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Abstract

Objective: The aim of this study was to determine the optimal acquisition scan protocol
for breath-hold (BH)-FDG-PET for the examination of thoracic lesions.

Methods: We studied 32 thoracic lesions in 21 patients. Whole-body PET/CT scanning
with free breathing (FB) was performed for 3 minutes per bed position, followed by
BH-PET/CT scanning 5 times for 20 seconds. Summed BH images with total
acquisition times of 40, 60, 80 and 100 seconds were generated (BHx2, BHx3, BHx4
and BHX5, respectively). The displacements between PET and CT images, the lesion
volume of the PET image, SUVmax and the quality of the PET image were assessed in
relation to the clinical characteristics of each patient and the summation of the BH-PET
images.

Results: BH-PET significantly decreased the tumor volume (FB: 7.23+9.70 cnr’,
BHx5: 4.71+5.14 cm’, P<0.01) and increased the SUVmax (FB: 6.27 £5.41, BHx5:
7.53 £6.28, P<0.01). The displacement between the PET and CT images was
significantly improved in the BH scans (FB: 0.77£0.53 cm, BHX5: 0.3620.24 cm,
P<0.01). In addition, aging and the lung function of patients influenced the
reproducibility of BH-PET/CT. The summed BH-PET images, obtained by summation

of 3 or more BH-PET images (total acquisition time of 60 seconds or more), achieved



good image quality.

Conclusion: BH-PET/CT improved the misregistration between PET and CT images

and increased the SUVmax of thoracic lesions. The recommended number of BH-PET

images for summation with 20 seconds of acquisition time is 3 or more.
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Introduction

The metabolic images obtained by '*F-2-fluoro-2-deoxy-D-glucose (FDG)
-positron emission tomography (PET) have been used for detecting, staging, restaging
and monitoring the therapeutic response of non-small cell lung cancer (NSCLC) [1-5].
Recent developments in PET/ computed tomography (CT) technology have enabled us
to acquire anatomical and metabolic information simultaneously, making it possible to
obtain more accurate diagnoses than with PET alone [6, 7]. Although the system
sensitivity of PET for detecting photons has been improved, PET emission data
acquisition still requires a few minutes per bed position, and consequently, is performed
with free breathing (FB). Therefore, PET images can lead to the overestimation of
lesion volume and image blurring due to the respiratory motion. The standardized
uptake value (SUV) of FDG-PET is decreased by respiratory motion [8, 9] and thus this
decrease influences the diagnostic accuracy for malignancies, particularly in the case of
thoracic lesions. Because the maximum SUV (SUVmax) is widely used for
differentiating between benign and malignant lesions and for monitoring the therapeutic
response of malignancies, an accurate measurement of the SUVmax is important for
clinical assessment [10, 11]. Another problem is that a misregistration of the PET/CT

fusion images often occurs because the CT images are a snapshot representing a short



acquisition time.

Recently developed highly precise radiotherapy, such as stereotactic

radiotherapy, has improved the outcome of patients with NSCLC [12]. Successful

treatment is considered to be dependent on focusing a high radiation dose on the tumor

and avoiding unnecessary irradiation to normal tissue. This method requires target

immobilization and it is usually performed under breath-holding or a respiratory-gating

system [13, 14]. Because precise treatment planning is necessary for the success of this

method, the high diagnostic ability of PET/CT is expected to be useful for such

treatment planning [11, 15].

Respiratory-gated PET/CT was developed to minimize the artifacts of

respiratory motion during image acquisition [16, 17]. Both the PET and CT images

obtained by dynamic acquisition with the cine mode are divided into several respiratory

phases, and then PET/CT fusion images of each phase are generated. Although this

protocol enables the improvement of the coregistration of fusion images and attainment

of an accurate SUVmax, it requires long acquisition and postprocessing times. The

dynamic CT scan also delivers a high radiation dose to the patient. For these reasons,

the dynamic PET/CT technique has not been widely used.

Recently developed high-sensitivity PET scanners and 3D acquisition modes



have enabled clinicians to obtain images within a short acquisition time [18, 19].

Breath-hold (BH)-PET/CT has been recommended for the diagnosis of thoracic lesions.

This technique can be easily performed with short breath-holding without any

specialized equipment. Some papers have already reported the usefulness of

BH-PET/CT [20-27]. Although some authors have examined the scanning protocol by

phantom studies [26-28], an appropriate scanning protocol has not yet been tested in the

clinical setting.

In this study, our goal was to determine an appropriate scanning protocol for

BH-PET/CT in relation to patient features and image quality of BH-PET.

Materials and methods

Patient characteristics

This study was approved by the review board of the Ethics Committee of our

institution (No. 21-58). This study was retrospective in nature, and its results did not

influence any further therapeutic decision-making. This study analyzed 21 patients with

thoracic lesions. In our institution, patients whose thoracic lesions were found by a

whole body PET/CT underwent a subsequent thoracic BH-PET/CT examination. The

BH-PET/CT examination was performed in a total of 37 patients during the approved



period. Among these patients, FDG positive lung lesions were observed in 21 patients,

and these patients were analyzed in this study.

We studied 32 thoracic lesions in 21 patients (10 male and 11 female; mean and

standard deviation (SD) of age 60.8 ==14.6 years; range: 21-86 y), including 26

malignant lesions and 6 benign lesions. Malignant lesions consisted of NSCLC (n=2),

and metastatic lung tumors derived from thyroid carcinoma (n=12), oral floor

carcinoma (n=4), esophageal carcinoma (n=4), malignant thymoma (n=2), laryngeal

carcinoma (n=1) and sigmoid colon carcinoma (n=1). Benign lesions consisted of

organizing inflammatory nodules (n=5) and a sclerosing hemangioma (n=1). The mean

£=SD of the maximum diameter of the lesions was 1.7+0.9 cm (range: 0.4-4.5 cm).

Lesions were located in the lower lung field (n=21), middle lung field (n=10) and upper

lung field (n=1). The mean*SD of the vital capacity (VC) was 3.1=0.7 L (range:

2.0-4.3 L), that of the percent forced expiratory volume in 1 second (%FEV, ) was 71.7

+8.1% (range: 51.4-96.5%) and that of the body mass index (BMI) was 22.4%3.3

(range: 17.0-31.4). The percentage of VC was within the normal range in all patients

(%VC > 80%).

Data acquisition and image reconstruction



All PET/CT examinations were performed using a Discovery STE scanner (GE

Healthcare, Milwaukee, WI, USA). The detector of this scanner was composed of

bismuth germinate (B4G30,,) crystal. The intrinsic resolution was 5.3 mm of full width

at half maximum (FWHM). The PET data was acquired in the 3D mode with a 128%128

matrix (5.47%5.47x3.2 mm). The sensitivity of the PET scanner was 9.0 keps/kBq. The

16-slice CT scanning was performed in the helical mode using the following

parameters: 120 kV, auto mA, matrix 512x512, slice thickness 5 mm, rotation time 0.5

seconds/rotation. The PET/CT images were reconstructed using a 3D-ordered

subsets-expectation maximization (3D-OSEM) algorithm (VUE Point Plus), with 2

iterations, 28 subsets and a post-filter of 6 mm of FWHM.

All patients fasted for at least 4 hours before PET/CT examination. They were

intravenously injected with 141.2-307.6 MBq of FDG. After a whole body CT scan with

free breathing (FB-CT) was performed, a whole body FB-PET scan was started 60

minutes after the FDG injection. Both the FB-CT and FB-PET examinations were

performed with free shallow breathing. A whole-body FB-PET scan from head to thigh

was performed for 3 minutes per bed position. When lung lesions were found in the

FB-PET/CT examination, a BH examination of the thorax immediately followed. The

BH-CT was performed with deep inspiration, and this was followed by 5 BH-PET scans
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with deep inspiration for 20 seconds each (BHI1-BHS). Patients rested with free
breathing for 15 seconds after each BH-PET scan. BHx1 was a single BH scan with the
smallest displacement between PET and CT images among BH1-BHS. The average
displacement among the BH1-BH5 scans was expressed as the BHmean. BH images
with total acquisition times of 40, 60, 80 and 100 seconds were generated by the

summation of 2, 3, 4 and 5 BH images, respectively (BHx2, BHx3, BHx4 and BHxS5).

Measurement of the displacement between PET and CT images

PET/CT images were analyzed using a workstation (Eclipse; Varian Medical
Systems, Palo Alto, CA). This workstation is normally used for radiotherapy planning.
The tumor outline on the CT image was determined by manually tracing the tumor
border seen in a lung window display (width: 2000, level: 250). The tumor outline on a
PET image was first extracted by auto contouring with 27% of SUVmax [29], and
finally determined after modification by a board certified nuclear medicine physician
referring to his visual assessment. The center of the tumor (X, Y, Z) was automatically
determined following the determination of the tumor outline. The displacement between
PET and CT images was calculated using the following formula:

Displacement (cm) = [(Xcr- Xper) *+ (Yer- Yoer) *+ (Zer -Zper) 21 %7
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where X is the lateral direction, Y is the ventrodorsal direction and Z is the craniocaudal

direction. The center of the tumor in the BH-PET scans was compared with that in the

BH-CT scans, while that in the FB-PET scans was compared with that in the FB-CT

scans.

Analysis of image quality and SUVmax

To evaluate the image quality, square regions of interest (ROIs) with 9%9 pixels

were placed on both the lesion and the contralateral normal lung field in the same slice.

The contrast, coefficient of variance (CV) and signal-to-noise ratio (SNR) were then

calculated using the following formula:

Contrast = (Lmax - Nmean) / (Lmax + Nmean)

CV =6/ Nmean x 100

SNR = (Lmax_Nmean> /o

where Laxis the maximum count of the lesion, Nean 1S the mean count of the normal

lung field, and o is the standard deviation of the count in the normal lung field. The

SUVmax represents the maximum SUV value of the single pixel in the lesion.

Visual assessment of image quality was performed by three board certified

nuclear medicine physicians independently. The image quality was scored by using the
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following five point scale: 5, excellent image quality; 4, sufficient image quality for

diagnosis; 3, possibly sufficient image quality for diagnosis; 2, poor image quality for

diagnosis; 1, unacceptable image quality for diagnosis. The visual score was acquired

by averaging the results of three observer’s score. An image with a score of 3 or higher

was considered to be suitable for diagnosis.

Statistical analysis

The nonparametric Mann-Whitney U test was applied to evaluate the

relationship between the displacement and the clinical features of the patient (age, VC,

BMI and %FEV| ). Multiple comparisons of the displacement, SUVmax, tumor volume,

contrast, CV and SNR among the BH images and FB image were performed using the

Tukey—Kramer method. A p value < 0.05 was considered to be significant.

Results

All of 32 lesions were positive on FDG-PET images of FB and all BH images.

The tumor volume, displacement and SUVmax are summarized in Table 1. The tumor

volume and the displacement in the BH scan were significantly smaller than those in the

FB scan (P<0.01), but were slightly increased with an increasing summation number.
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We compared the displacement among the 5 BH scans (Fig. 1). The mean displacement

and variability increased in later BH scans (Fig. 1A), however, the displacement of

many lesions was less than 5 mm (Fig. 1B). Large displacements were observed in less

than one-third of the patients (28%, 9 out of 32 lesions).

Table 2 shows the relationship between the patient characteristics and the

displacement of the BH scan. The mean displacement among 5 BH scans was

significantly larger in patients who were 60 years old or older and whose %FEV,, was

70% or less. In patients whose VC was 3 L or less, the displacement was relatively large,

but the difference was not significant. The SUVmax was significantly increased in the

BH scans (P<0.01) but was decreased slightly with an increasing summation number

(Table 1). Figure 2 shows an example of FB- and BH-PET/CT images of one patient.

The BHx5-PET/CT images show a decreased tumor volume, improved registration and

increased SUVmax compared to the FB-PET/CT images.

The results of the image quality are shown in Table 1. The contrast of the BH

images was superior to that of the FB images (P<0.01). However, the summation of the

BH images did not improve the contrast. The CV of the BH images was inferior to that

of the FB images (P<0.01). The summation of the BH images improved the CV by

increasing the number of images summed. In comparison to the BHx5, the CV of
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BHx1~BHx3 was significantly inferior (P<0.01), while that of BHx4 was not

significantly different. The SNR of the BH images was superior to that of the FB images

(P<0.01), and the summation of the BH images showed an improvement in the SNR.

The SNR of BHx5 was significantly superior to that of both BHx1 and BHx2 (P<0.01).

The results of the visual assessment of image quality are shown in Table 1. In

the BH scan, the score increased with an increasing summation number. To obtain a

score of 3 or more, at least 3 BH images (total acquisition time of 60 seconds) had to be

summed. Figure 3 shows both the FB- and summed BH-PET images. Although small

lung tumor could be clinically observed in all PET images, good image quality was

achieved only in BHx3, BHx4 and BHX5 images.

Discussion

In this study, we evaluated the image quality of BH-PET/CT for diagnosing

thoracic lesions, and determined the optimal acquisition protocol for BH-PET/CT. BH

scanning minimized the misregistration and increased the SUVmax compared with FB

scanning. Because the short acquisition time of BH imaging resulted in a degraded

image quality, use of a summation of 3 or more BH images (total acquisition time of 60

seconds or more) is recommended to obtain good image quality for clinical use.
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The displacement between PET and CT images and the tumor volume were

significantly decreased in the BH-PET/CT because of the elimination of tumor blurring.

BH-PET images also showed significant increase in the SUVmax compared with

FB-PET images. Preventing smearing of a lesion’s radioactivity by BH scanning

resulted an increase in the SUVmax. Improvement of the registration between PET and

CT images must provide effective attenuation correction to obtain the true SUV. The

contrast and SNR of the BH images was superior to that of the FB images. In addition

to the increased SUVmax of lesions, the decreased background radioactivity reinforced

these results. Because the BH scan was performed under deep inspiration status, the

radioactivity in the lung field was decreased in the widely expanded lung [22]. On the

other hand, the CV of FB images was superior to that of BH images. Because the CV is

dependent on the statistical variance of the acquired count, the CV is therefore highly

influenced by the acquisition time.

Some authors have examined the optimal acquisition time of BH-PET in

phantom studies [26-28]. Yamaguchi et al. proposed at least a 45-second breath-hold,

because the detectability was not significantly different from that of a 120-second

acquisition [26]. Tsuda et al. recommended at least 90 seconds in the low lesion to

background radioactivity ratio (LB ratio=4) [28]. On the other hand, Miyashita et al.
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observed that the relative error of CV with 90-second acquisition was within 20% of

that with 120-second acquisition when using a homogeneous cylindrical phantom [27].

In a clinical study, some reports proposed a BH-PET scanning with an

acquisition time of 9%20 seconds, which was equal to that of a FB scan [23, 24]

Miyashita et al. performed 8x12-second acquisitions for BH scans (total acquisition

time of 96 seconds) [27], while Kawano et al. employed the list-mode dynamic

collection method and acquired the data as long as patients could hold their breath. The

acquisition time of their BH scans varied considerably, ranging from 30 to 125 seconds

[22]. Although the usefulness of BH-PET/CT has been reported, the necessity of a long

acquisition time would not be acceptable for either uncooperative or sick patients. A

previous study reported that a breath holding was not acceptable for older patients with

underlying lung disease such as emphysema or pulmonary fibrosis [21]. They also

reported that 15-20% of the patients failed to hold their breath in the same respiratory

phase as for the CT acquisition.

A short acquisition time is normally desirable for patients with a lung lesion. A

single 20-second acquisition of a BH scan was reported by Torizuka et al [21].

Nagamachi et al. performed 4 BH-PET scans of 30 second acquisitions and minimized

the variance by averaging the scans [20]. However, our results suggested that the image
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quality of a single 20- or 30-second acquisition was not sufficient for clinical use.

Besides, the increase of the SUVmax in the short acquisition time may have been

related to an increase in noise. Although Torizuka et al. concluded that the single

20-second acquisition time of BH-PET enabled precise measurement of SUVmax [21],

they did not consider the effect of increased noise on the SUVmax measurement. In our

study, the SUVmax was decreased by increasing the summation number. Therefore, the

BH-PET with a short acquisition time might not be of good enough quality to evaluate

the precise SUVmax for differentiating between malignant or benign tumors or for

monitoring the therapeutic response of tumors.

Our results suggested that the number of BH images for summation should be 4

or more based on the CV, and 3 or more based on the SNR. Furthermore, the results of

visual assessment suggested that 3 or more BH images for summation was required to

obtain good image quality for interpretation. According to these findings, we considered

that 3 or more 20-second BH-PET scans should be summed, thus resulting in a total

acquisition time of 60 seconds or more, in order to provide sufficient image quality.

A large displacement was not dependent on the order of the BH scan, but was

observed in a limited number of patients. The relationship between the patient clinical

characteristics and the displacement in the BH scans showed that the displacement was
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significantly higher in patients aged 60 years old or older and with a % FEV,, of less

than 70%, and it tended to be higher in patients with less than 3 L of VC. Thus, the

reproducibility of BH-PET/CT images is considered to depend on both patient age and

lung function. The real-time position management system (RPM) and visual

feedback-guided breath-hold technique achieved good reproducibility of BH in

radiotherapy [13, 14]. The monitoring of the respiratory motion to guide a patient’s

respiration may therefore improve the reproducibility of BH-PET/CT imaging.

The present study had some limitations. First, the optimal acquisition time of

BH-PET is considered to depend on the PET device, the size of the matrix, the method

of reconstruction and the parameters for reconstruction. Therefore, the optimal

acquisition time should be determined at each institution. Second, the visual assessment

was performed for only image quality. To evaluate the usefulness of our protocol, an

examination to assess the detectability of lesions is required.

Developments in PET/CT devices, reconstruction methods and correction

methods have enabled clinicians to obtain good quality images using protocols with

short acquisition times [30-33]. Shortening the total acquisition time of BH scans is

promising to ease the burden for patients. Furthermore, the short acquisition time can

increase the number of bed positions, resulting in a wide range of possible BH-PET
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scans. Extending the scanning range of BH-PET/CT is expected to be useful for both

tumor staging and the detection of recurrent tumors [25].

In conclusion, BH-PET/CT improved the registration between PET and CT

images and increased the SUVmax of thoracic lesions. Based on the evaluation of

image quality, the recommended number of BH-PET images for summation with 20

seconds of acquisition time is 3 or more. Further examination is recommended to assess

the diagnostic accuracy using this acquisition protocol.
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Legends for Figures

Figure 1.

Figure 2.

A comparison of the displacement among 5 BH-PET images
(BHI~BHS). The mean displacement was not significantly different
among the scans, but there was high variability (A). The displacement
of all lesions is shown in (B). Although the displacement of most
lesions was less than 0.5 cm, high variability was observed in a limited

number of patients.

A 37-year-old female with multiple lung metastases from an oral floor
carcinoma. The biggest tumor, with a diameter of 2.15 cm, was in the
left lower lobe of the lung. Transaxial, sagittal and coronal images of
FB-PET/CT (A) and BHx5-PET/CT (B) are shown. The BH-PET/CT
image is a summation of 5 BH images. The displacement between the
tumor in PET and that in CT was 1.90 cm in FB-PET/CT and 0.10 cm
in BHx5 PET/CT. The SUVmax was 9.29 and 12.54, and the tumor
volume was 4.67cm’ and 4.10cm’ in FB- and BH-PET/CT,

respectively.
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A 64-year-old female with lung metastasis from thyroid carcinoma. A

tumor with a diameter of 1.41 cm was located in the right lower lobe.

FB-PET showed a score of 4 and a CV of 27.1. Both BHx1 and BHx2

showed poor image quality (score: 2 and 2.67; CV: 55.6 and 45.0,

respectively). BHx3, BHx4 and BHx5 showed relatively good image

quality (score: 3.33, 3.67 and 3.67; CV: 36.3, 36.7 and 34.3,

respectively).
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