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Abstract

Objective: We investigated the effects of partial volume and respiratory motion using a National Electrical
Manufacturers Association (NEMA) phantom and proposed a simple method for correction of maximum standardized
uptake value (SUV_ ) for respiratory motion in early lung cancer.

Methods: The maximum recovery coefficient (RC) in static mode were measured using the NEMA phantom
and a dynamic moving platform. The phantom on the platform was either at rest or moving sinusoidally along
the longitudinal axis of the scanner to simulate respiratory motion. We also calculated estimated RC using our
approximation.

Results: RC of the sphere of 28mm in diameter decreased from 0.96 to 0.80 and 0.41 with 20 and 50 mm of
motion amplitude, respectively. For the sphere of 10 mm in diameter, RC was decreased from 0.40 to 0.18 and 0.08
with 20 and 50 mm of motion amplitude, respectively. Our results showed that RC decreased with increase in motion
amplitude. Average percentage differences between measurement and estimation in the sphere of 37, 28, 22, 17,
13 and 10 mm were -1.8 £3.7,-3.1 £ 11.3,-2.8 £ 10.5, -8.1 £ 6.6, -7.0 + 12.3 and -1.8 £ 12.2 %, respectively. This
result showed that our simple correction method could estimate SUV,__with moderate accuracy.

Conclusions: Our results clearly demonstrated that RC decreases with increase in motion amplitude, as
expected. Our simple correction with moderate accuracy method could not precisely estimate RC. However, the
estimated values agreed with the measurements. Thus, our methods could be used in clinical practice to calculate
the approximate SUV,__ for lung cancer patients undergoing radiotherapy showing the malignancy grading for early

lung cancer.
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Introduction

Whole body F-18 fluoro-2-deoxyglucose (18F-FDG) positron
emission tomography/computed tomography (PET/CT) has become an
important method for detecting tumors, planning radiation treatment
and evaluating response to therapy. However, PET/CT imaging of the
lung and abdomen region is generally affected by patient respiratory
motion, which can lead to underestimation of maximum standardized
uptake value (SUV__) of a region of interest, overestimation of tumor
volume and mismatched PET and CT images that yield attenuation
correction errors, registration errors and tumor mislocalization [1-3].

The effects of partial volume and respiratory motion on SUV were
investigated in previous studies [1-9]. The most widely used method
to correct for respiratory motion is repiratory-gated PET/CT, which
divides PET data into different gates based on either temporal phase
or respiratory displacement information with potential 4D CT for
phase-matched attenuation correction. Guerra et al. showed that the
respiratory-gated PET/CT technique is a valuable clinical tool for
diagnosing lung lesions, improving quantification and confidence
in reporting, reducing 3D undermined findings and increasing the
overall accuracy in lung lesion detection and characterization [10].
However, there are few hospitals in Japan in which this technique has
been introduced. It is better to correct SUV for respiratory motion in
clinical practice. A study on 108 patients showed that SUV __increased
as much as 51.8% on average from free-breathing PET to deep-
inspiration-breathhold PET/CT for lesions in the lower lung region
[11]. However, the breath hold PET/CT cannot correct the partial
volume effect. Though the usage is limited to lung cancer patients

undergoing radiotherapy, we proposed a simple method for correction
of SUV in the lung region using tumor size and motion displacement.

In this study, we investigated the effects of partial volume and
respiratory motion using a phantom and the usefulness of a simple
method to correct SUV for respiratory motion to know the actual
malignancy in early lung cancer.

Materials and Methods

Equipment and imaging protocol

A PET-CT scanner (True Point Biograph 40, Siemens, Erlangen,
Germany) was used to acquire data. The PET-CT scanner is composed
of a lutetium oxyorthosilicate (LSO) crystal detector, 52 rings (84.2 cm
in diameter) and 32448 crystal numbers that give a transaxial field of
view (FOV) of 60.5 cm and an axial FOV of 21.6 cm.
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The imaging protocol used in this study is the most widely used
method in clinical applications. CT data were acquired using a helical
CT scan with scanning parameters of 140 kV, 75mA, and 2.5mm in slice
thickness. Following the CT scan, PET data were acquired for 5 min per
bed position. During the helical CT scan and PET emission scan, the
targets in the phantom were either at rest or moving sinusoidally along
the longitudinal axis of the scanner to simulate respiratory motion.

PET images (168x168x47 for a 60.5 cm transaxial FOV with a
slice thickness of 2.5 mm) were reconstructed using an ordered subset
expectation maximization (OSEM) algorithm (14 subsets, 6 iterations
and 8 mm FWHM Gaussian post-filter ) and were corrected for
attenuation using the CT attenuation map in Hounsfield units (HUs).
Corrections for scatter and random events were also incorporated in
the OSEM algorithm. These reconstruction parameters are usually used
in standard clinical protocols for patient scans.

Phantom study

The NEMA IEC body phantom shown in figure 1 was designed
in accordance with the recommendations of the International
Electrotechnical Commission (IEC) and modified by the National
Electrical Manufacturers Association (NEMA) to evaluate whole-body
PET performance. The phantom consists of a body phantom (18 cm in
length and 9.8 L) and an inset with six hollow spheres of various sizes.
In order to simulate respiratory motion using the NEMA phantom,
we used a dynamic thorax platform (Model 008PL; Computerized
Imaging Reference Systems, Norfolk, USA). The NEMA phantom was
placed on the platform and moved along the longitudinal axis of the
scanner to simulate respiratory motion.

Recovery coefficients

In order to investigate the effect of target size, phantoms with
hollow spheres of 0.5, 1.2, 2.6, 5.6, 11.5 and 26.5 ml (10, 13, 17, 22,
28 and 37 mm in i.d., respectively) filled with *F-FDG were inserted.
To simulate the measurement of *F-FDG for lung cancer, the NEMA
phantom not filled with water was used. For data analysis, the recovery
coeflicient (RC) in the volume of interest (VOI) was defined as follows:

RC = Aobseﬁ/ed 1)
Astatic,37mm
Where A | ., is activity observed in the VOI (Bq) and A, is
activity in the sphere of 37mm in i.d. without movement. This value
was regarded as ‘true’ activity in the VOL RC__, calculated using the
maximum activity concentration, is more sensitive to image noise than
in RC__ . calculated using mean activity concentration in the VOIL
However, RC_ can easily vary based on the VOI, which is difficult
to determine in a moving object [4]. Therefore, we used RC__ in this
study because of its consistency in data analysis, especially for the
respiratory induced moving target. To detect the image pixel having
maximum activity concentration in each target sphere, MATLAB (The

Math Works, Inc., Natick, MA) was used.

Respiratory motion

To simulate different respiratory speeds, the phantoms were
translated sinusoidally with the following formula:

. Ot
y(t)=5 +Asm”[fj @)
0
where y, is the baseline position at exhalation and A is the amplitude

of motion. The peak-to-peak amplitudes were 0, 5, 10, 20, 30, 40
and 50 mm. The respiratory cycle period, T was fixed at 4.5s. This

representative breathing period was determined from a previous paper
[2].The value of n was set to 4. A previous study showed that modeling
the breathing curve using n=4 closely resembles free breathing motion
since exhalation takes about twice as long as inhalation [12]. The curves
are shown in figure 2.

Simulation

In order to investigate the effect of volume mismatch on attenuation
correction, measurements with movement were simulated using

Figure 1: The NEMA phantom placed on the dynamic thorax platform. The
phantom moved along the longitudinal axis of the scanner.

Amplitude [mm]

Time [z]

Figure 2: Motion curves of the dynamic thorax phantom. The peak-to-peak
amplitudes were 0, 5, 10, 20, 30, 40 and 50 mm.

Figure 3: Axis images of PET with motion amplitudes of (a) 10, (b) 20 and
(c) 40 mm.
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measurement. First, we created the probability density function for
the target location. Next, simulation of measurement with movement
was calculated to convolute the static measurement with its probability

density function.

Results

PET images are shown in figure 3. These images clearly show that
the activity decreases with increased motion amplitude, as expected.
Figure 4 shows RC as a function of sphere diameter. RC of the sphere
of 28mm in diameter decreased from 0.96 in a static mode to 0.80 and
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Figure 4: RC vs. sphere diameter.
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0.41 with 20 and 50 mm of motion amplitude, respectively. For the
sphere of 10 mm in diameter, RC decreased from 0.40 to 0.18 and
0.08 with 20 and 50 mm of motion amplitude, respectively. Figure 5
shows RC as a function of motion amplitude. The results show that RC
decreases with increase in motion amplitude.

Simulated RCs with sphere of 10, 17 and 28 mm in diameter are
shown in figure 6. The results of simulation show almost the same
trend of that of measurements. However, differences between results of
simulations and measurements become large with increase in motion
amplitude.

Next, we made a correction formula using obtained data. The
formula was comprised of two terms: one term approximated the
reduction by the partial volume effect and the other term approximated
reduction by the motion blur. The first term was decided to fit the
result with no motion using a sigmoid curve. Sigmoid curve made the
goodness-of-fit measure between the estimated and measured values
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(Figure 7). Second term was decided to fit the measurement using
an exponential function. Finally, we made the following formulas to
estimate the RC.

RC(x,y): 4

x(dx+ e)exp(%j(Sphere diameter >=13 mm)
(3)

a -y .
RC(x,y)= X Sphere diameter <13 mm
(x y) 1+ bxexp(—cx) exp[dx+ej( P ) @)

I1+bxexp(—cx)

Where x is sphere diameter, y is motion amplitude, and a, b, ¢, d, eand f
are constant. When the estimated value in second term was greater than
1.0, we took 1.0 for the estimated value in second term. Estimated RC
could be calculated by only two measured values (sphere diameter and
motion amplitude). A comparison of measurements and estimations
are shown in Figure 8. The estimated values using this approximation
almost agreed with the measurements. Average percentage differences
between measurement and estimation in the sphere of 37, 28, 22,17, 13
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Figure 5: RC vs. motion amplitude.
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Figure 6: Comparison of measurements and simulated values.
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Figure 7: Fitting of estimations calculated by a sigmoid curve to measured data.

and 10 mm were -1.8 +3.7,-3.1+11.3,-2.8 £10.5,-8.1 £ 6.6,-7.0+ 12.3
and -1.8 + 12.2 %, respectively. This result showed that the estimated
values using this approximation had relatively good agreement with the
measurements. Average percentage differences between measurement
and estimation in the motion amplitude of 0, 5, 10, 20, 30 , 40 and 50
mm were -0.3 +5.0,-1.0 +7.1,22 +6.2,2.0 + 4.6, -1.1 + 4.2, -95 +
6.9 and -21.0 £ 7.4 %, respectively. This result showed the differences
between two values increased with increase in motion amplitude.

Discussion

In this study, we investigated the impact of respiratory motion and
volume effect on SUV__ . Figures 3-5 clearly demonstrate the effects
of these two factors and show that the measured value decreases with
increase in motion amplitude, as expected. These findings corroborate
those of Park et al. [2].

In the present study, the difference between measurements and
simulated values became greater with increase in motion amplitude
(Figure 6). In a PET/CT procedure, the difference in acquisition time
of a CT scan (a few seconds) from that of a PET scan (5 min) can lead to
a misalignment between CT and PET images, resulting in an incorrect
attenuation correction map and consequently incorrect Suv_ values.
In addition, the image noise during a PET scan was not considered
in the simulation since only the measurements in static mode were
used. Liu et al. reported that SUV measurement in clinical practice
is affected by image noise [3]. These two factors may have a negative
impact on the agreement of measured and simulated values. Our

results showed that it was difficult to simulate RC with motion using
the data with no motion.

For the correction method, the estimated value obtained
by Equation (3) and (4) relatively had good agreement with the
measurements. However, the differences increased with increasing
the motion amplitude. We used an exponential function to fit the
measurements. As mentioned above, measurement of SUV__ was
affected by the misalignment between attenuation correction CT and
PET images. To estimate actual SUV__, the effect of this misalignment
should in the equation. Furthermore, our purpose was not to estimate
actual SUV but to estimate a reliable value using a simple method.
Moreover, since the reproducibility of SUVmax measurements is poor,
complete agreement of the estimated value with the measured value
is meaningless [13].Thus, in clinical practice, correction of SUV__
using our equation is better than no correction. Since this correct
method is simple and needs no additional device or no more imaging
time and can use patient’s data, it could be used in many hospitals in
which respiratory motion artifacts are not corrected. However, when
this approximation created by measurements in a phantom study is
used for patients, it is necessary to consider the fact that the respiratory
pattern and cycle is not regular in all patients. That is, as the estimated
values were calculated using two values (tumor size and tumor
displacement), there was no consideration of the change in respiratory
pattern during acquisition of a PET image. Liu et al. analyzed a large
number of respiratory traces (1295) and reported that about 40% were
not regular respiratory cycles [3]. Furthermore, the actual tumor in
the lung cancer moves in three dimensions. Further investigation of
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Figure 8: Comparison of measurements and estimation.

these effects of irregular respiratory and three-dimensional motion is

necessary.

Conclusions

We investigated the impact of respiratory motion and volume effect

on SUV__ . Our results clearly demonstrated those effects and showed
that the measured value decreases with increasing in motion amplitude
and tumor diameter, as expected. Our simple correction method could
estimate SUV__ with moderate accuracy. Thus, our method could
be used in clinical practice to calculate an approximate SUV __ value
showing actual degree of glucose metabolism in early lung cancer.
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