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ABSTRACT

Objective: This study aimed to establish a methodology for obtaining visually equivalent image quality
regardless of patient size by controlling the acquisition time of positron emission tomography (PET) studies.
Methods: In Part 1, we determined the physical image quality index with the highest correlation with
visual assessment in 30 patients. In Part 2, 100 patients were scanned to identify the patient-dependent
parameters that were most correlated with the physical image quality index. These parameters were calcu-
lated from the combination of the administered activity of 8F-FDG and weight. We drew an approximate
curve from these parameters and prepared a scatter plot of the physical image quality index. In Part 3, we
checked whether the image quality was constant by controlling the acquisition time in 189 patients. The
approximation formula we obtained under (2) was used to control the acquisition time. The physical image
quality index was a constant value, and the patient-dependent parameter was calculated from the patient’s
physique. Results: The physical image quality index with the highest correlation with visual evaluation
was the noise equivalent count weight (NEC,,y,) (correlation coefficient: 0.90). The patient-dependent
index most correlated with NEC,y, was activity/weight® (A/W?) (coefficient of determination: 0.978). The
verification of the acquisition time to obtain a certain image quality showed an average of 0.60 + 0.034
Mcounts/m-kg, and a similar image quality was obtained independent of the individual physiques. Conclu-

sions: Calculating NEC, g
stable image quality before the PET study.

and A/W? enable the determination of the appropriate acquisition time for
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INTRODUCTION

High-quality images of patients who underwent
whole-body positron emission tomography (PET) with
I8F-FDG are critical for an accurate cancer diagnosis®”.
However, since the quality of PET/CT images of over-
weight patients is often degraded®, diagnosis can be
difficult, and reader confidence can be low'?. To obtain
sufficient image quality in a large number of patients,
the acquisition time must be extended to increase the
administered activity of 8F-FDG*!1131419 The acquisi-
tion time that brings the visual assessment of differ-
ent patients closer can be derived from the correlation
between these two indices.

The first index is highly correlated with the visual
assessment and requires a physical image quality index
that is closely related to the acquisition time; these
are the liver signal-to-noise ratio (liver SNR), the noise

equivalent counts per axial length (NEC,,..), and the
noise equivalent count density (NECgyg,)5 0113151720,
According to McDermott et al.'® and Mizuta et al.'¥,
the physical image quality index using the noise equiva-
lent count (NEC) correlates more with visual assessment
than the liver SNR. However, NEC,,,g, does not reflect
the length of the scan, and NEC,., does not reflect
the volume of the scan target. Therefore, the correlation
between the existing physical indicators and the visual
assessment is low. Furthermore, according to Maebatake
et al.'¥, in the time-of-flight (TOF) algorithm, NEC is
not correlated with the SNR of the phantom on PET
images. However, these studies did not evaluate clinical
images or visual assessments. Therefore, we determined
the physical image quality index that was most corre-
lated with the visual assessment of clinical PET images
using the TOF algorithm.

The second index requires an index that can be calcu-
lated before PET examination, which has a high corre-
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Table 1 Patient’s characteristics and acquisition parameters.

Study
Part1 Part 2 Part 3

Number of patients (male, female) 30 (14, 16) 100 189
Median age (range) 61 (30 to 86) 64 (18t091) 65 (21 to 95)
Body mass (kg)

Mean + SD 52.5+12.0 57.1+11.9 67.9 £ 24.5

Range 36.2to 78.8 38.6 to 106.9 32.2t0137.5
Length (m)

Mean + SD 1.58 + 0.09 1.60 + 0.08 1.61 +0.12

Range 1.451t01.78 1.36t0 1.76 1.29t0 1.90
BMI (kg/m?)

Mean + SD 21.4+39 22.4+44 26.3 + 8.6

Range 14.1 to 28.5 16.0to 43.0 13.4to 54.7
BSA (m?)
Mean + SD 1.51 +£0.19 1.58 £ 0.17 1.70 £ 0.32
Range 1.24t01.94 1.23t02.08 1.13t0 2.30
Time between administration and scan [min] (range) 60 (60 to 62) 60 (57 to 68) 60 (55 to 72)
Prescribed FDG mean administered activity [MBq] (range) 241(162 to 288) 255(157 to 350) 245(163 to 355)
Mean acquisition time per bed position [min] (range) 2.0 fixed 2.0 fixed 3.1(2.0t09.2)

BMI, body mass index; BSA, body surface area

lation with the physical image quality index; these are
patient-dependent indicators such as body weight and
administered activity>1%1310, Groot et al.” reported that
the optimised administered activity is approximately
correlated with the value of (body weight)?. We created
a patient-dependent parameter obtained by dividing the
administered activity by the power of body weight and
verified the accuracy of predicting the physical image
quality index.

This study aimed to establish a methodology to obtain
visually equivalent PET images with high accuracy by
controlling the acquisition time in clinical PET studies.

MATERIALS AND METHODS

Institutional review board approval was obtained
for this retrospective study and informed consent was
waived. Our study consisted of the following parts: 1)
examination of the optimal physical index reflecting the
clinical image quality, 2) determination of the patient-
dependent parameters representing the optimal physical
index, and 3) validation of whether our proposed proto-
col contributes to obtaining a similar image quality inde-
pendent of individual physiques.

Part1
Examination of the optimal physical index

After calculating NEC,e,y, liver SNR, NEC, e, and
NEC, iz, We identified the index with the highest corre-
lation with the visual image quality of the PET/CT scan.

PET/CT scanning

We included 30 consecutive patients (14 males, 16
females; median age 61, age range, 30—86 years) who
underwent PET/CT for cancer staging or restaging
between April and May 2013. The cancers included colon
cancer (n = 6), lymphoma (n = 4), breast cancer (n = 5),

oesophageal cancer (n = 6), stomach cancer (n = 3), lung
cancer (n = 2), ovarian cancer (n = 1), head and neck
cancer (n = 2), and cervical cancer (n = 1). All patients
fasted for at least 5 hr before injection of ¥F-FDG and
were scanned according to our hospital’s standard clini-
cal protocol.

Images were obtained using a Biograph mCT PET/CT
scanner (Siemens Medical Solutions), covering an axial
field-of-view (FOV) of 21.6 cm in length and a transaxial
FOV of 84.2 cm in diameter. It features 32,448 lutetium
orthosilicate detector elements (4 x 4 x 20 mm? dimen-
sion). The coincidence time window was 4.1 ns; the TOF
time resolution was 555 ps. PET data were acquired
in 3D list mode. PET images were reconstructed using
ordered-subset expectation maximisation (OSEM) with a
TOF information algorithm. The parameters for OSEM
plus TOF were three iterations and 21 subsets. The full
width at half maximum of the Gaussian filter was 6
mm. The image matrix consisted of 200 x 200 pixels
(4.07 x 4.07 mm?). The slice thickness was 3 mm. The
imaging range was from the thigh to the head, with
both arms raised, and the imaging length fell within the
range of 7-8 beds. An overview of patient characteristics
and acquisition parameters is presented in Table 1. The
emission acquisition time was acquired in list mode for
at least 2 min for each bed position; a sinogram of the
required acquisition time was created for each of the
three study parts.

Physical image quality index

Physical indicators, that is, NECyeyy, liver SNR, and
NEC,ien» which are widely used as image quality barom-
eters in clinical practice, were calculated. Furthermore,
the NEC, gz, Which was established as a new physical
image quality index reflecting the scan length and vol-
ume of the scan target, was evaluated.

NECgensiy» Which reflects the normalised effective
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counts distributed within the target body and represents
the count statistics per target volume, was determined
according to Mizuta et al.'® and Accorsi et al.»:

3] _ Z?= lNEci

NECgensity [kcounts /cm % (Eq. 1),

where NEC was calculated using Eq. 2, and V [cm?]
represents the target volume within the axial extent to
be evaluated (i = 1 to I), that is, from the neck to the
abdomen. NEC is generally defined using prompt and
delayed counts, as in equation®:

(Pi- DY
D)+ +POD; £4 2

NEC,[Mcounts] = (1 - SF)? @2
1

where P; and D; represent prompt and delayed coinci-
dences for each bed position, SF is the scatter fraction
measured within the NEMA NU 2-2001 standard®, and
k is set to O or 1, depending on the use of variance
reduction techniques to estimate a smooth random dis-
tribution or the application of direct random subtraction.

The liver SNR, a physical image quality index estab-
lished by de Groot et al.”, was determined as the mean/
standard deviation (SD) in a liver region of interest
(ROI) separated from the porta hepatica and major ves-
sels in three coronary sections®!%.

NEC, et facilitates height normalisation. Because the
axial scanning range is variable, according to Japanese
guidelines®, the NEC . is obtained using the follow-
ing equation:

" NEG;
NEC,atient [Mcounts /m] = ZIX/ITOI (Eq. 3),

where NEC; and x represent the NEC for the i-th bed
position and the length [m] of the axial FOV to be evalu-
ated (i = 1 to I), that is, extending from the head to the
mid-thighs in our study.

NEC, g is our original physical indicator to evaluate
image quality. It combines NECy,,, and NEC,, .., and is
obtained using the following equation:

Yi'- 1NEG;
weight [kg] x x [m]
(Eq. 4),

where NEC; and x are in the same range as that of the
NEC,ient- NEC, iy is easily calculated using the patient’s
weight instead. The physical image quality index was
calculated for each of the 30 patients.

NECyeight [Mcounts/m - kg] =

Visual assessment

The physical image quality index was calculated for 30
patients of different sizeswho were visually evaluated. Six
observers (three radiologists and three radiological tech-
nologists) visually compared the two images extracted
from the 30 images for hepatic accumulation homogene-
ity; each observer evaluated 435 (;,C,) image pairs. We
calculated the visual assessment score for each image
using Scheffé’s paired comparison'®. After confirming
that the visual assessment scores of the six readers were
equally dispersed, the average value was recorded as the
visual assessment score.

We identified the best image quality index by exam-
ining the correlation coefficients between each physical
image quality index and the visual assessment score.
The correlation coefficient was calculated using the
Spearman’s rank correlation coefficient.

Part 2
Determination of patient-dependent parameters

After establishing NEC,,, as an original physical
indicator, correlating patient-dependent parameters
were determined. Clinical PET/CT images were acquired
for all 100 patients (Table 1). Cells were photographed
for medical cancer treatment. Among the physical con-
stitution indices that correlate with PET image quality,
the patient’s body weight was expected to correlate
with visual assessment. As the administered activity
as optimised by de Groot et al.¥, correlated with the
approximate value of (body weight)?, we created patient-
dependent parameters by dividing the administered
activity by the power of body weight.

The exponent was changed by 0.1, from 1 to 5, and
a scatter diagram of each power of body weight and
the best physical image quality index was created. An
approximate curve was drawn from each scatter plot,
and the coefficient of determination was calculated. We
set the X-th power of activity/weight, which revealed
the highest coefficient of determination, as the best
patient-dependent parameter. We then clarified the cor-
relation between the best physical image quality index
and the best patient-dependent parameters. We drew an
approximated curve from a scatter plot of the physical
image quality index and patient-dependent parameters
that were found to have the highest correlation with
the visual assessment in Part 1. When the coefficient
of determination of the approximate curve was high,
the PET image quality could be predicted from patient-
dependent parameters.

Part 3

In Part 3, we validated the proposed protocol created
in Parts 1 and 2 and assessed whether it contributes
to obtaining a similar image quality independently of
individual physiques. The SNR of the projection data,
defined as the ratio of the mean pixel value to the SD,
that is, N/VN = VN, is equivalent to the square root of
the NEC count for a fixed acquisition time At (SNR? data
equivalent to NEC = NECR x Af)'29, Consequently, all
physical image quality indices used in this experiment
can be converted into an equation, including the acqui-
sition time. The approximate expression of the physical
image quality index and patient-dependent parameters
determined in Parts 1 and 2 were converted into an
expression that included the acquisition time. The tar-
get image quality was substituted into this equation to
calculate the acquisition time for each patient, and 189
patients were imaged. If the calculated acquisition time
was less than 2 min/bed, imaging was performed for 2
min/bed in list mode to create a sinogram of 2 min/bed
and the calculated acquisition time. The image quality
target is the average value of the physical image quality
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Figure 1 Comparison of the physical image quality index. The relationship between the average visual assessment score and
NEC,eignt (A), NECyensiy (B), NEC 50 (C), and liver SNR (D) in 30 patients is shown. The average visual assessment score yielded

the best correlation with NEC, iy

index obtained in Part 2. To confirm that the image
quality of patients with different physiques was similar
and independent of individual physiques, a correlation
diagram was drawn between the physical image quality
index and body weight.

RESULTS

Part 1

Figure 1 shows the correlation between the visual
assessment scores and the physical image quality index
of PET images. The correlation coefficient between visual
assessment scores and NEC, ., was 0.90; for NEC,,,en
NEC ensiy, and liver SNR, the correlation coefficients were
0.82, 0.79, and 0.77, respectively. NEC, ., showed the
highest correlation with visual assessment.

Part 2

The relationship between patient-dependent parame-
ters obtained by dividing the administered activity by
the power of body weight and the coefficient of deter-
mination is shown in Figure 2. As the coefficient of
determination had the highest value (0.978) for activity/
(body weight)® (A/W?), we set the best physical image
quality index as NEC,,, and the best patient-dependent
parameter as A/ W°.

A/W? was adopted as the patient-dependent parame-
ter and defined in Eq. 5:
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The value of X of Activity/WeightX

Figure 2 X of the activity/(body weight)* was determined
from the coefficient of determination with NEC,,. X was
changed from 1 to 5 by 0.1. The NEC,,;, was calculated for
100 patients at the acquisition time of 2 min/bed. X was the
largest value at 3.

A/W? [MBq/kg’] =
(administered activity) [MBq] x 1000/ (body weight [kg])3
(Eq. 5).

We drew scatter plots to predict NEC,,,, and PET
image quality after imaging from A/W? known before
imaging (Figure 3). An approximate curve was obtained
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Figure 3 Relationship between the physical image quality
index and patient-dependent parameters (n = 100).

from the scatter plot and Eq. 6 was obtained.
NEC, cigh = 0.487 x (4/W?)**® (Eq. 6).
A/W? in Eq. 6 is defined in Eq. 5. The coefficient of
determination for the approximate curve is 0.98.

Part 3

Because NEC,: is NEC = NECR x At, it increases
in proportion to the acquisition time. At indicates the
acquisition time, which was 120 s in Part 2. Equation 7
was obtained by modifying Egs. 6:

te[s]= (NECweight,x X t2min)/[0.487 X (A/WB)O'SSS]

(Eq. 7),
where t, is the acquisition time per bed to obtain the
NEC, i« of an arbitrary image quality, and t,,, is 120 s.

The image quality target was set to 0.6 from the aver-
age value of NEC,,, obtained in Part 2. The acquisi-
tion time was verified by substituting the NEC

weightx —

0.6, in Eq. 7 to obtain the t, [s], and 189 patients
were imaged. Figure 4 shows the relationship between
NEC, g and body weight. The NEC, ., of t. [s] and
120 [s] were calculated from the sinogram of the same
patient. The image quality of NEC,,,, whose image was
reconstructed at 120 [s]/bed, deteriorated sharply as
body weight increased. Conversely, the NEC, ), image
reconstructed with t, [s]/bed averaged 0.60 + 0.034
(%SD: 5.74), and a highly accurate arbitrary image qual-
ity was obtained (Figure 5); t, [s] showed an average of
186.1 + 114.5 (range: 53.6—-552.3).

DISCUSSION

We developed a methodology to obtain highly accu-
rate, visually equivalent image quality, regardless of
patient size, by controlling the acquisition time of clinical
PET studies. Calculating NEC,;,, and A/W? made it pos-
sible to determine the appropriate acquisition time for a
stable image quality before starting the examination.

The NEC, ., exhibited the highest correlation with the
visual assessment score. This is a new physical image
quality index, which was first introduced in this study.
The correlation coefficient between the existing physical
image quality index and the visual assessment score we
applied was in the following order: NEC,,en; NECqepsitys
and liver SNR. Our findings were consistent with the
visual assessment results of McDermott et al.'® There-
fore, we consider that the evaluation using NEC is effec-
tive in clinical PET studies that apply the TOF algorithm.
We suggest that NEC,q, is superior to the physical
image quality indices proposed previously®!3141517 The
liver SNR was less correlated with visual assessment
than the other physical indicators used NECs. The draw-
back of liver SNR is that the accumulation of FDG in
the liver is not always uniform and is affected by individ-
ual differences attributed to the patient’s metabolism.
The drawback of NEC,,, is that the scanning length
is not reflected, and the drawback of NEC,, . is that it
does not reflect the patient’s volume. NEC,,,, compen-
sates for these drawbacks and can reflect the scanning
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Figure 4 Verification of the acquisition time for constant image quality regardless of the size of the patient. There were 189
patients, and the NEC,,,, of A and B was calculated using individual sinogram data from the same examination. (A) Relationship
between NEC,;,, and body weight when shooting for 120 [s]. (B) Relationship between NEC, ., and body weight, when scanned at

a specific acquisition time, calculated such that NEC,,,, = 0.6.
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2.0 min/bed

NEC g = 0-23

4.9 min/bed
NECweight =0.56

Figure 5 Comparison of the coronal and transverse slices of whole-body FDG-PET images attained at conventional 2 min/bed
and optimal acquisition time. The standardised uptake value in each image is scaled from 5.0 to 0.0. Patients are scanned in list
mode and reconstructed images at (A) conventional 2.0 min/bed and (B) full acquisition time (4.9 min/bed). Patient weight: 104

kg, administered activity: 348 MBq.

length and body weight, thus improving the correlation
with visual assessment. A limitation of visual assess-
ment in our study was that the liver was the main
evaluation target. Furthermore, our visual assessment
did not assess the lesions. Therefore, the relationship
between the ability to detect lesions and acquisition time
remains unclear.

The patient-dependent parameter with the highest
correlation with NEC,,, was A/W?, and the patient-
dependent parameter applied most frequently was
activity/(body weight). The patient’s body weight was
believed to have the strongest effect on the quality of
PET images. They are corrected by image reconstruction;
however, as image reconstruction applies to scatter and
absorption corrections, the correction width increases
with the patient’s weight. We consider that the visual
assessment score of the reconstructed PET images does
not depend on the FDG concentration per body weight
and shows that the highest correlation is with A/W3.
The coefficient of determination of the correlation dia-
gram between the NEC, gy, and A/W?, which exhibited
the highest correlation with the visual assessment score,
was 0.98 (Figure 3). If administered activity and body
weight are known before imaging, the acquisition time

required for the acquisition of arbitrary image quality
can be predicted with high accuracy (Eq. 7). If the pre-
diction accuracy of the acquisition time is low, the bur-
den on the patient increases when the acquisition time is
excessively long, and there is concern that the PET/CT
image may deteriorate when the acquisition time is
insufficient. Excessive acquisition time increases the risk
of image quality deterioration due to the patient’s body
movement. When the acquisition time is insufficient, it
is difficult to interpret the images, and the diagnosis is
unreliable’. As the predicted acquisition time in our
study was much longer than that in previous studies”*!3-
1519 we consider our method to be valuable for clinical
PET examination.

In Part 3 of our study, we calculated the acquisition
time using Eq. 7, the image quality obtained from 189
individuals was almost constant. A visually equivalent
PET image quality facilitates follow-up of patient com-
parisons and minimises the interpatient impact of statis-
tical noise differences in standard uptake value (SUV)?.
The acquisition time at a constant NEC, ., increases at
the 1.76™ power of the body weight, and its prolongation
in heavy patients is problematic (Eq. 7). According to
Accorsi et al.V, the acquisition time required to obtain
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the same image quality irrespective of the patient’s body
weight, increases with the power curve of the body
weight; their findings agree with those of our study. Our
findings indicate that image quality can be improved
more efficiently by increasing the acquisition time than
the administered activity. However, the acquisition times
obtained using Eq. 7 cannot be used when the PET/CT
device and reconstruction conditions differ. However,
the proposed method for obtaining Eq. 7 is useful; it
was obtained by calculating the NEC,,;y, and A/W? from
approximately 100 raw PET data. We acquired Eq. 7 for
each participating facility and proposed that the image
quality can be controlled by the acquisition time.

The t, [s] in Eq. 7 showed an average of 186.1 +
114.5 (range: 53.6—552.3). The acquisition time was
10 times longer in heavyweight patients than in under-
weight patients. This places a burden on heavy patients
and throughput is an issue. Therefore, increasing the
administered activity should be considered in heavier
patients. However, in this study, we did not investigate
the optimal administered activity based on body weight,
and this issue requires further investigation. A long
acquisition time may result in image deterioration due to
body movements”; therefore, the permissible range for
decreasing NEC,;,, due to acquisition time shortening
must be determined by each facility.

Our study had some limitations. For visual assess-
ment, we used only the liver parenchyma and did not
assess the relationship between lesion detection ability
and acquisition time. Furthermore, because only adults
were included, future studies on children are necessary.

Conclusion

The optimal physical image quality index that most
correlated with the visual assessment of clinical PET
images was NEC,q,. This showed a high correlation
with the A/W? of patient-dependent parameters that can
be obtained before patients undergo PET studies. By
controlling the acquisition time with the approximate
expression obtained from the scatter plot of NEC,
and A/W?, we were able to obtain a highly accurate visu-
ally equivalent PET image quality in patients of different
sizes. By calculating NEC, ., and A/W? from approxi-
mately 100 raw PET images, the method introduced in
this study enables the calculation of the acquisition time
for an arbitrary image quality before performing clinical
PET studies.
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