm), brain tumors are easy to spot due to the
PpIX emitting a red fluorescence (wavelength of about
635 nm). In this system, we selected a laser diode with
a wavelength of 406 nm (GH04125A2AE, SHARP Co.,
Maximum output: 150 mW) connected by a fiber as a
light source. A spectrometer (WTC-111E; B&W TEK
Inc.; wavelength measurement range, 300-850 nm) was
used to measure the spectrum. The exposure time of the
spectrometer can be controlled by PC. We use a

Fig. 5 Laser photocoagulation 600 1.8
efficiency with same repetition
frequency (20 Hz) and different 500 1.6
pulse energies (30, 50, 75 14
mJ/pulse) — E
E 400 12 E
£ >
a ]
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0 - -0
20 Hz-30 mdJ/pulse 20 Hz—-50 mJ/pulse 20 Hz—75 mJ/pulse
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dichroic mirror (cutoff wavelength, 550 nm) to combine
the optical path for optical fiber (core diameter,
365 um) so that the excitation light and the fluores-
cence can be guided by a single fiber.

As shown in the fluorescence measurement unit in
Fig. 1, the laser scanning unit is connected with the
spectrometer and the excitation light source with a fiber.
Since the excitation light and the fluorescence are trans-
mitted by the same fiber, the fluorescence is only
obtained from the excited area of PpIX. In order to
decrease the strong reflected excitation light that cannot
be avoided by dichroic mirror, we inserted a long pass
filter with a cutoff wavelength of 550 nm between the
mirror and the spectrometer.

Laser scanning unit

Figure 2 shows the design of the laser scanning unit.
An Er:YAG laser device (ER-M1TH; HOYA Photonics

Fig. 7 Fluorescence measure-
ment for different points; a
experimental device; b
measurement points

- - = — O
20 Hz—50 mJ/pulse 25 Hz-40 mJ/pulse

Er:YAG laser parameter

Inc.) was used for tumor laser photocoagulation. This
device enables a laser output of oscillator pulse repeti-
tion frequency (selectable from 3, 10, 20, 25, or 30 Hz)
and pulse energy (30-350 mJ/pulse). A galvano mirror
scanner (6220 H, Cambridge Technology Inc.) was in-
tegrated into the laser scanning mechanism. The direc-
tion of the excitation light and the Er:YAG laser can be
changed by the controlling the angle of the galvanom-
eter mirror so that the tumor area can be scanned
automatically without changing the position and orien-
tation of the entire device.

A hot mirror (gold mirror) is placed in front of the
galvanometer scanner to switch the optical path. Dur-
ing the fluorescence measurement, the mirror is angled
upward so that the fluorescence can pass through the
fluorescence measurement unit to the galvano scanning
device directly. In the laser photocoagulation proce-
dure, the mirror is angled downward so that the abla-
tion laser can be reflected to the galvano scanning

Laser scan unit

Field lens unit

PpIX phantom
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Fig. 8 Results of fluorescence spectrum

device. When the light from the galvano mirror passes
through the objective lens and is irradiated to the target
surface, although the two lights have the same angle during
both the fluorescence measurement and the laser ablation,
they have different focus points due to the chromatic disper-
sion caused by the large difference in wavelength. We should
be able to correct the irradiation angle of the Er:YAG laser by
enlarging the irradiation slightly. The optimum correction
angle can be determined by ray tracking simulation.

The manufactured laser scanning mechanism is
shown in Fig. 3a. The device is compact enough to
be mounted on a robotic arm during neurosurgery
(Fig. 3b).

Experiments and results

We manufactured the laser scanning device and combined it
with the fluorescence measurement device (Fig. 4). A set of
experiments were then performed to evaluate the system
using a biomedical stimulant phantom and a porcine brain.
During experimentation, the developed laser scanning unit
was fixed to an optical rail.

Fig. 9 PplX peak intensity for

12 measurement points
25000

20000 |
15000 -

10000 -~

ppIX Peakintensity[a.u.]

5000 -
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Evaluation of Er:YAG laser power transmission efficiency

First, we evaluated the stability of the Er:YAG laser
emitted from the objective lens of the laser scanning
unit. The transmission efficiency of the laser power was
also measured at three positions: tip of hand piece,
sapphire lens, and output position after passing the
objective lens. Four combinations of different repetition
frequencies and pulse energies (20 Hz—50 mlJ, 20 Hz-
75 mJ, 20 Hz-100 mJ, 10 Hz—100 mJ) were carried out
to evaluate the laser power output. Each test of 5 s per
irradiation was performed for 10 measurements.

The results of the laser power measurements are
shown in Table. 1. About 65-67 % laser power was
transmitted to the target surface regardless of the pa-
rameter setting which indicates that the laser power
transmission efficiency was stable. In addition, the
theoretical value of the transmission efficiency of the
laser power was also about 69 %, which is almost
equal to the transmission efficiency we experimentally
obtained.

Evaluation of Er:YAG laser photocoagulation efficiency

To evaluate the Er:YAG laser photocoagulation effi-
ciency with different repetition frequencies and pulse
energies, we constructed a biomedical phantom that
could simulate the optical scattering properties of brain
tissue. The Er:YAG was applied to the phantom, and
we then measured the size and depth of the hole
created by the laser irradiation. Five sets of experi-
ments with different combinations of repetition fre-
quency and pulse energy (20 Hz-30 mJ, 20 Hz-
50 mJ, 20 Hz-75 mJ, 10 Hz-100 mJ, 25 Hz—40 mlJ) were
performed.

Figure 5 shows the results of the Er:YAG laser pho-
tocoagulation efficiency evaluation. In the case of repe-
tition frequency of 20 Hz, the depth and diameter of the
irradiation spot were increased by the increased pulse

3 4 5 6 7 8 9 10
Measurement point number
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