
時間依存輻射輸送計算による
生体光イメージング

-大規模データベース構築に向けて-

筑波⼤学 計算科学研究センター
⽮島 秀伸

グループメンバー:  梅村雅之、安部牧⼈、⾼⽔裕⼀、佐藤⼤樹
星詳⼦、三村徹也、町⽥学（浜松医科⼤）

計算メディカルサイエンス第１回全体ミーティング 2021/6/7 1



生体光イメージングとは？

利点
ゼロ被曝
⾮侵襲
ベッドサイド
モニタリング

may be removed to provide a direct view of an area of the
brain’s surface. In mice, the brain can often be visualized
without even thinning the skull. Methods have been carefully
developed to ensure that normal brain function is not affected
by these approaches. Most often, the animal will remain anes-
thetized during measurements.23 In some cases, however, a
permanent window can be surgically implanted and the ani-
mals can survive for over a year while an area of their brain is
accessible for repeated direct optical imaging.14,24

Imaging of pathologies requires only that the animal be
anesthetized. Images during acute interventions, such as ad-

ministration of drugs or introduction of a stroke, must be care-
fully synchronized with image acquisition. While the brain’s
functional response to stimulus is being studied, a carefully
controlled stimulus is presented during imaging. Such stimuli
may include visual !e.g., showing patterns or pictures", soma-
tosensory !e.g., electrical or tactile stimulation of the whiskers
or forepaw", or auditory stimuli !different frequencies and am-
plitudes". Stimuli may be repeated in regular blocks, or pre-
sented in a randomized pattern.18,25 Data are usually shown as
the average response to multiple stimulus repetitions to obtain

Fig. 1 Intrinsic chromophores and structures of the brain. !a" For small animal imaging, it is possible to use visible light to look at oxygenation-
dependent hemoglobin absorption !as well as exogenous absorbing and fluorescing dyes". The cortex can be exposed and imaged at high
resolution, or imaged through the intact skull and scalp at lower resolution. !b" For human brain imaging, near-infrared light will penetrate more
readily through the scalp and skull to sample the brain thanks to lower scatter and absorption. The human brain has a more complex convoluted
structure compared to lower mammals. Spectra: major chromophores in brain are oxy- and deoxyhemoglobin and water !lipid is omitted here". For
generation of these spectra: water content is assumed to be 90% !quoted value in newborn brain, 71 to 85% in adult brain34". Hemoglobin
absorption is shown assuming 2-mM concentration of hemoglobin in blood and 3% content of blood in tissue !60 mM in tissue34" calculated from
spectra.257 HbR spectrum represents 3% fully deoxygenated blood in tissue. Scatter spectrum is approximate using: !!s=A"−b, where A=1.14
# 10−7 m and b=1.3.228

Hillman: Optical brain imaging in vivo: techniques…

Journal of Biomedical Optics September/October 2007 ! Vol. 12!5"051402-3

Hillman (2007)より

波⻑700-1000ナノメートルの近⾚外線を
⼈体へ照射し、透過もしくは戻ってきた
光を検出して⽣体内を診断する⼿法

安⼼・安全
新⽣児・幼児へも
適⽤可能
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ただし、画像再構成
には光の伝播について
理論モデルが必要



生体の光学特性

光学特性の変化

Cancer
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DOTの臨床応用

1. 悪性腫瘍の検出
外因性トレーサーやプローブが不要

乳がん Biomed Opt Express 2015

2. 新生児・乳幼児検査法

Phys. Med. Biol. 2005

新生児脳内出血

乳癌

X-ray Opt.

「⽣体の窓」



大規模
データベース

計算コード

開発
(TRINITY)

大規模

並列計算
(Cygnus
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計算

高速化
(GPU/FPGA)

近赤外光

時間分解計測

深層学習
近赤外光
トモグラフィ

⽮島

安部 ⾼⽔、佐藤

[研究の構想]

星教授
(浜松医科⼤)

梅村



研究計画
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JST創発的研究⽀援事業 (PI:⽮島秀伸)
「宇宙物理輻射輸送計算で拓く新しい⽣体医⽤光学」

(2021年度-2027年度)

＊⼤規模データストレージ
500TB ~ 1 PB 
(~10000パラメータの
輻射情報の保存)

＊研究員雇⽤
（データ解析、ビッグデータ）

• 輻射輸送計算コード開発
• テスト計算・コード検証
• 機械学習判定モデル作成
• コード⾼速化 (Wavelet法)
• コード⾼速化（GPU化）
• コード⾼速化（FPGA）
• 甲状腺での計算
• 脳での計算
• データベース作成
• 数値計算と計測データ⽐較の⾃動システム化

<予算計画>
(Yajima et al. 投稿中)

(Takamizu et al. 投稿中)

(Abe et al. 準備中)

OK

(Sato et al. 準備中)



大規模輻射輸送シミュレーション

*⾼速⾼精度な光線デザイン
*⼤規模並列計算が可能
（MPI+OpenMPのハイブリッド並列）

TRINITY
(Time-dependent Radiation Transfer in Near-infrared Tomography)

⽣体を1 mmの空間分解、
1 ピコ秒の時間分解で計算可能に
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新汎⽤型輻射輸送計算コード(100%オリジナルで開発)

(Yajima, Abe, Umemura, Takamizu, Hoshi, submitted to JQSRT)

Figure 3: Left panels: Propagation of beam in two-dimensional space. Upper panel shows

the result of short characteristic method and lower panel does TRINITY. The color represents

intensity at the opening angle ✓ = 56.3� from x-axis. Light panels: Distribution of energy

density along x-axis at specific y positions. Di↵erent lines represent di↵erent y positions.
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輻射輸送⽅程式



光パルス数値実験
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8チャンネル時間分解計測システム(TRS-80)による

ファントム計測

TRS-80
光ファイバ
照射: Φ＝200 µm, NA = 0.25
受光: Φ = 3 mm,  NA = 0.26

全ての計測で、１点照射－８点受光：１照射
（S)に対して８受光ファイバ(D)で光を検出

i.e., S1-D1, S1-D2,,,,,,,,,,,,,,,S8-D8の64 時間分
解波形を計測
（SD の組み合わせは次ページの図を参照）

３波長（760, 800, 830 nm)
解析は800 nm

2018/07/20

計測に用いたファントム

1. ジュラコン（ポリオキシメチレン）
40 X 40 X 180 mm
µa = 0.019/mm, µs’ = 0.86/mm (800 nm), g = unknown, n =1.48

S, 照射；D, 受光、最短SD間隔, 8 mm
計測平面：ファントム底面から、35 mm, 45 
mm, 55 mm

Figure 6: Left panel: Schematic view of a pulse experiment for phantom. S1-S8 show positions

of pulse injection. D1-D8 represent the positions of detectors. Right panel: radiation field

obtained from the radiative transfer simulation. The color shows the photon energy density

in log-scale.

near the injection point. Because of high scattering e�ciency, the trajectories

of photons are bent typically with the mean free path 1
µs(1�g) = 7.1⇥ 10�2 cm.

If there is no absorption, the typical number of scatterings in the box is ⇠

(⌧(1 � g))2 ⇠ 3.2 ⇥ 103. Thus, the box is filled with photons eventually. In

addition, even after the stop of injection, an appreciable number of photons205

are trapped due to multiple scattering processes for longer time than the light

crossing time, tcross = 4.0/c/n = 8.8 ⇥ 10�2 ns, as seen in the bottom right

panel. Thereafter, most photons gradually disappear from the box due to the

absorption or escape.

Figure 8 presents the comparison of simulation results with the experimental210

data. We find that the shape of the output signal nicely matches the experimen-

tal data. For the detectors further from the injected one, the energy peaks arrive

at later time. In addition, the full width at half maximum (FWHM) increases

with the distance from S2. For example, FWHM for D5 is �t = 1.8 ns and

0.8 ns for D1. This means that there is wider variation of photon trajectories215

(i.e., traveling time) in the case of D5.
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Figure 8: Time-resolved light signal. Each panel shows the light signal taken from di↵erent

detectors as shown Figure 6. Black solid lines represent the injected pulse. Thick gray and

red curves show the experimental data and the simulation results.

3.2. Phantom test with an absorber

If there are abnormal parts like cancer or brain ischemia for instance, the

density of hemoglobin or the redox state of cytochrome c oxidase in mitochondria

can become di↵erent from that in normal tissue. Therefore, the absorption220

coe�cient changes locally, resulting in the di↵erent signals at the surface. Here,

we test the cases with embedded abnormal media of cylinder shape over z-

direction with radius 0.25 cm in the cross-section. The abnormal medium is

located at x = 1.6 cm and y = 2.0 cm. The basic setup is the same as the

simulation in Sec. 3.1. The absorption coe�cient in the abnormal medium is225

enlarged by a factor of 3 (a), 10 (b), 30 (c), or 100 (d) from the background

tissue.

Figure 9 shows the distributions of the photon energy density at t = 1.4 ns.

As the absorption coe�cient increases, the energy densities in the abnormal

areas decrease. In the case (d), the optical depth of the abnormal medium230

is ⌧ = 22.4, and most of photons are absorbed at the depth of ⇠ 1/µa =
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各場所での検出光の波形が
計測データと⼀致

Properties of phantom

Box size 4.0 cm

µa 0.22 cm�1

µs 22.6 cm�1

g 0.62

n 1.51

Table 1: Properties of phantom made by polyurethane: µa and µs are absorption and

scattering e�ciencies, g is a anisotropy factor, and n is the refractive index.

Figure 7: x � y two-dimensional map of photon energy density at z = 2.0 cm in log-scale.

The values are normalized by the energy peak at t = 1.4 ns.
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⽣体模擬物質（ポリウレタン製）に
対するパルス照射実験との⽐較

計測データ
数値計算

計算結果：
光エネルギー
の分布



脳・甲状腺計算に向けて

8

Figure 9: Same as Figure 7 for snapshots at t = 1.4 ns, but with stronger absorption media

at x = 1.6 cm and z = 2.0 cm with a radius of 0.25 cm. The absorption e�ciencies are

increased from background media by a factor of 3 (panel (a)), 10 (panel (b)), 30 (panel (c)),

or 100 (panel (d)). The energy density is normalized by the peak value of panel (a).
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Figure 11: Same as figure 7, but with a vacuum hole at x = 1.6 cm and z = 2.0 cm with a

radius of 0.5 cm. The energy density is normalized by the peak value at t = 1.4 ns.
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強い吸収体
(動脈などの⾎管）

屈折率の変化
(気道など）

1

光ファイバホルダと計測部位

Mimura et al. Biomed. Opt. Express in submission テスト計算結果

MRIより構造抽出
(星教授より提供) ⽣体に向けたコード改良



計算高速化 (Wavelet法+GPU化)

Wavelet法
⾓度分解能を⾃動的かつ局所的に最適化
（計算メモリを激減、計算の⾼速化）
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Abe et al. in prep.
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計算高速化 (Wavelet法+GPU化) Abe et al. in prep.

要求メモリ約5分の1
計算時間はGPUとwaveletを組み合わ
せれば約10倍程度早くなる
→ 10000パラメータのデータ構築へ

• GPU版TRINITYコードも開発済み
• CPUコードに⽐べて~6-7倍程度の⾼速化に成功

• ボトルネックは通信部分 (40%程度を占める) CPU (@TRINITY): 
Intel Xeon Gold 6140
(18 core)

1 GPU/CPUあたりの計算規模を323 meshに固定、300 stepの計算時間を⽐較



光⾳響波を⽤いた⼈の⼿
の⾎管の画像
Canon(http://www.canon.com/tech
nology/future/index.html)

光音響トモグラフィ

近⾚外光と⾳波を組み合わせた診断法

⾳波近⾚外光

波動⽅程式(⾳の伝播)

これをCIP法(３次精度)で
数値的に解く

＊光イメージングのみよりもさらに深部を
調べられる

＊⾎管・⾎流の画像化に強い
（脳虚⾎、薬剤輸送）

＊条件によっては細胞レベルの可視化

佐藤⼤樹さん(M2)
修⼠論⽂予定
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まとめ
＊⼟台となる輻射輸送計算コードはほぼ完成した
＊Wavelet法+GPU化によって10倍程度の⾼速化、低メモリ化
＊光⾳響波シミュレーションも可能となった

今後
＊甲状腺・脳などの複雑な部位への適⽤
＊光イメージング・光⾳響のお互いの⻑所・短所、組み合わせ
の効果について定量評価

＊FPGA化
＊ビッグデータ処理について


