
研究成果の概要：
　 本研究では，近赤外分光法（NIRS）を用いた絶対値計測可能な筋組織酸素濃度のイ
メージング装置を開発し，運動時における同一筋内や異なる筋について筋組織酸素濃度
分布の計測を行い，運動強度や運動様式の違いによる酸素濃度分布の変化を把握できる
ことを明らかにした．また，一般成人と運動選手を対象に足踏み込み運動時に協調して
動作する３種類の筋の酸素濃度を計測し，装置が運動時における複数の筋の同時比較や
練習効果の定量的評価に有用であることも明らかにした．さらに，実測とシミュレー
ションによる解析との比較により，NIRS計測波形を解釈する上で筋代謝モデルを用いた
解析の有用性を明らかにした．

研究分野：総合領域
科研費の分科・細目：人間医工学　　医用生体工学・生体材料学
キーワード：NIRS，近赤外分光法，組織酸素濃度イメージング，筋組織，

　スポーツ医学，リハビリテーション医学，組織代謝，シミュレーション

１．研究開始当初の背景
　近赤外分光法 (near infrared spectro-
scopy，NIRS)（体表から組織浸透性の良い近
赤外光を入射し，後方散乱光を検出して体内
組織の酸素化の程度を評価）は，無侵襲であ
り，かつ実時間性，簡便性に優れるため，脳
活動のモニタリング，リハビリテーションに
おける筋力回復診断，スポーツ科学や運動生
理学への活用など，広範な応用が期待されて
いる．また，プローブを多数配置したイメー
ジングも行われており，脳を対象とした計測

では，光トポグラフィが実用化され，乳幼児
の脳機能の発達など，臨床応用が開始されて
いる．また，運動では多数の筋が協調して動
作することから，筋を対象とするイメージン
グも試みられている．
　反面，NIRSには問題点も多い．特に筋を対
象とする計測では，臨床への普及を阻む要因
として，皮下脂肪などの介在組織の存在が測
定感度に大きく影響すること，脳と異なり，
筋肉にはヘモグロビンに加えてミオグロビン
も存在するため，測定データと筋代謝の因果
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関係が不明確であること，イメージングの時
間分解能が低く，筋の収縮・弛緩に対応した
速い時間変化を観測できないことが挙げられ
ている．
　研究代表者は，これらの問題点を解決すべ
く一貫して筋を対象に研究を実施してきてお
り，皮下脂肪の影響を考慮した筋組織酸素濃
度の定量計測法の確立し，酸素拡散系を組み
込んだ筋代謝モデルを考案して運動負荷に対
するNIRS応答波形とエネルギー代謝の因果関
係を検討するとともに，時間分解能約0.3秒
の200チャネルの筋組織酸素濃度イメージン
グ装置の試作を行ってきた．

２．研究の目的
(1)申請者らが開発してきた絶対値計測可能
な空間分解分光法を用いたイメージング
装置に改良を加え，将来の実機開発に向
けて，実用上の問題点（多点光プローブ
の装着法，画像化速度，校正法）を解決
する．

(2)運動負荷時の筋組織酸素濃度・飽和度・
消費量などの時空間測定を実施するとと
もに，筋代謝のシミュレーションモデル
による比較検証・解析も実施し，筋組織
酸素動態と筋代謝機構の因果関係を系統
的に解明する．

(3)これまでの一連の研究のまとめとして，
いかなる運動負荷様式で筋代謝の何が評
価できるかを明らかにして，筋を対象と
するNIRS計測の評価指針を得る．

３．研究の方法
(1)これまで開発してきたイメージング装置
の改良を行うとともに，筋の運動負荷応
答に関し，時間応答を主に解析する．

(2)改良したイメージング装置を用いて，同
一筋内での部位差，異なる筋の機能分担
など，時空間的な解析を行い，筋代謝の
シミュレーションも行って，いかなる運
動負荷様式で筋代謝の何が評価できるの
かを明らかにする．

４．研究成果
(1)筋組織酸素濃度イメージングに向けた装
置の改良
小型化とS/Nを考慮したプローブの最適設

計とその試作を行なった．プローブ内蔵の電
子回路は全て表面実装用の小型回路素子を用
い，シリコーンゴムでモールドした．運動時
における筋の動きの影響を受けにくくするこ
とを目的としてプローブは分離型とした（第
１図）．最大32個のプローブまで接続可能な
プローブ切替器を作製し，イメージング処理
の高速化を目指して，制御ソフトウエアの改
良を行った．　

(2)校正のための筋組織ファントムの開発
イントラリピッドと血液を用いた従来の液

体ファントムに代わり，取扱が簡便で長期使
用が可能なプラスチックファントムを試作
し，装置校正面からもイメージング装置の実
用化に向けた検討を行った．プラスチック
ファントムを空間分解分光法と時間分解法の
2法で計測・比較したところ，吸収係数値の
差異は10％以内であり，実用的精度が得られ
ることを確認した．また，プラスチックファ
ントム，液体ファントム，生体組織において
反射光強度分布をCCDカメラで撮影すること
により，光拡散近似の妥当性，空間分解分光
法による吸収係数のイメージングの妥当性等
についても確認できた．

(3)運動負荷時の筋組織酸素濃度の時間応答
解析
　開発した装置を用い，以下に述べる２種類
の筋組織酸素動態の時空間解析を行った．
　同一筋内での筋組織酸素濃度のイメージン
グとしては，一般成人を対象に，異なる運動
強度で30秒間等尺性膝伸展運動を行い，大腿
直筋(RF: rectus femoris)に16個のプローブ
を配置し，TOS（tissue oxygen saturation, 
組織酸素飽和度）の時空間変化を計測した．
プローブの配置図を第２図(a)に，測定結果
を第３図に示す．TOSは運動開始後10秒程度
で急速に低下し，運動強度によって最低値も

accuracy of measurement, photodiodes were placed at 20 mm, 25 mm and 32 mm from the 
LED to measure the slope of intensity of backscattered light from tissue. In addition, taking 
into account the steep decrease in intensity of backscattered light with increase in pathlength, 
photodiodes with total effective areas of 1.2 mm2, 2.4 (1.2 mm2 ! 2) mm2 and 17.9 mm2 were 
placed at 20 mm, 25 mm and 32 mm, respectively, from the LED.  

As shown in Fig. 1(b), the LED, photodiodes, and small-outline package low-noise 
operational amplifiers (Op-amp) (OP177, Analog Devices, USA) for current-to-voltage (I–V) 
converters were mounted on a three-layered printed circuit board (PCB). They were molded in 
room temperature vulcanizing (RTV) white silicone rubber (KE-17, Shin-etsu Chemical, 
Japan). The surface layer that is in direct contact with the skin was made of black silicone 
rubber with a frosted surface to absorb diffusing light from the skin surface. The black 
silicone rubber was prepared by adding black toner powder of a laser printer to the white 
silicone rubber.  
 

 

 

 

 

 

 

 

 

 

 

Fig. 1. A separation-type optical probe of the imaging instrument based on spatially resolved 
spectroscopy. (a) Top view (LED: light-emitting diode) and (b) cross-sectional view of a probe 
(PCB: printed circuit board). The operational amplifiers (Op-amp) were placed just behind the 

photodiodes to reduce external noise.  

 
A block diagram of the imaging instrument is shown in Fig. 2(a). The instrument consists 

of a primary control box connected to a personal computer (PC) via a PC-card, probe-
connecting boxes and optical probes. The data acquisition PC-card (DAQCard-6024E, 
National Instruments, USA), consisting of digital input/output channels (DIO), digital-to-
analog converters (DAC), and analog-to-digital converters (ADC), functions as an interface 
between the imaging instrument and the PC. The primary control box and probe-connecting 
boxes consist of the following circuits. (i) A multiplexer (MPX) array in the primary control 
box selects the corresponding wavelengths in the LED and the probe-connecting boxes. The 
MPX array in the probe-connecting box selects the corresponding probes. This selection is 
controlled by the DIO. (ii) The output of the DAC determines the illumination intensities of 
the two-wavelength LED. The light intensity of the LED was adjusted prior to the start of 
measurement to obtain an appropriate signal level of backscattered light from tissue. (iii) An 
I–V converter, placed just behind the photodiode (Fig. 1(b)), converts the current signal from 
the photodiode to a corresponding voltage level. The signal is then fed to the primary control 
box and is sent to the ADC. The total gain from the I–V converter output to the ADC is 48–54 
dB, depending on the distance of the photodiodes from the LED. 

As shown in Fig. 2(b), to reduce the number of wires, the eight probes are connected to a 
probe-connecting box (0.25 kg) and the latter is connected to the primary control box (2.0 kg) 
using flexible shielded-cable. The use of the wearable probe-connecting box enables 
measurements in which mobilization over a certain distance (~5 m) is required. 
 

第１図　試作した光プローブの構成
(a)上面図．(b)側面図

remained in a stable sitting position on a customized chair with both knees flexed at 90° of 
flexion. A leg brace was firmly strapped to the ankle of the right leg and the connector of the 
brace was connected to a strain gauge to measure the extension force at the ankle. The strain 
gauge was connected to a strain amplifier (N5901, NEC, Japan) and the output signal from the 
amplifier was displayed on an oscilloscope that was placed in front of the subject to provide 
visual feedback so that the subject could monitor and maintain the level of extension force 
during measurements. 

The spatial distribution of TOS in the rectus femoris (RF) of the right leg was measured. 
As shown in Fig. 3(a), sixteen optical probes were placed on the skin surface over the RF. The 
probes were first affixed on the RF with surgical tape (Transpore, 3M HealthCare, Japan). A 
long and flexible black bandage (Aquwrap, Aida Corp., Japan) was then wrapped around the 
thigh and over the probes to prevent displacement of the probes during exercise. Care was 
taken to ensure that no excessive pressure was applied to prevent blockage of blood flow to 
the muscle. Measurements began with the 20% MVC exercise and were followed by 
measurements with the 40% MVC and 70% MVC exercises. A 30-minute recovery interval 
was allocated between each measurement. During the rest interval, the probes and bandage 
were not removed in order to maintain the consistency of probe location and bandage pressure 
throughout measurements. 

2.5 Multi-point measurement of inter-muscular TOS  

The same subject participated in this measurement. As shown in Fig. 3(b), four probes were 
placed on the skin surfaces over the RF, the vastus lateralis (VL) and the vastus medialis 
(VM) of the right leg to measure the TOS in these muscles. The subject performed (i) 
continuous isometric knee extension (KE) and (ii) continuous isometric knee extension with 
leg press action (KELP). During KE, both knees were flexed at 90° (the angle at which the 
knee is fully extended being taken as 0°). During KELP, the knee angle of the right leg was 
maintained at about 60° of flexion [29] and the knee of the left leg was flexed at 90°. Both 
exercises were performed for 30 s at 70% MVC. The recovery time allocated between the two 
exercises was 30 min. For the measurements described in sections 2.4 and 2.5, the thickness 
of the overlying fat tissue for the measurement site was measured and its effect was corrected 
by the algorithm described in section 2.2. The thickness was measured using a B-mode 
ultrasound diagnostic apparatus with an 8-MHz ultrasound probe (SSA-320A, Toshiba Corp., 
Japan). 
 

 
 
 
 
 
 
 
 
 
 
 
 

 

Fig. 3. Arrangement of probes on measurement sites. (a) Arrangement of probes on the skin 
surface over the rectus femoris (RF) of the right leg and (b) on the skin surfaces over the RF, 
the vastus lateralis (VL) and the vastus medialis (VM) of the right leg. Intervals between center 
of measurement of the VL and center of the patella were about 10 cm and 15 cm in 
circumferential and longitudinal directions, respectively, whereas those between the VM and 
center of the patella were about 5 cm and 10 cm, respectively. The probes were placed on the 
belly of each muscle. Distances between the probes were about 2 cm and 5 cm in lateral and 
longitudinal directions, respectively. 

第２図　筋測定時の光プローブ配置図
(a)大腿直筋内の酸素濃度分布のイメージン
グ時．(b)異なる筋での筋組織酸素濃度の多
点計測時．

(b)



異なることを確認した．さらに，回復期の
TOSは酸素負債を反映した変化を示し，TOSイ
メージングが筋組織酸素化状態の時空間解析
に極めて有用であることを示す結果を得た．
異なる筋での組織酸素濃度の多点計測とし
て，一般成人を対象に，大腿部の膝伸筋群
（RF，外側広筋(VL: vastus lateralis)，内
側広筋(VM: vastus medialis)）にそれぞれ4
つのプローブを装着し，2種類の等尺性膝伸
展運動，足踏み込み運動なし(KE, Knee 
extension)，あり (KELP, Knee extension 
with leg press) を30秒間行ったときの各筋
のTOSの時空間変化を計測した．プローブの
配置図を第２図(b)に，測定結果を第３図に
示す．KEの場合は主にRFにのみTOSの低下が
見られたが，KELPの場合はVLとVMのTOSも低
下した．このように，本装置を用いて筋組織
酸素濃度の時空間解析を行うことによってわ
ずかな運動様式の違いを明瞭に把握できるこ
とを確認した．
スポーツ医学への本計測の応用と定量的評
価手法としての有用性確認のために，一般成
人と漕艇競技の運動選手を対象に，足踏み込
み運動によるVL，RFとVMの筋組織酸素濃度分
布を計測した．プローブは各筋にそれぞれ4
つずつ装着した．運動選手の血液量
（[total-(Hb)]:酸素化ヘモグロビン（[oxy-
(Hb)]）と脱酸素化ヘモグロビン（[deoxy-
(Hb)]）の和）は安静時，運動時と運動後の
各時相において一般成人より20%高かった．
また，一般成人の[oxy-(Hb)]の回復速度には
筋間の差が見られなかったが，運動選手では
VMの回復速度がVLやRFより約1.5倍速い傾向
が見られた．さらに，同じ筋同士で比較した
場合，運動選手の回復速度は一般成人より約
2倍速かった． 

(4)筋代謝モデルの構築
NIRS実測値と筋代謝の因果関係を解明する
ため，エネルギー生成系と酸素運搬系を考慮
した筋代謝モデルを用いたプログラムを作成
した．「持続」収縮運動時，「断続」収縮運
動時（収縮・弛緩を繰り返す運動）及び運動
終了後における酸素消費量の経時変化につい
て，実測とシミュレーションの結果を比較
し，酸素消費量の時間変化を忠実に再現でき
ることを確認した．このように実測もしくは
推測される酸素消費量は筋組織の局所的な酸
素消費量であり，従来測定が不可能であった
代謝量であることから，その測定の意義は大
と考える．また，実際の筋組織での計測が困
難な筋代謝の各種パラメータの変化をシミュ
レーションで推測した．その結果，「持続」
では好気的代謝系のエネルギー生成率が減少
するに伴い嫌気的代謝系の生成率が増加して
これを補うことや，「断続」ではエネルギー
生成系が筋の収縮・弛緩に対応して急速に変
化する様子が捉えられた．

(5)まとめ
以上，本研究では，NIRSを用いた絶対値計
測可能な筋組織酸素濃度のイメージング装置
を開発し，運動時における同一筋内や異なる
筋について筋組織酸素濃度分布の計測を行
い，運動強度や運動様式の違いによる酸素濃
度分布の変化を把握できることを明らかにし
た．また，一般成人と運動選手を対象に足踏
み込み運動時におけるRF，VLとVMの酸素濃度
を計測し，装置が運動時における複数の筋の
同時比較や練習効果の定量的評価に有用であ
ることも明らかにした．さらに，実測とシ
ミュレーション解析との比較により，NIRS計
測波形を解釈する上で筋代謝モデルを用いた
解析が有用であることを提示できた．

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig. 5. Examples of temporal and spatial changes in tissue oxygen saturation (TOS) in the 
rectus femoris (RF) during isometric knee extension exercise (indicated by Exerc) for 30 s at 
20%, 40% and 70% maximum voluntary contraction (MVC). The data shown in (a) were 
obtained from the proximal region of the RF (probe 3, as indicated in Fig. 3(a)) and those 
shown in (b) were obtained from the distal region (probe 14). The black arrowheads indicate 
the times that the TOS images shown in (c) were generated. (c) Selected imaging results of the 
spatial distribution of TOS in the RF during exercise at 20% (left panels), 40% (middle panels) 
and 70% MVC (right panels). From top to bottom, images obtained at 0 s (start of exercise) and 
at 10 s, 30 s (end of exercise) and 60 s after the start of exercise are shown. The pseudo-colored 
bar shows TOS values from 0% to 80% (Media 1, 0.77 MB: reproduced at 5 times faster than 
its original speed) (Media 1 large version: 3.90 MB).  

 

3.3 Multi-point measurement of inter-muscular TOS 

Typical temporal changes in TOS during KE and KELP are shown in Fig. 6(a) and 6(b), 
respectively. These data were obtained in the lateral side of the proximal region of the VL, RF 
and VM (probes 1, 5 and 9, as indicated in Fig. 3(b)). In the case of KE (Fig. 6(a)), TOS value 
in the RF rapidly decreased from 70% at rest to about 10% and reached a plateau about 10 s 
after the start of exercise, whereas TOS values in the VL and VM decreased at a lower rate 
and were significantly higher than that in the RF at the end of exercise. In contrast, in the case 
of KELP (Fig. 6(b)), TOS values in all muscles decreased to around 20% and reached a 
plateau 10–15 s after the start of exercise. 

Images showing spatial distribution of TOS are shown in Fig. 6(c). The arrangement and 
geometry of the probes allowed simultaneous measurement of four sites within each muscle. 
Differences in TOS values among the muscles, though not clearly shown in results obtained at 
the onset of exercise (0 s) (top panels), were clearly visible in the results obtained during 
exercise at 10 s (middle panels) and 30 s (bottom panels). Notable decreases in TOS values 
were detected in the RF during both exercises. As shown in the left panels of Fig. 6(c) (KE), 
TOS values in the VL and VM decreased at a slower rate and were higher than TOS in the RF 
during exercise (10 s). At the end of exercise (30 s), TOS values (spatial means ± SD) of four 
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probes in the VL, RF and VM were 50 ± 11%, 27 ± 10% and 40 ± 8%, respectively. In 
comparison, as shown in the right panels of Fig. 6(c) (KELP), TOS values in the VL, RF and 
VM were 34 ± 8%, 28 ± 9% and 27 ± 6%, respectively, at the end of exercise. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 

Fig. 6. Examples of inter-muscular temporal and spatial changes in tissue oxygen saturation 
(TOS) in the vastus lateralis (VL), rectus femoris (RF) and vastus medialis (VM). The data 
shown in (a) were obtained during continuous isometric knee extension (KE) for 30 s 
(indicated by Exerc) at 70% maximum voluntary contraction (MVC). The data shown in (b) 
were obtained during KE with leg press action (KELP) for 30 s (indicated by Exerc) at 70% 
MVC. The data shown in (a) and (b) were obtained from the lateral side of the proximal region 
of the muscles (probes 1, 5 and 9, as indicated in Fig. 3(b)). The black arrowheads indicate the 
times that the selected TOS images shown in (c) were generated. (c) Selected imaging results 
of the spatial distribution of TOS in the VL, RF and VM during KE (left panels) and during 
KELP (right panels). From top to bottom, images obtained at 0 s (start of exercise) and at 10 s, 
30 s (end of exercise) after the start of exercise are shown. The pseudo-colored bar shows TOS 
values from 0% to 80%. 

 

4. Discussion  

Unlike NIRCWS, NIRSRS enables measurement of the absolute values of hemoglobin 

concentration and TOS under the assumption that variation in s′ is much smaller than that of 

a  during measurements. The average rest values of TOS obtained in the present study (64–

75%) (Figs. 5 and 6) agree well with those measured using other NIRS instruments that 

enable simultaneous measurements of absolute values of s′ and a , such as instruments 

based on (i) NIRTRS: 71 ± 2%, 74 ± 1% [12] and 60% [14] (estimated from Fig. 1 of Hamaoka 

et al. [14]) and (ii) NIRPMS: 65 ± 5% [13]. Our rest TOS values also agree reasonably well 

with those measured using an instrument based on broadband NIRCWS: 66 ± 4% [30].  
Unlike measurement of brain oxygenation, measurement of muscle oxygenation will yield 

both the concentrations of hemoglobin and myoglobin because muscle tissues contain 
myoglobin and the absorption spectrum of myoglobin is similar to that of hemoglobin [26]. 
Seiyama et al. and Mancini et al. showed that most of the NIRS signal comes from 
hemoglobin [31, 32]. However, Tran et al. demonstrated by using 1H-nuclear magnetic 

 

第３図　 大腿直筋内の組織酸素濃度分布イ
メージングの一例．最大随意収縮（MVC）の
20%，40%，70%の強度の運動を30秒間行っ
た．(a),(b)はプローブ14で測定したTOSの時
間変化を，(c)は各運動強度での運動開始後
0,10,30,60秒後の組織酸素濃度の空間分布の
イメージング結果を表す．

第４図　 協調動作する３種類の筋（大腿直
筋，外側広筋，内側広筋）の組織酸素濃度の
測定結果の一例．(a),(b)はプローブ14での
TOSの時間変化を2種類の運動（KEとKELP，本
文参照）で比較した結果．(c)は運動開始後
0, 10, 30, 60秒後における各筋のTOSの多点
計測結果をKEとKELPで比較した結果を表す．
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