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Estimation of the sugar content of fruit by energy-resolved computed 8 

tomography using a material decomposition method 9 

We have been developing energy-resolved X-ray computed tomography (ER-CT) 10 
using a novel detector system called a transXend detector, which measures X-11 
rays as electric current and gives the energy distribution of X-rays by unfolding 12 
analysis. This paper presents the results of the sugar content measurements of 13 
kiwifruit samples by ER-CT. Because the change of linear attenuation 14 
coefficients as a function of sugar content was small, we used a material 15 
decomposition method instead of the unfolding method to deduce the linear 16 
attenuation coefficient from the measured electric current. The obtained sugar 17 
contents showed good agreement with those measured by a refractometer. 18 

Keywords: X-ray; computed tomography; energy distribution; material 19 
decomposition; non-destructive; experiment 20 

 21 

1. Introduction 22 

X-ray computed tomography (CT) is an effective modality to identify tumor tissue and 23 

anomalies inside the organs of human bodies.  In CT inspections at hospitals, X-rays are 24 

measured as electric current without using the energy information of X-ray photons.  25 

This measurement method is called a current measurement.  X-rays are attenuated 26 

according to the linear attenuation coefficient of a material. The linear attenuation 27 

coefficient is generally greater for X-rays of lower energy according to data from the 28 

National Institute of Standards and Technology (NIST) [1].  As X-rays pass through a 29 

material, the number of low-energy X-ray photons decreases more quickly than that of 30 

high-energy X-ray photons, causing the number of high-energy X-ray photons to 31 

dominate.  As a result, the averaged energy of an X-ray energy spectrum increases after 32 

passing through a material. The measured linear attenuation coefficient of the material 33 
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changes as a function of the path length of the X-rays.  This phenomenon is called the 34 

beam hardening effect [2]. 35 

To avoid the beam hardening effect, it is necessary to use the energy information 36 

of X-rays [3]. There are three ways to exploit the energy information of X-rays in CT: 37 

dual-energy CT (DE-CT), photon-counting CT (PC-CT) and energy-resolved CT (ER-38 

CT).  39 

DE-CT performs CT measurements twice with changing X-ray tube voltages [4].  40 

The change of averaged X-ray energies is, however, not much.  When using 80 kV and 41 

140 kV tube voltages, typical averaged energies are 42.4 keV and 58.2 keV, 42 

respectively. DE-CT gives not enough energy information. Moreover, DE-CT results in 43 

large exposure dose due to two exposures. As an alternative of DE-CT, dual-layer 44 

detector is used to give linear attenuation coefficients for high and low energy X-rays 45 

[5]. Again, the difference of averaged energies measured by the upper and lower 46 

detector is not much. 47 

  In PC-CT, the energy of each incident X-ray photon is measured and sorted 48 

into 6 to 8 energy bins. The number of X-rays coming into a CT detector, however, is 49 

too high to perform the energy measurement of each X-ray photon. With this difficulty, 50 

the photon counting CT is under study with suppressed counting rate [6]. The systems 51 

of PC-CT are in the pre-clinical investigation stage [7]. To compete with DE-CT, 52 

further improvement is necessary [8]. 53 

We have been studying energy-resolved X-ray computed tomography (ER-CT) 54 

using a novel detector system called a “transXend” detector [9].  The transXend 55 

detector consists of multiple segmented detectors aligned in the direction of X-ray 56 

incidence as shown in Figure 1 of Ref. [9].  We call this a stacked-type transXend 57 

detector.  Because each segmented detector measures X-rays as electric current, the 58 
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transXend detector has no problems associated with the huge number of incident X-rays.  59 

Using the previously obtained response functions for each segmented detector as a 60 

function of X-ray energy, the energy distribution of incident X-rays can be estimated by 61 

an unfolding method for the X-ray energy with 0.5 keV or 1 keV interval.  We 62 

measured the linear attenuation coefficients of nine kinds of resins and estimated their 63 

effective atomic numbers (Zeff), which ranged from 5 to 14 with the errors of Zeff were 64 

within 3%  [10].  65 

Apart from the stacked-type transXend detector for the measurement with pencil 66 

beam X-rays, we developed a two-dimensional transXend detector with a flat panel 67 

detector (FPD) and two kinds of ribbon metal absorbers in lattice structure in front of 68 

the FPD [11]. For CT measurements with the stacked-type transXend detector, a 69 

phantom was scanned by pencil beam X-rays with the movements of translation and 70 

rotation. This measurement takes long time. With the two-dimensional transXend 71 

detector, the phantom is scanned by fan beam or cone beam X-rays with the rotation 72 

movement. The two-dimensional transXend detector has an advantage of shorter 73 

measurement time, which advantage is the same one for the third generation CT to the 74 

first generation CT. 75 

We measured Zeffs of eleven RMI rods (Gammex, Middleton, WI, US) which 76 

were developed by Constantinou, et al. [12] with ER-CT method. Zeffs of rod materials 77 

were measured within ±1.8% error after the normalization with the one of breast [13]. 78 

Similar measurements were performed by some groups with using the RMI rods by 79 

clinical CT scanners with DE-CT method. Bazalova et al. performed DE-CT with 100 80 

kV and 140 kV tube voltages and reported Zeff with averaged error 2.8%, with the 81 

largest error 12.0% [14]. Goodsitt et al. used rapid kVp switching DE-CT method and 82 
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gave errors of -6% to +6% for phantoms with Zeff > 6.3, and the errors of 15% for 83 

phantoms with Zeff < 6.3, respectively [15]. 84 

In this paper, we describe a method to use ER-CT to estimate the sugar content 85 

of fruit as a precise measurement of Zeff.  The Zeffs of fructose and water are 6.95 and 86 

7.42, respectively. Similar to the Zeff estimation of resins, sugar content is determined by 87 

measuring the linear attenuation coefficient of a sample.  However, the change of the 88 

linear attenuation coefficient as a function of sugar content is small.  To distinguish 89 

small differences of linear attenuation coefficients, we employ a material decomposition 90 

method to analyze the ER-CT data instead of unfolding the X-ray energy distribution, 91 

which we used previously. 92 

Generally, sugar content is measured in the unit of degrees Brix (°Bx); the sugar 93 

content of a 100-g solution containing 1 g of sucrose at 20 °C is defined 1 °Bx. Sucrose 94 

consists of glucose and fructose, which are isomers of each other.  95 

Sugar content measurement methods include destructive and non-destructive 96 

approaches. A sugar content meter that measures the refractive index of liquids, i.e., the 97 

juice of a fruit, is a destructive method and has an accuracy of 0.1%–0.2% [16].  98 

Infrared (IR) spectroscopy is a non-destructive method to estimate the sugar content of 99 

fruit that involves with measuring the absorption spectrum of IR light and estimating 100 

sugar content using the previously obtained calibration line of IR light absorption.  101 

However, IR spectroscopy has some disadvantages, including measurement error 102 

caused by the variation of fruit samples from those used to make the calibration line and 103 

restricted measurement region that is limited to the fruit surface where IR light can 104 

reach.  A typical commercial IR Brix meter has an accuracy of 1.0%–1.5% [16].  ER-105 

CT is also a non-destructive method and can give sugar content distribution including 106 
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the center part of a fruit where IR light can’t reach. Our goal is to estimate the sugar 107 

content of fruit samples with accuracy of 1.0%.   108 

In this report, we first describe a method to estimate the sugar content of 109 

fructose solutions in an acrylic (PMMA) container using standard phantoms. After 110 

establishing this method, it is used to estimate the sugar content of kiwifruit samples. 111 

 112 

2. Materials and Methods 113 

2.1 Experimental setup for ER-CT 114 

The experimental setup for ER-CT is shown in Figure 1. The X-ray tube (TRIX-150S, 115 

Toreck Co., Ltd., Yokohama, Japan) had a W target with a colliding angle of 22°. This 116 

X-ray tube had a 1 mm thick Be filter. An additional Al filter with a thickness of 2 mm 117 

was included in the system to decrease the number of low-energy X-rays. A rotating 118 

wheel consisting of a PMMA disk with a thickness of 1 mm was placed at the X-ray 119 

tube exit to change the X-ray energy spectra. The rotating wheel was divided into four 120 

regions—one uncovered region and three covered with Cu filters with thicknesses of 0.1, 121 

0.2, and 0.3 mm—which provided four different X-ray energy spectra. 122 

X-rays were measured by a flat panel detector (FPD; Remote RadEye2, 123 

Teledyne Rad-icon Imaging, Santa Clara CA, USA).  The FPD contained a 1024×1024 124 

array of 48×48 µm silicon photodiode pixels.  The sensitive area of the FPD was 48.2 × 125 

48.2 mm. X-rays were absorbed by a Gd2O2S (GOS) scintillator plate with an effective 126 

thickness of 50 µm. Scintillation photons were detected by the photodiode pixels.  127 

The FPD and a region on the rotating wheel corresponded to a segmented 128 

detector of the stacked-type transXend detector; thus, the two-dimensional transXend 129 

detector in this experimental setup had four segmented detectors.  Each segmented 130 
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detector is hereafter denoted as a channel: Cu filters with thicknesses of 0, 0.1, 0.2, and 131 

0.3 mm correspond to channel 1, 2, 3, and 4, respectively. X-ray spectra for channel 1 132 

and 4 calculated using the formula of Birch et al. [17] are shown in Figure 2. 133 

To suppress scattered X-rays, a 1-mm-thick W plate with a horizontal opening 134 

with a width of 4 mm was placed between the X-ray tube and a phantom. The phantom 135 

was placed on a precision rotating stage (SGSP-60YAW, Sigma Koki, Tokyo, Japan) 136 

for CT measurements from 36 angles.  The operating conditions of the X-ray tube were 137 

100 kV, 2.4 mA, and 0.5 s for each CT measurement angle. 138 

2.2 Standard phantoms for sugar content measurements 139 

As preparation for the sugar content estimation of fruit samples by ER-CT, fructose 140 

solutions were used as known liquid.  Fructose solutions with various sugar contents 141 

were added to a hole with a 15-mm diameter in a PMMA cylinder with a diameter of 30 142 

mm to form standard phantoms. 143 

The chemical formula of fructose is C6H12O6 and its effective atomic number is 144 

6.95 according to an empirical formula reported by Mayneord [18].  We made fructose 145 

solutions with mass percent concentrations of 5%, 10%, 15%, and 30%.  The sugar 146 

contents of these solutions were measured by a sugar refractometer (APAL-J, Atago, 147 

Tokyo, Japan).  The measured sugar contents for the 5%, 10%, 15%, and 30% solutions 148 

were 4.9, 9.8, 15.0, and 29.7 ± 0.2 °Bx, respectively. 149 

2.3 Analysis 150 

2.3.1 Response functions 151 

To estimate X-ray energy spectra after passing through a phantom with various paths, 152 

response functions for each channel are necessary.  Response functions were estimated 153 

using the measured electric currents induced by X-rays that passed through reference 154 
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PMMA slabs with thicknesses of 10, 20, 30, and 40 mm which are denoted as reference 155 

material No. 1, 2, 3, and 4, respectively. 156 

The electric current measured after passing through the j-th reference material in 157 

the i-th channel is written as 158 

𝐼𝐼𝑖𝑖,𝑗𝑗 = 𝑎𝑎 ∫𝑌𝑌(𝐸𝐸)𝑅𝑅𝑖𝑖(𝐸𝐸)exp�−𝜇𝜇𝑃𝑃(𝐸𝐸)𝑡𝑡𝑗𝑗�𝑑𝑑𝑑𝑑 + 𝑏𝑏.                       (1) 159 

Here, 𝑌𝑌(𝐸𝐸) is the number of X-ray photons with energy 𝐸𝐸 emitted by the X-ray tube, 160 

𝑅𝑅𝑖𝑖(𝐸𝐸)  is the response function of i-th channel, 𝜇𝜇𝑃𝑃(𝐸𝐸)  is the linear attenuation 161 

coefficient of PMMA, and 𝑡𝑡𝑗𝑗 is the thickness of PMMA as the j-th reference material.  162 

Also, 𝑎𝑎 and 𝑏𝑏 are the correction factors for gain and offset, respectively.  The X-ray 163 

spectrum 𝑌𝑌(𝐸𝐸) is calculated as, 164 

  𝑌𝑌(𝐸𝐸) = 𝑌𝑌0(𝐸𝐸)exp{−𝜇𝜇𝐴𝐴𝐴𝐴(𝐸𝐸)𝑡𝑡𝐴𝐴𝐴𝐴 − 𝜇𝜇𝑊𝑊(𝐸𝐸)𝑡𝑡𝑊𝑊} .       (2) 165 

Here, 𝑌𝑌0(𝐸𝐸) is the X-ray energy spectrum calculated using the formula developed by 166 

Birch et al., 𝜇𝜇𝐴𝐴𝐴𝐴(𝐸𝐸) and 𝜇𝜇𝑊𝑊(𝐸𝐸) are the linear attenuation coefficients of Al and W, 167 

respectively, and 𝑡𝑡𝐴𝐴𝐴𝐴  and 𝑡𝑡𝑊𝑊  are the thicknesses of Al and W, respectively, used to 168 

correct 𝑌𝑌0(𝐸𝐸) to reproduce measured electric current. The W thickness correction is for 169 

taking into account the Heel effect, which is influenced by the X-ray path length inside 170 

the W target. [19] The response function 𝑅𝑅𝑖𝑖(𝐸𝐸) can be written as, 171 

   𝑅𝑅𝑖𝑖(𝐸𝐸) = 𝑅𝑅0(𝐸𝐸)exp{−𝜇𝜇𝐶𝐶𝐶𝐶(𝐸𝐸)𝑡𝑡𝑖𝑖𝑐𝑐𝑖𝑖},           (3) 172 

where 𝑅𝑅0(𝐸𝐸) is the energy deposited in the GOS scintillator by an X-ray photon with 173 

energy E calculated by the GEANT4 Monte Carlo code [20] and 𝜇𝜇𝐶𝐶𝐶𝐶(𝐸𝐸),  𝑡𝑡𝑖𝑖, and  𝑐𝑐𝑖𝑖 are 174 

the linear attenuation coefficient of Cu, the thickness of the Cu filter, and the correction 175 

factor for the thickness of the i-th channel Cu filter (i=1, 4), respectively. 176 

We determined correction factors, a, b, tAl, tW, c1, c2, c3 and c4 by minimizing the 177 

following relationship, 178 

𝑆𝑆 = ∑ �𝐼𝐼𝑖𝑖,𝑗𝑗𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚. − 𝐼𝐼𝑖𝑖,𝑗𝑗�
2

𝑖𝑖,𝑗𝑗 .                (4) 179 



9 
 

Here, 𝐼𝐼𝑖𝑖,𝑗𝑗𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚. is the measured electric current for X-rays passing through the j-th 180 

reference material in the i-th channel, which was averaged over horizontal pixels of the 181 

FPD from 1 to 1024 and also averaged vertically from the 486th to the 500th lines of 182 

pixels in the FPD to avoid the possible fluctuation of pixel values.  Schematic drawing 183 

of this process is shown in Figure 3. Obtained response functions are shown in Figure 4. 184 

 185 

2.3.2 Material decomposition method 186 

In this study, we used a material decomposition method to estimate the X-ray energy 187 

distribution after passing through a phantom.  As shown in Figure 1, the measured 188 

electric current induced by X-rays in the k-th horizontal pixel of the FPD at the l-th 189 

rotating angle of the phantom in the i-th channel is written as, 190 

𝐼𝐼𝑖𝑖,𝑘𝑘,𝑙𝑙 = 𝑎𝑎 ∫𝑌𝑌(𝐸𝐸)𝑅𝑅𝑖𝑖(𝐸𝐸)exp�−𝜇𝜇𝑘𝑘,𝑙𝑙(𝐸𝐸)𝑑𝑑𝑘𝑘,𝑙𝑙�𝑑𝑑𝑑𝑑 + 𝑏𝑏.    (5) 191 

The thicknesses of PMMA and the fructose solution change according to the 192 

measurement position (k,l).  We measured four electric currents for each measurement 193 

position (k,l).  However, we have 161 unknown 𝜇𝜇𝑘𝑘,𝑙𝑙(𝐸𝐸)𝑑𝑑𝑘𝑘,𝑙𝑙, because we estimated the 194 

X-ray energy spectrum every 0.5 keV from 20 to 100 keV.  It is therefore very difficult 195 

to determine 𝜇𝜇𝑘𝑘,𝑙𝑙(𝐸𝐸)𝑑𝑑𝑘𝑘,𝑙𝑙  from only four measurement values at each measurement 196 

position (k,l) by unfolding analysis. 197 

To overcome this difficulty, we reproduced 𝜇𝜇𝑘𝑘,𝑙𝑙(𝐸𝐸)𝑑𝑑𝑘𝑘,𝑙𝑙  using the linear 198 

attenuation coefficients of hydrogen 𝜇𝜇𝐻𝐻(𝐸𝐸) and oxygen 𝜇𝜇𝑂𝑂(𝐸𝐸): Zeff of fructose solutions 199 

ranges from 6.95 (fructose) to 7.42 (water) and that of PMMA is 6.47. The atomic 200 

numbers of hydrogen and oxygen are 1 and 8, respectively, and Zeff of the fructose 201 

solutions and PMMA are between these values.  The linear attenuation coefficient of a 202 

material with Zeff between 1 and 8 can be reproduced by the linear combination of 203 
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𝜇𝜇𝐻𝐻(𝐸𝐸)  and 𝜇𝜇𝑂𝑂(𝐸𝐸) .  For example, the linear attenuation coefficient of carbon is 204 

reproduced as, 205 

𝜇𝜇𝐶𝐶(𝐸𝐸) = 6.4 × 103𝜇𝜇𝐻𝐻(𝐸𝐸) + 4.8 × 102𝜇𝜇𝑂𝑂(𝐸𝐸),   (6) 206 

as shown in Figure 5. 207 

Equation (5) can be rewritten using 𝜇𝜇𝐻𝐻(𝐸𝐸) and 𝜇𝜇𝑂𝑂(𝐸𝐸) as, 208 

𝐼𝐼𝑖𝑖,𝑘𝑘,𝑙𝑙 = 𝑎𝑎 ∫𝑌𝑌(𝐸𝐸)𝑅𝑅𝑖𝑖(𝐸𝐸)exp�−𝜇𝜇𝐻𝐻(𝐸𝐸)𝑑𝑑𝑘𝑘,𝑙𝑙
𝐻𝐻 − 𝜇𝜇𝑂𝑂(𝐸𝐸)𝑑𝑑𝑘𝑘,𝑙𝑙

𝑂𝑂 �𝑑𝑑𝑑𝑑 + 𝑏𝑏.     (7) 209 

Here, 𝑑𝑑𝑘𝑘,𝑙𝑙
𝐻𝐻  and 𝑑𝑑𝑘𝑘,𝑙𝑙

𝑂𝑂  are the thicknesses of hydrogen and oxygen, respectively, to 210 

reproduce the X-ray attenuation at measurement position (k,l).  To estimate unknown 211 

values 𝑑𝑑𝑘𝑘,𝑙𝑙
𝐻𝐻  and 𝑑𝑑𝑘𝑘,𝑙𝑙

𝑂𝑂 , we prepared look-up tables (LUTs) for the thicknesses of hydrogen 212 

and oxygen, 𝑑𝑑𝐻𝐻and 𝑑𝑑𝑂𝑂, respectively, for each channel.  We estimated 𝑑𝑑𝑘𝑘,𝑙𝑙
𝐻𝐻  and 𝑑𝑑𝑘𝑘,𝑙𝑙

𝑂𝑂  by 213 

finding 𝑑𝑑𝐻𝐻 and 𝑑𝑑𝑂𝑂 that minimized the following equation,  214 

𝑆𝑆𝑘𝑘,𝑙𝑙 = ∑ �𝐼𝐼𝑘𝑘,𝑙𝑙
𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚.,𝑖𝑖 − 𝐼𝐼 𝑖𝑖(𝑑𝑑𝐻𝐻,𝑑𝑑𝑂𝑂)�

24
𝑖𝑖=1  ,                  (8) 215 

with changing 𝑑𝑑𝐻𝐻  and 𝑑𝑑𝑂𝑂 from zero value to their maximums, 𝑑𝑑𝐻𝐻,𝑚𝑚𝑚𝑚𝑚𝑚 and 𝑑𝑑𝑂𝑂,𝑚𝑚𝑚𝑚𝑚𝑚. The 216 

electric current 𝐼𝐼𝑘𝑘,𝑙𝑙
𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚.,𝑖𝑖 was obtained by averaging vertically from the 486th to the 500th 217 

lines of the pixels in the FPD. 𝐼𝐼𝑖𝑖(𝑑𝑑𝐻𝐻,𝑑𝑑𝑂𝑂)  is the electric current value in the LUT 218 

prepared for the i-th channel as functions of 𝑑𝑑𝐻𝐻  and 𝑑𝑑𝑂𝑂 . The schematic drawing of 219 

finding 𝑑𝑑𝐻𝐻 and 𝑑𝑑𝑂𝑂 is shown in Figure 6. 220 

 221 

2.3.3 Water phantom correction 222 

Sugar content was estimated by comparing measured and theoretical linear attenuation 223 

coefficients.  Measured linear attenuation coefficients were obtained from the ER-CT 224 

images as CT values as a function of X-ray energy. To have correct CT values, the 225 

transmission measurement of X-rays through water should be the same as that 226 
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calculated using the Lambert–Beer law [21]. Figure 7 shows the theoretical and 227 

experimental results of X-ray transmission through a water phantom (i.e., zero sugar 228 

content). Although the results in Figure 7 look fairly similar, they differ slightly because 229 

of X-ray scattering and other effects. The ratio of theoretical to experimental values is 230 

presented in Figure 8. This ratio was applied to all measured results as the water 231 

phantom correction factor. 232 

 233 

2.4 Sugar contents of standard phantoms 234 

A reconstructed CT image using the number of X-ray photons with an energy of 70 keV 235 

for a 10% fructose solution is shown in Figure 9.  The CT value of this image shows the 236 

linear attenuation coefficient for X-rays with an energy of 70 keV.  By assigning a 237 

50×50 pixel region in the fructose solution as the region of interest (ROI), the linear 238 

attenuation coefficient as a function of X-ray energy was obtained as the averaged CT 239 

value in the ROI.  The linear attenuation coefficients for 5%, 15%, and 30% fructose 240 

solutions as a function of X-ray energy are displayed in Figure 10.  Error bars given by 241 

the standard deviations of the CT values in ROIs are only shown for the linear 242 

attenuation coefficient of the 30% fructose solution because the error bars for the linear 243 

attenuation coefficients were similar for all solutions with different sugar contents.   244 

To determine the sugar content of each solution, we prepared reference curves of 245 

the linear attenuation coefficients as a function of X-ray energy, 𝜇𝜇𝑟𝑟𝑟𝑟𝑟𝑟.�𝑓𝑓𝑖𝑖 ,𝐸𝐸𝑗𝑗� , for 246 

fructose solutions with the concentration of 𝑓𝑓𝑖𝑖 with 0.1% intervals from 0 to 30% by 247 

calculations using data from NIST [1]. The sugar content of fructose solutions was 248 

estimated by finding 𝜇𝜇𝑟𝑟𝑟𝑟𝑟𝑟.�𝑓𝑓𝑖𝑖 ,𝐸𝐸𝑗𝑗�  which gives the minimum value of 𝑆𝑆𝑠𝑠(𝑓𝑓𝑖𝑖)  in the 249 

following equation, 250 
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  𝑆𝑆𝑠𝑠(𝑓𝑓𝑖𝑖) = ∑ �𝜇𝜇𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚.�𝐸𝐸𝑗𝑗� − 𝜇𝜇𝑟𝑟𝑟𝑟𝑟𝑟.�𝑓𝑓𝑖𝑖,𝐸𝐸𝑗𝑗��
2101

𝑗𝑗=1 .   (9) 251 

Here, 𝜇𝜇𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚.�𝐸𝐸𝑗𝑗� is the measured linear attenuation coefficient at energy 𝐸𝐸𝑗𝑗.  We used 252 

linear attenuation coefficients for X-ray photon energies from 40 to 90 keV for the 253 

sugar content estimation because of the small numbers of X-ray photons with energies 254 

below 40 keV and above 90 keV.  Estimated sugar contents are shown in Figure 11.  255 

The calibration line obtained using least squares fitting is drawn as a solid line.  The 256 

dashed lines show the limitation of ±1% from the calibration line.   257 

 Flow chart of sugar content estimation method is shown in Figure 12. 258 

2.5 Sugar content measurements of kiwifruit 259 

We applied the sugar content estimation method described above to two kiwifruit 260 

samples.  Because the dimensions of the sensitive area of our FPD was 48.2×48.2 mm 261 

and the diameters of commercially available kiwifruits are greater than 50 mm, we cut 262 

kiwifruit samples out with diameters of less than 24 mm and put them in PMMA 263 

casings with inner and outer diameters of 24 and 30 mm, respectively: in the CT 264 

measurement, the attenuation of X-rays was measured as the ratio of the electric current 265 

induced by X-rays after transmitting through a sample to that of X-rays passing through 266 

air.  Photographs of the prepared kiwifruit samples are depicted in Figure 13.  To 267 

estimate the sugar contents of both the green and white parts of the kiwifruit samples, 268 

we cut samples off the axis of kiwifruits. 269 

The ER-CT images reconstructed from the number of X-rays with an energy of 270 

70 keV are shown in Figure 14.  We defined two ROIs for each CT image, which 271 

corresponded to the green (ROIG) and white (ROIW) parts of the kiwifruit samples.  272 

Each ROI had 50×50 pixels.  Obtained linear attenuation coefficients for the kiwifruit 273 
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samples are shown in Figure 15.  Error bars are shown only for the linear attenuation 274 

coefficients of green parts because those for the white parts had nearly the same lengths. 275 

Using Equation (9), the sugar contents of the kiwifruit samples were estimated.  276 

The estimated sugar contents of the green part of the kiwifruit samples are presented in 277 

Figure 11, in which the x-values show those measured by the refractometer for juice 278 

squeezed from the green part of each sample. 279 

 280 

3. Results and Discussion 281 

The transmission measured for the water phantom looked to agree well with the 282 

theoretical one in Figure 7; however, the slight difference between them is shown in 283 

Figure 8.  The cause of this difference is not obvious, but we think that scattered X-rays 284 

may be the main reason.  Large deviations can be seen for the pixel number 115 and 285 

903.  This is because the borders of these pixels did not match with that between 286 

PMMA and water.  We consider that this difference is a geometric effect.  Therefore, a 287 

geometrical correction was carried out by multiplying all the measured transmission 288 

data by this factor. 289 

 Ring artifacts are seen in Figure 9. We think the artifacts were brought by the 290 

small number of X-ray photons and also the small number of projection angles. Similar 291 

artifacts are seen in Figure 14. 292 

Figure 10 displays the error bars at every 10 keV for the linear attenuation 293 

coefficient of 30% fructose solution.  The error bar at 40 keV was the smallest.  We 294 

think the smallest error bar was observed at 40 keV because of the large number of X-295 

ray photons of this energy in channel 1 (i.e., without a Cu filter), as shown in Figure 2.  296 

The error bars are larger than those of Figure 5 of Ref. [10].  In Ref. [10], the X-rays 297 

were collimated by two W collimators with a diameter of 1 mm.  In this case, the X-ray 298 
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path was well defined so there was almost no effect from scattered X-rays.  In the 299 

estimation of fruit sugar content or the ER-CT imaging of a human body, however, we 300 

have to use a two-dimensional transXend detector, so the influence of X-ray scattering 301 

cannot be avoided.  The development of an algorithm that omits scattered X-rays will be 302 

the focus of our future study. 303 

It may be possible to estimate the error of sugar content values by fitting linear 304 

attenuation coefficients taking the upper and lower values of error bars.  However, this 305 

estimation does not have much meaning.  Because the center value of linear attenuation 306 

coefficients changes according to the sugar content of the samples, we believe that our 307 

ER-CT measurements were performed properly and the error was systematic: small 308 

number of X-ray photons. 309 

The sugar contents of the green parts of kiwifruit samples showed good 310 

agreement with those measured by the refractometer within the error of 1% from the 311 

calibration line, which was the purpose of this study.  We could not extract juice from 312 

the white parts of the kiwifruit samples but had white suspension, so we could not 313 

measure their sugar content with the refractometer.  The sugar content estimated by ER-314 

CT was 1.1 °Bx for the white part of kiwifruit sample (a).  The linear attenuation 315 

coefficient of the white part of kiwifruit sample (b) was smaller than that of water so we 316 

could not estimate its sugar content.  The estimated Zeff of the white part of kiwifruit 317 

sample (b) was 7.72, which was greater than that of water (7.42). 318 

Using ER-CT, we can obtain the distribution of sugar content in a fruit sample.  319 

The green and white parts of a kiwifruit showed different sugar contents.  In IR 320 

spectroscopy, sugar content can be measured only for regions close to the fruit surface.  321 

Therefore, the sugar content measurement by ER-CT has an advantage over that 322 

determined by IR spectroscopy regarding this point.  The developed sugar content 323 
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estimation method using ER-CT can be used for other non-destructive food inspections 324 

such as fat content measurement.  To extend the application of the two-dimensional 325 

transXend detector, a method to suppress the effect of X-ray scattering should be 326 

developed in the future. 327 
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Figure captions 398 

 399 

Figure 1. Experimental setup for sugar content measurements using a two-dimensional 400 

transXend detector with four channels. 401 

 402 

Figure 2. Calculated X-ray energy spectra for channel 1 and 4. 403 

 404 

Figure 3. Schematic drawing of determining correction factors. Correction factors, 405 

𝑎𝑎, 𝑏𝑏, 𝑡𝑡𝐴𝐴𝐴𝐴, 𝑡𝑡𝑊𝑊, 𝑐𝑐1, 𝑐𝑐2, 𝑐𝑐3, 𝑐𝑐4 are determined as the ones which result in the minimum S while 406 

changing the values of correction factors. 407 

 408 

Figure 4. Response functions of the transXend detector for each channel.  The valleys at 409 

50 keV correspond to the K-edge of Gd. 410 

 411 

Figure 5. The linear attenuation coefficient of carbon (solid line) reproduced by a linear 412 

combination of those of hydrogen (dashed line) and oxygen (dotted line) given by NIST.  413 

Solid circles are the theoretical linear attenuation coefficient of carbon taken from NIST 414 

data. 415 

 416 

Figure 6. Schematic drawing of material decomposition, i.e., finding the thicknesses of 417 

hydrogen and oxygen to reproduce the X-ray attenuation by a subject. (𝑚𝑚, 𝑛𝑛)  in a small 418 

square mean the estimated electric current with taking into account the X-ray 419 

attenuation with the thicknesses of hydrogen, 𝑑𝑑𝐻𝐻,𝑚𝑚  and oxygen, 𝑑𝑑𝑂𝑂,𝑛𝑛  in i-th channel.  420 

𝑑𝑑𝐻𝐻,𝑚𝑚𝑚𝑚𝑚𝑚  and 𝑑𝑑𝑂𝑂,𝑚𝑚𝑚𝑚𝑚𝑚  are the maximum values of hydrogen and oxygen thicknesses 421 

prepared for the look up table. 422 
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 423 

Figure 7. Measured and theoretically obtained electric current induced by X-rays after 424 

transmitting a water phantom. 425 

 426 

Figure 8. Correction factor for the water phantom obtained as the ratio of theoretical 427 

value to measured value in Figure 7. 428 

 429 

Figure 9. ER-CT image reconstructed for the number of X-rays with an energy of 70 430 

keV for 10% fructose solution in an acrylic cylinder. 431 

 432 

Figure 10. Measured linear attenuation coefficients for 5%, 15%, and 30% fructose 433 

solutions as the averaged values of 50×50 pixel ROI in ER-CT images obtained at 434 

intervals of 0.5 keV from 20 to 90 keV. Error bars are shown only for 30% fructose 435 

solution every 10 keV. 436 

 437 

Figure 11. Estimated sugar contents of 5%, 10%, 15%, and 30% fructose solutions 438 

(open circles) and the green parts of two kiwifruit samples (solid circles).  The solid line 439 

is the calibration line given by the least squares fitting.  Dashed lines show the ±1% 440 

ranges from the calibration line.  441 

 442 

Figure 12. Flow chart of sugar content estimation. “LUT” means look up table. 443 

 444 

Figure 13. Photographs of kiwifruit samples in acrylic casings. 445 

 446 
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Figure 14. ER-CT images of kiwifruit samples reconstructed from the number of X-rays 447 

with an energy of 70 keV.  ROIs for green and white parts are shown. 448 

 449 

Figure 15. Obtained linear attenuation coefficients for green (solid lines) and white 450 

(dashed lines) parts of kiwifruit samples.  Error bars are only shown for the linear 451 

attenuation coefficients for the green part every 10 keV.  The error bars for the white 452 

part had similar values. 453 
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