
発表内容，テキスト，画像などの 
無断転載・無断使⽤を固く禁じます

Unauthorized copying and replication of the contents of 
this presentation, text and images are strictly prohibited.

実⽤先進リハビリテーション研究会
藤⽥医科⼤学 保健衛⽣学部 リハビリテーション学科

⾕川広樹 RPT, DMSc 

臨床指向的歩⾏分析の基礎

実⽤先進カンファランス2021 
「歩⾏分析のイロハから最先端研究まで」

臨床における歩⾏評価
量的な歩⾏評価 
 歩⾏の⾃⽴度(介助量)を順序尺度で表す指標 
  Functional Ambulation Category, Functional Independence Measureなど 

 運動性能(速度や持久性)を数値で表す指標 
  10m歩⾏速度，6分間歩⾏距離など 

     歩⾏能⼒の全体像を表すことに優れている 
     歩⾏障害の原因や介⼊⽅法にはつながりにくい 

質的な歩⾏評価 
 歩⾏パターン(歩容) 
  運動学的 ：重⼼位置，関節⾓度 
  運動⼒学的：筋電図，床反⼒，関節モーメント 
 分析⼿法 
  観察による定性的な歩⾏分析 
  機器による定量的な三次元歩⾏分析 

     歩⾏再建に役⽴てようとした場合，運動学・運動⼒学的評価が重要

歩⾏分析の深い溝

運動パターン(歩容)分析 
＝視診による運動学的観察 
 “中等度の分回し歩⾏” 

研究分野
• 運動学的分析 ：三次元動作分析装置 
• 運動⼒学的分析 ：床反⼒計 
• 筋電図分析 ：筋電図 
• エネルギー代謝分析 ：呼気ガス分析装置 
• 神経⽣理学的分析 ：近⾚外分光法

臨床現場

臨床の需要 
・異常歩⾏の理解 
・歩⾏再建の効率化 
・治療効果検証 
・転倒予防 

Vicon®

信頼性の問題
視診(観察)で評価

三次元歩⾏分析が臨床活⽤されない理由

1) ⾃⽴歩⾏が計測対象の条件 
2) 広い専有空間の確保 
3) 1施⾏で2,3歩分のデータ  
4) 計測と解析の⼈的・時間的コストが⾼い 
5) 解析結果の臨床有⽤性が低い 
6) ⽬視できる≠嚥下造影検査
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15名の評価者が30名の⽚⿇痺患者のトレッドミル歩⾏のビデオ画像を観察し，異常歩⾏の
重症度を5段階で判定させた．

視診による歩⾏分析の評価者間信頼性

視診による歩⾏分析の評価者間信頼性は，経験年数が⻑くても低い
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歩⾏分析の深い溝
研究分野
• 運動学的分析 ：三次元動作分析装置 
• 運動⼒学的分析 ：床反⼒計 
• 筋電図分析 ：筋電図 
• エネルギー代謝分析 ：呼気ガス分析装置 
• 神経⽣理学的分析 ：近⾚外分光法

臨床現場

客観的/定量的/臨床指向的な歩行分析

臨床指向的 
　①時間的/空間的コストが低い 
　②得られたデータが治療に役立つ

運動パターン(歩容)分析 
＝視診による運動学的観察 
 “中等度の分回し歩⾏” 

臨床の需要 
・異常歩⾏の理解 
・歩⾏再建の効率化 
・治療効果検証 
・転倒予防 

三次元トレッドミル歩⾏分析
KinemaTracer®

1) ⼿すりや懸垂装置の併⽤で低歩⾏能⼒者の計測が可能 
2) 省スペース 
3) 定速度で多数歩の計測が可能  
4) 有線機器による同時計測が容易 
5) 直感的に理解しやすいリサジュー図形の解析が可能

Sagittal plane Coronal plane Horizontal plane
Healthy subject ( 27y/o, Male, TM speed: 5.0km/h )

リサジュー図形
Sagittal plane Coronal plane Horizontal plane

Healthy subject ( 27y/o, Male, TM speed: 5.0km/h )

リサジュー図形

Sagittal plane Coronal plane

Horizontal plane

Healthy subject ( 27y/o, Male, TM speed: 5.0km/h )
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リサジュー概観図: LOP Case: クモ膜下出⾎ 左⽚⿇痺
平地速度: 2.5km/h，トレッドミル速度: 1.8km/h



健常者(n=17)
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Case: クモ膜下出⾎ 左⽚⿇痺
平地速度: 2.5km/h，トレッドミル速度: 1.8km/h
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Case: クモ膜下出⾎ 左⽚⿇痺
平地速度: 2.5km/h，トレッドミル速度: 1.8km/h
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⽣データで作成したリサジュー図形正規化後加算平均処理を施したリサジュー図形

運動の再現性（ばらつき）運動パターン

健常者の前額⾯のリサジュー図形

リサジュー図形 直感的に歩容を理解
関節⾓度

LOP
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床反⼒

⾜圧
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歩⾏分析: Pan & Zoom
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床反⼒

⼀般運動プログラムの概念で解釈すると，両者は同⼀



トレッドミル歩⾏の健常者Grand Average
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健常者(n=148) 
 20s-60s, 1.0­5.0km/h     時間距離因⼦，関節⾓度，リサジュー図形

リファレンスデータ
異常歩⾏の定量的評価

Treadmill 
PC 
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IEEE1394 
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三次元歩⾏分析 臨床家の観察による歩⾏分析

指標案1... 
2… 
3…

1点 重度異常 
2点 中等度異常 
3点 軽度異常 
4点 ごくわずかな異常 
5点 異常なし

could become the gold standard.37 However, observational gait
analysis is the most commonly used method4–6 because instru-
mented gait analysis is not easy to apply in the clinical settings.38

In addition, there is no standardized method for observational
gait analysis.39 Therefore, we decided to compare the index
values with the results of observational assessments by experi-
enced physical therapists to evaluate the validity of the indices.
In this study, significant differences between the index values of
the healthy subjects and those of the patients were observed,
which provided evidence of known group validity. In addition,
the high correlation between the index values and the clinical
ratings supported concurrent validity. Accordingly, these results
supported construct validity for the indices for use in evaluating
abnormal gait patterns in the clinical setting.

Quantitative measurement for 10 abnormal gait patterns (four
patterns proposed here and six in our previous study17,18) can be
calculated simultaneously, as well as the index values of healthy
subjects. The quantitative degree of the patterns can be compared
between people with hemiplegia and healthy subjects. In stroke
rehabilitation, the use of these indices is important for determin-
ing the appropriate treatment and evaluating the effectiveness of
the treatment. This encourages the clinical use of quantitative gait
analysis.

There are several limitations in this study that should be
considered. The index values for the abnormal gait patterns
were compared with a five-point score assigned by experienced
physical therapists because no evaluation scales were available for
the gait patterns. When using observational gait analysis in the
clinical setting, it is necessary to define the criteria clearly for
accurate assessment of severity.40,41 Therefore, the indices can be
adopted as clear standardized criterion, which will improve the
inter-rater reliability of observational gait analysis. Another lim-
itation is that the number of markers used in the gait analysis was
smaller than that in previous three-dimensional gait analysis
studies.42 However, the use of a minimal number of markers
shortens the time required for instrumented gait analysis, which
is likely to encourage the clinical use of quantitative gait analysis.
Additionally, the patients were allowed to use a handrail and/or

brace while waking on the treadmill. If the subjects had been
limited to patients that did not use a handrail and/or brace, the
types of abnormal gait patterns that could have been observed and
the degree of the patterns would have been limited. The use of a
handrail and/or brace benefits the three-dimensional treadmill
gait analysis of patients with poor gait ability. The other limitation
is that the normal range for each index was created based on
healthy subjects when they walk at 5.0 km/h. The ages of the
healthy subjects were similar to those of the 50 people with
hemiplegia. However, the normal range for each index is thought
to change according to the age and gait velocity of healthy subjects.
The indices of the 10 abnormal gait patterns proposed here and in
our previous study include both impairments and compensatory
movements. We have compared the index values with the time
after onset in the subjects. However, no strong correlation was
observed. The large range with the time after onset is because of
the inclusion of a wide range of patients from acute to chronic
phases of stroke. This was allowed because our study aimed to
establish indices for evaluating various patterns in hemiplegic gait.
If the subjects had been limited to patients with specific time after
onset, the types of abnormal gait patterns that could have been
observed and the degree of the patterns would have been limited.
The Brunnstrom stage was added to show the patient character-
istics; however, it was not used for analysis because using a hand-
rail and/or brace could hinder the accurate understanding of the
influence of paresis severity on abnormal gait patterns. In addi-
tion, muscle spasticity and muscle strength data were not avail-
able. Further and more-detailed research to investigate the
correlation of paralysis, muscle strength, spasticity, and the use
of devices is required. In addition, identification of correlation
between the index values for the abnormal gait patterns is
necessary.

Conclusion

In this study, we performed quantitative evaluation of knee exten-
sor thrust, flexed-knee gait, insufficient knee flexion during the
swing phase, andmedial whip during gait using a simplified three-

Figure 3. Relationship between the results of the observational assessment and the index value for each gait abnormality. The X-axis indicates the median severity
rating from the three physical therapists. The Y-axis indicates the index value. The horizontal solid line in each graph indicates the mean index value in healthy
subjects. The horizontal dotted lines indicate 2SD above and below this mean value. Open circles represent the index values in people with hemiplegia.

552 N. HISHIKAWA ET AL.

臨床での有⽤性が⾼い 
異常歩⾏指標値の作成

指標：⾜関節マーカの，遊脚期25-75%時間における最外側X座標と⽴脚期 
   の25-75%時間における最内側X座標の差．

左片麻痺 健常者

外側 内側 外側 内側

L
L

分回し歩⾏
定義：⿇痺側遊脚初期〜中期に股関節外転・外旋し，遊脚中期〜終期に内転・内旋して⿇痺側下肢が  
   半円の軌跡を描くもの．

12種類の異常歩⾏を定量化
⽚⿇痺患者に特徴的な12種類の異常歩⾏を、定量的に評価するための指標を作成

⽴脚期 遊脚期
⾻盤後退 
前⾜部接地 
急激な膝関節の伸展 
膝屈曲位歩⾏ 
内側ホイップ

分回し歩⾏ 
⾻盤挙上 
⾻盤後傾 
外旋歩⾏ 
反対側の伸上り 
遊脚期の膝屈曲不全 
⾮⿇痺側への体幹側⽅移動

異常歩⾏の定量的評価

脳梗塞，右⽚⿇痺 TM速度：1.5 km/h

脳卒中⽚⿇痺に特徴的な12種類の異常歩⾏の重症度を定量化
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偏差値50 
(健常者の平均)

偏差値70 
(健常者の平均+2SD)

偏差値30 
(健常者の平均-2SD)

偏差値 = (患者の指標値­健常者の平均値)×10/SD+50

異常歩⾏の定量的評価
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機能障害と代償動作

機能障害

代償動作

右⽚⿇痺
遊脚中期の 

Toe clearance

膝屈曲 ⾻盤挙上 分回し

機能的脚⻑の短縮 
Limb shortening

機能障害 
Dysfunction

⾜背屈 反対側の伸上り

代償 
Compensation

(脚内)

代償 
Compensation

(脚外)

Toe clearanceを得るための戦略分析
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トゥクリアランス
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トゥクリアランスを得るための戦略分析

⽚⿇痺患者(裸⾜,3.0km/h)
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三次元トレッドミル歩⾏分析をルーティン化
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三次元トレッドミル歩⾏分析の年度別検査件数 FHUHp
研究・実験件数を除く
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臨床指向的歩⾏分析
臨床と研究を橋渡しするための歩⾏分析 
 客観的・定量的・臨床指向的 

  臨床指向的 
   １）時間的・空間的コストが低い 
   ２）得られたデータが治療に役⽴つ 

 三次元トレッドミル歩⾏分析 
  リサジュー図形（リサジュー外観図） 
  異常歩⾏定量化 
  トゥクリアランス分析 
  歩⾏分析レポート
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簡便かつ精緻に三次元データで記載できる 
“ペンとノートたる歩⾏分析法”

“中等度の分回し歩⾏”
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歩⾏障害の構造とその分析 

藤田医科大学医学部リハビリテーション医学I講座
向野　雅彦

歩⾏分析
歩⾏分析の⻑い歴史

Braun and Fisher, 1891 Saunders et al, 1953
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歩⾏分析の結果の有⽤性
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非麻痺側股関節

麻痺側足関節
非麻痺側足関節

麻痺側膝関節

膝関節 ⾜関節股関節

遊脚期の背屈増加

遊脚期の 
ばらつき減少

⽴脚期の過伸展減少
⽴脚期の 
伸展増加

装具なし

装具あり

非麻痺側 非麻痺側
麻痺側 麻痺側

非麻痺側

何がわかれば 
臨床上有⽤な情報となるのか

-正常なのか異常なのかわかる

-それを修正すべきかどうかがわかる

-どうすれば修正できるかがわかる

臨床の実際のアクションに繋げられる

歩⾏分析の指標

時間距離因⼦ 
ステップの距離とタイミング

運動学的指標 
⼿⾜がどう動いたか

時間因⼦ ( Temporal factor )

距離因⼦ ( Distance factor )
左側

右側

左側歩幅

右側歩幅

ストライド

0% 100%60%50%10%

両脚支
持期 左側単脚支持期 両脚支

持期

両脚支
持期 右側遊脚期両脚支

持期右側歩行周期

左側歩行周期 左側遊脚期

右側単脚支持期

左側立脚期

右側立脚期
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(c)骨盤傾斜による股関
節上方移動量
(d)外転による足部上方
移動量
(e)対側股関節上方移動
量
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時間・距離因⼦分析

距離因⼦ ( Distance factor )
左側

右側

左側歩幅

右側歩幅

ストライド

0% 100%60%50%10%

両脚支持期 左側単脚支持期 両脚支持期

両脚支持期 右側遊脚期両脚支持期右側歩行周期

左側歩行周期 左側遊脚期

右側単脚支持期

左側立脚期

右側立脚期

時間因⼦ ( Temporal factor )

•両脚支持期は20%, 単脚支持期（対側の遊脚期）と遊脚期はそれぞれ40%

•一歩行周期は成人では約1秒 

•歩幅は0.5~0.7m前後、ストライドはその二倍

筋力低下や
疼痛

(延長) 延長 短縮 延長
典型的な
時間因子の変化

歩行速度の低下

歩幅減少 歩行率減少歩行率減少（歩行率減少）典型的な
距離因子の変化

両脚支持期 障害側単脚支持期 両脚支持期障害側遊脚期

障害によって時間・距離因⼦に⾒られる変化 
歩⾏速度との密接な関係

40% 40%10% 10%

(Roth et al,1997;Chen et al,2005; 
 Fang 2012 et al;Wang et al, 2020)

疼 痛

中殿筋筋⼒

0 

2 

4 

6 

8 

10 

0.5 1.5 2.5 3.5
ope前 ENT前 ENT後1M
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：平均

歩⾏分析による治療効果の理解  
 - MIS-THA術前後の歩⾏分析 -  小桑ら、2019
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股関節症による疼痛 
廃⽤による筋⼒低下

障害側単脚⽀持時間↓、両脚⽀持時間↑

ストライド、歩⾏率の低下

歩⾏速度の低下

歩⾏分析による歩⾏障害と治療結果の理解

⼿術による疼痛の改善 
リハビリテーションによる筋⼒の改善

単脚⽀持時間延⻑、両脚⽀持時間短縮

ストライド、歩⾏率の改善

歩⾏速度の改善

遊脚時間の 
Symmetry index （絶対値）

Wang et al, 2020

ステップ⻑の 
Coefficent of variation

•⾮対称性とばらつきは歩⾏の安定性、転倒リスクと関連する
（Maki et al 1997,Hausdorff, 2001） 

•時間距離因⼦の⾮対称性とばらつきは歩⾏速度の速い軽度の
⽚⿇痺患者においても異常を⽰し、歩⾏異常指標として感度
が⾼い（Wang et al, 2020）              

N=130

時間距離因⼦の⾮対称性とばらつき



歩⾏分析の指標

時間距離因⼦ 
ステップの距離とタイミング

運動学的指標 
⼿⾜がどう動いたか
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歩容の変化：障害と代償

障害そのものによる変化 
・膝関節運動の減少 
・⾜関節運動の減少

代償に伴う変化 
・⾻盤の挙上 

・分回し 
・体幹の傾き

→ 基本的に練習によって増加、増加は善 → ⾜が上がらなければ必要 
可能であれば減らした⽅がベター
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何がわかれば 
臨床上有⽤な情報となるのか

-正常なのか異常なのかわかる

-それを修正すべきかどうかがわかる

-どうすれば修正できるかがわかる

臨床の実際のアクションに繋げられる

異常歩⾏の定量的評価
脳卒中⽚⿇痺に特徴的な12種類の異常歩⾏の重症度を定量化 

(Itoh et al 2012, Tanikawa et al 2016, Hishikawa et al 2018, Tanikawa et al 2020) 

⽴脚期 遊脚期
・⾻盤後退 

・前⾜部接地 

・急激な膝関節の伸展 

・膝屈曲位歩⾏ 

・内側ホイップ

・分回し歩⾏ 

・⾻盤挙上 

・⾻盤後傾 

・過度な股関節外旋 

・反体側の伸び上がり 

・遊脚期の膝屈曲不全 

・⾮⿇痺側への体幹の過度な側⽅移動

Itoh N et al.: Quantifi cation of gait abnormalities using Lissajous fi gures

Jpn J Compr Rehabil Sci Vol 3, 2012

82

Results

1. Index values of gait abnormalities
　The index values (mean ± standard deviation) for 
the gait abnormalities were as follows. Index values 
for circumduction were 0.78 ± 1.09 cm in healthy 
subjects and 2.96 ± 2.75 cm in hemiplegic patients. 
Index values for hip hiking were 0.26 ± 0.53 cm in 
healthy subjects and 1.73 ± 1.08 cm in hemiplegic 
patients. Index values for forefoot contact were í2.79 
± 0.64 cm in healthy subjects and í0.12 ± 1.31 cm in 
hemiplegic patients. For all indexes, the values were 
signifi cantly higher in hemiplegic patients compared 
with healthy subjects (p < 0.001). The normal ranges 
(mean ± two standard deviations) were í1.40 to +2.96 
cm for circumduction, í0.80 to +1.32 cm for hip 
hiking, and í4.07 to í1.51 cm for forefoot contact.

2. Validity of indexes for gait abnormalities
　The relationship between observational score and 
index value for each gait abnormality is shown in 
Figure 4. In observational gait analysis, the number of 

hemiplegic patients rated as normal (score 5) was 19 
for circumduction, 7 for hip hiking, and 2 for forefoot 
contact. In quantitative gait analysis, the number of 
hemiplegic patients with index values within the 
normal range was 17 for circumduction, 14 for hip 
hiking, and 4 for forefoot contact. The number of 
patients who were visually rated as normal and had 
index values within the normal range was 16 for 
circumduction, 6 for hip hiking, and 1 for forefoot 
contact. The number of patients who were visually 
rated as abnormal and had index values outside the 
normal range was 10 for circumduction, 15 for hip 
hiking, and 25 for forefoot contact. The correlation 
coeffi cients were í0.82 for circumduction, í0.64 for 
hip hiking, and í0.84 for forefoot contact. A signifi cant 
correlation was observed in all the indexes of gait 
abnormalities (p < 0.001 for all).
　The inter-rater reliability for observational assessment 
was examined. Cohen’s ț coeffi cient (for full agreement) 
ranged from 0.20 to 0.45, and the weighted ț coeffi cient 
ranged from 0.31 to 0.58 (Table 4).

Table 3. Scores for each gait abnormality.

Circumduction / Hip hiking Forefoot contact

5: No abnormality 5: Heel contact – adequate dorsifl exion
4: Minimal abnormality 4: Foot contact – inadequate dorsifl exion
3: Mild abnormality 3: Mild forefoot contact
2: Moderate abnormality 2: Moderate forefoot contact
1: Severe abnormality 1: Severe forefoot contact

Figure 4. Relationship between observational score and marker value for each gait abnormality.
The blue horizontal line is the mean value obtained from healthy subjects, and the blue shaded area is the 
normal range. Open circles represent the data on hemiplegic patients.
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Tanikawa et al. Quantitative assessment for abnormal gait patterns in hemiplegia

the trunk over the unaffected side. Thirty-four patients 
walked on the treadmill at the same speed as comfortable 
overground gait velocity and 16 patients walked at 70% 
of that speed in excessive hip external rotation.

Figure 2 shows the results of the observational ratings 
by the three raters. The mean (range) ț and w/ț was 0.42 
(0.38–0.45) and 0.50 (0.49–0.51), respectively, for retro-
pulsion of the hip, 0.30 (0.15–0.49) and 0.44 (0.30–0.62), 
respectively, for excessive hip external rotation, and 0.24 
(0.12–0.33) and 0.35 (0.24–0.51), respectively, for exces-
sive lateral shift of the trunk over the unaffected side.

The relation between the observational score and the 
index values for each gait abnormality is shown in Fig. 3. 
7KH�FRUUHODWLRQ�FRHI¿FLHQW�ZDV�í�����IRU�UHWURSXOVLRQ�RI�
WKH� KLS�� í����� IRU� H[FHVVLYH� KLS� H[WHUQDO� URWDWLRQ�� DQG�

YDOXHV�������ZHUH�FRQVLGHUHG�VWDWLVWLFDOO\�VLJQL¿FDQW��7KH�
Institutional Review Board approved this study and writ-
ten informed consent was obtained from all participants.

Results
7KHUH�ZHUH�QR�VLJQL¿FDQW�GLIIHUHQFHV�LQ�DJH��KHLJKW��DQG�
weight among the healthy subjects and the patients with 
DEQRUPDO�JDLW�SDWWHUQV��,Q�KHDOWK\�VXEMHFWV��WKH�PHDQ���6'�
index value for retropulsion of the hip, excessive hip 
external rotation, and excessive lateral shift of the trunk 
RYHU�WKH�XQDIIHFWHG�VLGH�ZDV�í������������������������DQG�
3.6 ± 1.2, respectively. Thirty-two patients walked on the 
treadmill at the same speed as comfortable overground 
gait velocity and 18 patients walked at 70% of that speed 
in retropulsion of the hip and excessive lateral shift of 

Figure 2 Histogram of the number of patients rated as normal (5), slight (4), mild (3), moderate (2), and severe (1) for each 
gait abnormality. The rating is the median rating from three experienced physical therapists.

Figure 3 Relation between the results of the observational assessment and the index value for each gait abnormality. The X 
axis indicates the median severity rating from the three physical therapists. The Y axis indicates the index value. The horizontal 
solid line in each graph indicates mean index value in healthy subjects. The horizontal dotted lines indicate 2 SD above and 
below this mean. Open circles represent the index values in hemiplegic patients.D
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Itoh et al, 2012

Tanikawa  et al, 2016

指標同士の関連性
前足部接地

急激な
膝関節の
伸展

骨盤後退 膝屈曲歩行 反対側の伸び上がり
遊脚期の
膝屈曲不全

内側
ホイップ 分回し 骨盤挙上

反対側への
体幹側方
移動

骨盤後傾 外旋

前足部接地 0.38 -0.08 0.07 0.36 0.30 0.08 0.08 0.24 0.23 0.16 0.12
急激な膝関節の伸展 0.38 0.18 -0.52 0.46 0.52 0.32 0.34 0.48 0.38 0.29 0.34
骨盤後退 -0.08 0.18 -0.13 0.31 0.38 0.19 0.22 0.32 0.38 0.36 0.15
膝屈曲歩行 0.07 -0.52 -0.13 -0.22 -0.33 -0.30 -0.32 -0.36 -0.21 -0.13 -0.21
反対側の伸び上がり 0.36 0.46 0.31 -0.22 0.59 0.30 0.32 0.32 0.48 0.35 0.28

遊脚期の膝屈曲不全 0.30 0.52 0.38 -0.33 0.59 0.46 0.44 0.64 0.66 0.67 0.48

内側ホイップ 0.08 0.32 0.19 -0.30 0.30 0.46 0.04 0.34 0.42 0.39 0.55
分回し 0.08 0.34 0.22 -0.32 0.32 0.44 0.04 0.51 0.28 0.38 0.11
骨盤挙上 0.24 0.48 0.32 -0.36 0.32 0.64 0.34 0.51 0.62 0.53 0.42

反対側への体幹側方移動 0.23 0.38 0.38 -0.21 0.48 0.66 0.42 0.28 0.62 0.54 0.38

骨盤後傾 0.16 0.29 0.36 -0.13 0.35 0.67 0.39 0.38 0.53 0.54 0.38
外旋 0.12 0.34 0.15 -0.21 0.28 0.48 0.55 0.11 0.42 0.38 0.38

n=328

r <0.4
r <0.6

指標同⼠の関連性

r > 0.6
r > 0.4

代償

膝屈曲不全により障害されたToe clearanceを代償する動き

＝

内側ホイップ

分回し歩行

骨盤挙上

　反対側への 
体幹側方移動

遊脚期の 
膝屈曲不全

反対側の伸び上がり

骨盤後傾

外旋

障害



Toe clearanceの重要性

•“つまづき”は⾼齢者の転倒の主要なリスクファクター  
        (Blake et al 1988, Berg et al 1997) 

•Toe clearanceの低下は”つまづき”の直接の原因となる

その他

意識消失
めまい つまづき

Blake et al 1988 に基づく

転倒の主な原因

Toe clearance

右⽚⿇痺
遊脚中期の 

Toe clearance

膝屈曲 ⾻盤挙上 分回し

機能的脚⻑の短縮 
Limb shortening

機能障害 
Dysfunction

⾜背屈 反対側の伸上り

代償 
Compensation

(脚内)

代償 
Compensation

(脚外)

Toe clearance は下肢短縮と代償によって得られる

Toe clearanceの構成
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向野雅彦, 松⽥⽂浩, ⾕川広樹 2017

トウクリアランス戦略: ⽚⿇痺と健常者の⽐較

0

15

30

45

60

without AFO with AFO

Toe clearance
Limb shortening
Compensatory movements

*
(mm)

n=24

代償動作

トウクリアランス

装具なし 装具あり

下肢の短縮

装具が 
Toe clearance獲得の戦略に与える影響

(Ponpipatpaiboon et al, 2018)
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装具が 
Toe clearance獲得の戦略に与える影響 歩⾏成⽴の条件

Toe clearance

歩⾏の成⽴

遊 脚 ⽴ 脚

⽴脚安定性

下肢短縮 代償運動

膝屈曲 ⾜背屈 ⾻盤挙上 分回し 伸び上がり

?

⽀持基底⾯と重⼼

重⼼は⽀持基底⾯内を動く

安定性限界：MoS (Margin of stability:Hof et al, 2005)

MoS

XCOM

COM

 V!/ g/l

推定質量中⼼： 
XCOM(extrapolated center of mass) 
重⼼+重⼼の速度/倒⽴振⼦の振動数 
≒ COMが向かう場所

•動的バランスの維持にはXCOMが⽀持基底⾯
に収まることが必要 
• バランス能⼒が良いと、XCOMから⽀持基底
⾯の外縁までの距離（MoS）が⼩さくできる

MoS: 装具の効果
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N=36

時間距離因⼦の⾮対称性とばらつき

遊脚時間の 
Symmetry index （絶対値）

Wang et al, 2020

ステップ⻑の 
Coefficient of variation

•⾮対称性とばらつきは歩⾏の安定性、転倒リスクと関連する
（Maki et al 1997,Hausdorff, 2001） 

•時間距離因⼦の⾮対称性とばらつきは歩⾏速度の速い軽度の
⽚⿇痺患者においても異常を⽰し、歩⾏異常指標として感度
が⾼い（Wang et al, 2020）              

N=130



 GAIT AND FALLS 899

 Model comparisons indicated that stride length variabil-
ity had the best fi t in the fi nal models among the seven gait 
variables, including speed ( 35 ).   

 Gait Factors 
 Factor analysis of the seven gait variables resulted in 

three factors that accounted for 82% variance in gait perfor-
mance and was similar to the factor structure in our previ-
ous study ( Table 2 ). The fi rst factor loaded heavily on speed, 
cadence, and stride length, and was termed the pace factor. 
The second factor loaded heavily on double support and 
swing, and was termed rhythm factor. The fi nal variability 
factor loaded heavily on the two gait variability variables. In 
the fully adjusted models, the variability (RR for 1  SD  in-
crease 1.067, 95% CI 1.034 – 1.099) and rhythm factors (RR 
1.099, 95% CI 1.001 – 1.226) were associated with fall rates 
but not the pace factor (RR 1.120, 95% CI 0.972 – 1.290).       

 Sensitivity Analyses 
 Injuries occurred in 46% of falls. The injurious fall rate 

was 0.23 per person-year. Women were at higher risk for 

injurious falls (RR 1.701, 95% CI 1.234 – 2.351). In the fi -
nal model, only increased stride length variability (RR 
1.128, 95% CI 1.091 – 1.170) and swing time variability 
(RR 1.011, 95% CI 1.008 – 1.105) predicted injurious falls 
( Table 3 ).     

 The continuous disability score was associated with in-
creased fall risk in univariate models ( Table 1 ) and included 
as a covariate in fi nal models. We repeated the analyses 
excluding 29 participants with disability ( 26 ). In the re-
maining 568 nondisabled participants, gait speed predicted 
fall risk in the initial (RR per 10 cm/s decrease 1.071, 95% 
CI 1.019 – 1.131) and fi nal models (RR 1.011, 95% CI 
1.001 – 1.142). Cognitive impairment may result in reduced 
recall of falls ( 37 ). Hence, we repeated the analyses ex-
cluding 35 participants with cognitive impairment (Blessed 
scores >7 or dementia). Gait speed still predicted risk for 
falls in the initial model (RR 1.082, 95% CI 1.020 – 1.134) 
and showed a trend in the fi nal model (RR 1.059, 95% CI 
0.991 – 1.131).    

 D iscussion  
 In this prospective study of a large well-characterized co-

hort of community-residing elders, quantitative gait mark-
ers were independent and strong predictors of incident falls. 
Each 10 cm/s decrease in gait speed was associated with a 
7% increased risk for falls. Participants with slow gait speed 
( � 70 cm/s) had a 1.5-fold increased risk for falls compared 
with those with normal speed. The association between gait 
speed and falls remained robust after accounting for several 
risk factors that are strongly associated with falls as well as 
traditional clinical tests of gait and balance ( 2 , 5 , 9 ). We have 
observed in our previous study that not all quantitative gait 
abnormalities have clinical correlates or the subtle clinical 
signs associated with quantitative gait dysfunction may be 
underrecognized by clinicians ( 21 ). 

 Table 2.        Factor Loading of Seven Quantitative Variables on Three 
Independent Gait Factors Rotated and Extracted by Factor Analysis *   

  Gait Variables Pace Factor Variability Factor Rhythm Factor  

  Velocity, cm/s  − 0.936  − 0.090  − 0.288 
 Stride length, cm  − 0.738  − 0.008  − 0.430 
 Cadence, steps/min  − 0.837  − 0.036  − 0.134 
 Double-support time, % 0.385 0.092 0.767 
 Swing time, %  − 0.203 0.116  − 0.900 
 Stride length variability, CV 0.180 0.912  − 0.095 
 Swing time variability, CV  − 0.071 0.924 0.056 
 Variance explained, % 33.6 24.5 24.3  

    Notes : CV = coeffi cient of variation.  
  *       Higher factor scores denote worse performance.   

 Table 3.        Quantitative Gait Markers and Risk for Falls  

  Variables Median (interquartile range) Unit Change

All Falls (model 1) * All Falls (model 2)  †  Injurious Falls  †   

 Risk Ratio 
(95% confi dence 

interval)
 p  

Value

Risk Ratio 
(95% confi dence 

interval)
 p  

Value

Risk Ratio 
(95% confi dence 

interval)
 p  

Value  

  Speed 95.10 cm/s (77.70 – 108.90) 10 cm/s decrease 1.078 (1.025 – 1.134) .003 1.069 (1.001 – 1.142) .046 1.053 (0.976 – 1.141) .249 
 Cadence 101.80 step/min (93.80 – 109.10) 10-step decrease 1.085 (0.994 – 1.184) .07 1.017 (0.983 – 1.183) .11 1.071 (0.950 – 1.211) .263 
 Stride length 112.50 cm (96.88 – 123.87) 10-cm decrease 1.095 (1.031 – 1.162) .003 1.066 (0.984 – 1.155) .118 1.001 (0.924 – 1.131) .668 
 Swing phase 36.60% (34.70 – 38.40) 10% decrease 1.503 (1.132 – 2.009) .006 1.406 (1.027 – 1.926) .034 0.900 (0.571 – 1.421) .644 
 Double-support 
 phase

26.60% (23.50 – 30.40) 10% increase 1.207 (1.082 – 1.347) <.001 1.165 (1.026 – 1.321) .018 1.031 (0.821 – 1.290) .794 

 Stride length 
 variability  ‡  

3.60% (2.48 – 5.56) 10% increase 1.086 (1.052 – 1.120) <.001 1.076 (1.030 – 1.111) <.001 1.128 (1.091 – 1.170) <.001 

 Swing time 
 variability  ‡  

5.17% (2.85 – 7.62) 10% increase 1.007 (1.005 – 1.009) <.001 1.007 (1.004 – 1.010) <.001 1.011 (1.008 – 1.015) <.001  

    Notes : Risk ratios reported in terms of unit changes in variables (see Methods section).  
  *       Model 1 is adjusted for age, sex, and years of education.  
   †        Model 2 in addition was adjusted for falls in previous year, illness index, medications, disability scores, Blessed test scores, clinical gait abnormalities, and 

unipedal stance time.  
   ‡        Variability reported as coeffi cient of variation (100 × standard deviation/mean).   
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転倒リスクと時間距離因⼦のばらつき

sensory inputs. Passive dynamics of the walking patterns

appear to be stable in the fore–aft direction, but quite
unstable in the medio-lateral direction [2, 31].

Gait variability and fall events of the CA cohort

One intriguing aspect of gait variability is its relationship to

fall risk. Many recent studies implied that this relationship

occurs in elderly walkers [18, 19, 21, 23] and in patients

with Parkinson’s disease [15, 22], Huntington’s disease
[17, 20], or cognitive impairments [7, 27, 43]. These

studies mainly investigated gait variability during self-

selected walking modes or dual-task paradigms. Fonteyn
and coworkers utilized data of patients with cerebellar

ataxia from the EuroSCA cohort and identified non-ataxic

features, such as pyramidal signs, as predictors for a higher

Fig. 2 Speed-dependent gait
variability of CA patients
(three-group comparison). The
patients are categorized
according to their reported fall
frequency (multinomial
categories: no falls vs. one fall
vs. C two falls). Boxplots (with
median, upper and lower
quartile and 0.95 boundaries)
represent the raw values of the
coefficient of variation of stride
time in section I and the areas
under the curve (AUC) of the
coefficient of variation of stride
time in section II. In both
sections, a indicates walking at
slow speed (respectively AUC
0.27–0.75 of PWS); b indicates
walking at preferred speed
(respectively AUC 0.75–1.25 of
PWS); c indicates walking at
maximally fast speed
(respectively AUC 1.25–1.75 of
PWS), and d indicates all speed
sections, only possible for the
AUC procedure (AUC
0.25–1.75). ANOVA with post
hoc Scheffé tests revealed
significant differences between
the fall groups (*p \ 0.05,
**p \ 0.01; ***p \ 0.001).
Note that the CV and AUC
values are significantly different
between the groups only for
slow and preferred walking
conditions, whereas fast
walking speeds does not reveal
any significant difference. CV
values showed significant
differences between the group
of non-fallers and the fallers.
AUC values also showed
differences between occasional
and frequent fallers. AUC area
under the curve, CV coefficient
of variation, PWS preferred
walking speed

218 J Neurol (2014) 261:213–223
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(Schniepp et al, 2013)

(Hausdorff et al, 2001)

外傷を伴う転倒との関連⼀年以内の転倒との関連

(Verghese et al, 2009)

⼩脳失調患者の転倒との関連

(Moon et al, 2015)

多発性硬化症患者の転倒リスクとの関連
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歩⾏能⼒とメカニズム

遊脚期＝単脚⽀持の
延⻑

歩⾏速度

ストライド 歩⾏率

両脚⽀持の
短縮

振り出し速度の 
増⼤

筋⼒巧緻性 感覚 可動域 ・・・

メカニズムの理解は、臨床における意思決定の基礎となる

歩⾏効率
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臨床における歩⾏分析適⽤の実際
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三次元トレッドミル歩⾏分析の流れ

KineAnalyzer3DCalculator

MotionRecorder

10m歩⾏の計測 トレッドミル歩⾏の計測（20秒）

計測結果の分析
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Iliac crest marker

Hip joint marker

Knee joint marker
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Toe marker
(5th Metatarsal head)
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歩⾏分析の臨床活⽤事例
10歳代，男性

診断名：脳出⾎（左⽚⿇痺） 既往歴：なし
病前の状態：ADLおよび社会⽣活⾃⽴

PT経過

ROMex.

筋⼒増強ex. 起⽴・⽴位ex.

歩⾏ex.
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電気刺激療法
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・経時変化（練習の効果）
・短下肢装具の効果

歩⾏分析の活⽤

歩容の経過
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時間・距離因⼦
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トウクリアランス獲得戦略の分析
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まとめ

• 臨床における三次元動作解析装置を活⽤した歩⾏分析の適⽤の
⼀例を紹介した． 

• 10m歩⾏で算出できるのは歩⾏速度，歩⾏率，ストライドのみ
であり，それ以上の客観的評価はできない． 

• 客観的な歩⾏分析は，患者の歩⾏を正確に評価し，介⼊⽅法や
介⼊効果を議論するために有⽤なツールである． 

• 客観的なデータに基づいた議論を重ねることが，リハビリテー
ション医療の質の向上につながる．
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歩⾏分析のイロハから最先端研究まで 

歩行分析の新たな展開
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FHURで開発された歩⾏分析
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膝屈曲

足背屈(-)

LSによる 
短縮上昇

代償合計

骨盤挙上

伸び上り

下肢外転
骨盤挙上

伸び上り

LSによる 
短縮上昇

代償合計膝屈曲

足背屈(-)

Toe Clearance Measure

Toe Clearance Measure

USB

Camera: 
OptiTrack V120: Trio

•Number of Marker: 4 (Hip & Toe) 
•Non-calibration 
•Non-3D Image Processing 
•Real-time analysis 
•Toe clearance & LS analysis 
•Step length & Cadence

•Camara: 3 
•Sampling frequency: 120Hz 
•Size: w584 × h41 × d51mm 
•Visual field (3m) : W2.61 × H2.36m 
•Connecting: USB

CCD Camera

Limb Shortening

Toe clearance

Treadmill

PCUSB

3m

TCMの検査の流れ 検査時間 5min
1.カメラの設置とPCへの接続

2.患者へのマーカの貼着

直径8mmの反射マーカ

貼着部位 (計6箇所) 
• 上前腸⾻棘×2 
• ⽖先×2 
• 膝関節内側×2

マーカ数のカスタマイズも可

3.座位にて基本姿勢撮影

4.歩⾏計測 歩⾏時間の⽬安: 10-20sec

5.検査結果出⼒ 3D処理不要



健常者による模擬異常歩⾏の検査

正常歩⾏ vs 模擬異常歩⾏

⿇痺側

Toe clearance Measure 今後の開発
• レポート機能実装 
• One step real-time analysis機能の実装

0

1

2

3

4

5

<1> <2> <3> <4> <5> <6> <7> <8> <9> <10> <11> <12> <13> <14> <15>

リアルタイム分析

右クリアランス
<1> 2.82685
<2> 2.92079
<3> 2.97714
<4> 3.47406
<5> 3.13629
<6> 3.37859
<7> 3.10167
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<1> -0.6196
<2> -0.7196
<3> -0.3874
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<5> 0.0028
<6> -0.0823
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歩⾏練習しながら歩⾏分析

Success Measure of Walk 

運動学習におけるKRとKP

結果の知識 (knowledge of result: KR) 
環境⽬標に対する⾏為の成功についての⾔語情報

Richard A. Schmidt. Motor learning and performance: from principle to practice. 1994

パフォーマンスの知識 (knowledge of performance: KP) 
運動パターンについての付加的情報

Success or Error/mistake

歩幅, 歩⾏率, ⾓度, パターン



KR: Knowledge of Resultsの歩⾏分析

•嚥下の失敗は誤嚥 
•歩⾏の失敗とは?

KPがメインの歩⾏分析
転倒: Fall
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歩⾏練習中の失敗
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回
数

装具

⽀持物

補助具

RAPS-AFO(0°固定) (3°固定) (3°-5°) (5°固定)

Q-cane(S)

※

T-cane

バンテージ

補⾼ ツイスター 0.5cm 1.0cm1.5cm

※ 装具無

GAA 4 5a

歩
数

0.44% 0.27%

⽚⿇痺症例 60代男性,  脳出⾎(左視床) TAO：28⽇

Safety Suspension
• 懸架装置を使⽤ 
• 体幹に簡易ハーネスを装着 
• 免荷は⾏わない 
• ケーブルには⼀定の緩み 
• バランスを崩した際に張⼒発⽣

SMOW: Success Measure of Walk

10m

無線張⼒計

時間-速度計測

転倒性判断, 歩数判断

10m歩⾏分析の場合 
(TMGや6min歩⾏も検討)

他の計測と同期

腰部ハーネス
PC/PDA

安全な危険 
簡単に定量的に安全性を知る

指標: 
•歩数 
•歩⾏率 
•重複歩時間（Mean & CV） 
•転倒とインシデント回数/発⽣率

対象: 
•歩⾏ FIM 4,5,6 
•装具変更時 KAFO→AFO, etc 
⽬的:  
•KR 限界難度を知る. 
•距離·速度負荷 
•同期画像でKP

SMOW本体 
(張⼒計とBluetooth)

Safety Suspension
安全懸架装置

臨床指向的とは治療に役⽴つこと

SMOW
TCM
KinemaTracer

KR: 結果の情報 
‣難易度設定

KP: 運動学的情報 
‣異常の直感的理解 
‣障害構造の把握

歩⾏練習の精緻化

歩行障害

治療の効果判定 治療⽅針の決定
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