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(57) ABSTRACT

A real time visualization method and system for evaluating
and monitoring recovery progress of Anterior Cruciate Liga-
ment reconstructed/injured subject is provided. The method
includes receiving multiple super-imposed bio-signals from
an electromyogram (EMG) for muscles of limbs of the
patient and signals pertaining to three dimensional kinemat-
ics measurement from a motion sensor set, processing the
signals to extract wavelet features and evaluating the wave-
let features to determine the extent of rehabilitation and a
recovery classification of the patient’s limb from ACL
injury. The system includes an input interface circuit, a
processing module, a comparator module and an output
interface circuit for providing an estimate of the extent of
rehabilitation the patient’s limb from ACL injury.
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Receive data pertaining to an activity from an activity set, the
activity being performed by a patient, the data comprising multiple
super-imposed bio-signals from an electromyography (EMG) for

muscles of one or both limbs of the patient and motion-signals
/ pertaining to three dimensional kinematics measurement as
102 obtained from a motion sensor set

h 4

Process the bio-signals from the EMG sensors and the motion-
signals pertaining to three dimensional kinematics measurement to
f extract wavelet features
104

Y

Evaluate the extracted wavelet features to determine an initial
estimate of the extent of rehabilitation and the recovery
f classification of the patient’s limb from ACL injury

106

/‘

100

FIGURE 1



US 10,004,455 B2

Sheet 2 of 6

Jun. 26, 2018

U.S. Patent

uopen|eas ssaiboiy Aieacosy pue
(sulened o1osni puesa|buy julol) sonueuAg asuy|

e BT

K1oA039Y Jo abeis

oL * & O ETRTTR

zez— | I

Aipaoday jo abejusdiad

oge
{098} swi}

82 V¥Z €2 22 Lg 0T Bl 8L Ll 91 )
SNORT T A o %
=} . i’ m

b a5
Fooz &5
3 c 2
8 s & ¥
= ooy e
- P R FEEE' FEPES SRR AEL PR R RS SETE PR 02 m.
(o] 0g 1

gze (%) 8IRAS yen
/Sr 06 08 0L 09 0S5 Oy O£ 0Z OL O

o R z =

o

N
{soaubap)
2iBuy ssuy|

(%) 814D YeD
00L 06 08 O/ 09 0% OF OE 02 Ol

T AT

(sesibep)
aifiuy aauy]

vzz— |

DG I T~
JBUY Uy
(39s) swii)

BT A~ . 7
9IbUy Souy —

0cZ gie 9le

[A44

00¢g
cle
vie uns
Sieubis siosueg pajelsbaju|
Jjofuoy doeqpesjolg SSDDUIAA D[GRIBDIAA
sreubis sonsuM
80¢
usened uoheuLIOjSUR pUR
Kioaooey pue SOIWBUAC Buissenoid-ald Bleq | UONEIS|800Y Jesu g-€
asuy Jo sisAleuy Bujwiogiag 90¢
|BNSIA JO UORBIBUBD 10S5a201d eey Je[NBuy g-¢
¥0c
sieubig Jeinosnwolnsn
coe
oLe




US 10,004,455 B2

Sheet 3 of 6

Jun. 26, 2018

U.S. Patent

€ Ol

(NOLLYNTVAT SSTUD0Y AYIAODIY ANV SNYZLIVL TTOSNN STTONY LNIOT)

oce | SIOVLS AYIA0OIYH ONY SOINVNAQ 3N 40 NOILVZITVNSIA
PEE—|  SHAWMO SMIVLS AINOOIM — Zog OVEQIIH018 TVNSIA HO4
828 ONY STYNDIS 03SOdININS = v zie 9ke S3WV O3AIA 40 NOILOF TS 8ie
\ . /
VLVQ Q3LVHOILNI ot VHIWYO O3AIA ONISSIOOHd STWVYS 03aIA
NO a3Svd NOLLYVddd ANV'SHOSNIS
138 NYFLLVL ONINIVYEL NS SALOVRIILNI NOLLOW ONV .
SNISN NOILVMOILNI WD SSTTENIM o0e  Nx W
TYNDIS Q3XIN SSTTIIIM sl | | el
! h / mm | Lh 2
A siosusg co_uos_k\x*\ X
(ONIFHLSNTO AZZNA « $301A3a AR SO0
aNY ONINOSVd a3Svd SISATYNY LNINOJINOD 8sN LIOdILINN 1 AR b7 A
3SV0) SWSINVHOIN el | 1Y o 2=
IVdIONIMd ONISN h ¥08 M el
IN3OITIALNI ONIATddY SHALINYNVA AIANIA Z \\ - ;\ Z
$J0SUBS UOHON :
: »\ONm SIVNOIS imded-o1g ——ft=—=={}— Nv
SSAD0Ud ONIMYIN AYINDSNNOYUNAN : A
NOISIO3A LNIDITIALNI NOILVINMOS L3S N¥3LIvd aNy _
NO Qasvd NOILYWHOA VIVQ Q3LVHOILNI NOILYYI 1300V 1 | _
3Sve IDATIMONM SYOSNIS LLINW HVANIT ‘S3LVY .
UVINONY Qg Z0¢ Ty IR
3SVE IDATTIMONM NHILLYd
AYIA0D3Y ANV SOINVYNAQ HIAVT NOILLYIWHOASNV L 80¢
J3ANM 40 NOILVHINID ANV ONISSAD0UdINd VIVa YAV FHYMANVH
0 " e

uBles( Yoeqpeajoig [ensiA awl] [eay




US 10,004,455 B2

Sheet 4 of 6

¥ 'Old

Jun. 26, 2018

U.S. Patent

Mmhq_ I sieienzy smsea Wwiod eleq
<A suepew smsen |5 1
. (OISR B S0 »
P ciaes, o3| RO < NI
= o o0 2
- 08 210880 suL
it o |AFOE Wd ££787°80
- oot AL a0
0% @ & -0 B
OL¥y £ oo £
i08UBg JUEYS | L 9% UBIL L ®
(DB NN MHY sw, (OESNIAHH) B, £ 1210880 Wd L8:82°60
£508'5L LEEL6S £508°LL IBELES 3 v ox
-00Z- -oo1- |2 oo 2
-001L- -0s- | g -0 £
B g T
- 001 - 08 ¥1:00 ZiishiARld
- 002 -00L
A% 4
UMY S
410880 Wd 228280 2108180 W £8:82:90
00z~ T ooz- -
Lo % - o0 3
= -0 &
roge g - 0oL &
ony @ 007
\ TOEUEE JUEUE \ Josusg UbIYL
90 g ]
ke 4
el mE=E

\
3PeqPa3)01g |ENSIA 404 UB3IOS MIAINGYT

20v



U.S. Patent

500

Jun. 26, 2018 Sheet 5 of 6

. . 502
Input interface circuit

504 /

\\\ \\

506
Processing module
| 508
Comparator module /
g
510

Output interface circuit

\\

Figure S

US 10,004,455 B2



U.S. Patent Jun. 26,2018 Sheet 6 of 6 US 10,004,455 B2

Central Processing Unit /

Graphic Processing Unit

/ Display Unit

602

Memory /

606
/
604 Input Device
/
608
Ve
600

Figure 6



US 10,004,455 B2

1
REALTIME BIOFEEDBACK MECHANISM
AND DATA PRESENTATION FOR KNEE
INJURY REHABILITATION MONITORING
AND A SOFT REAL TIME INTELLIGENT
SYSTEM THEREOF

CROSS-REFERENCE TO RELATED
APPLICATIONS

The present application claims priority to Brunei Patent
Application No. BN/N/2014/0036, entitled “Realtime Bio-
feedback Mechanism and Data Presentation for Knee Injury
Rehabilitation Monitoring and a soft real time intelligent
system thereof” and filed on Apr. 3, 2014, the contents of
which are hereby incorporated by reference.

FIELD OF THE INVENTION

The present invention relates generally to rehabilitation
therapy systems and methods. Particularly, the present
invention relates to providing a real-time decision support-
ing tool for physiatrists, physiotherapists, clinicians and
subjects as well to evaluate and monitor the recovery
progress of ACL reconstructed/injured subjects during dif-
ferent rehabilitation activities. More specifically, the present
invention relates to devices and methods utilizing body
mounted kinematics and neuromuscular sensors coupled to
computers to record body movements for rehabilitation
therapy and real time visual biofeedback analysis. The
invention finds particular application in relation to deter-
mining a recovery progress and a status/class/level of recov-
ery of a knee joint of a patient’s limb from Anterior Cruciate
Ligament injury and it will therefore be convenient to
describe the invention in that environment. It should be
understood however that the invention may be implemented
in other environments.

BACKGROUND OF THE INVENTION

Rehabilitation following ACL injury or an ACL Recon-
struction (ACLR) is an essential part of a full recovery and
can span over several months. The rehabilitation process can
be subdivided into various statuses/classes/levels, with each
level having its own instructions, directions, rehabilitative
guidelines and functional goals. During the rehabilitation
process, the physiotherapist exercises their best professional
judgment to determine the current state of recovery and
devise appropriate treatment plan based on the same. As an
individual’s progress is variable, this treatment plan must be
individualized for optimal return to activity and hence,
accurate determination of the recovery progress and a status/
class/level of recovery become crucial.

As such, systems utilizing visual Electromyographic
(EMG) feedback are being used during rehabilitation pro-
cesses. Patients have experienced improvement in muscle
function following use of EMG feedback. However, cur-
rently marketed visual biofeedback systems provide mini-
mal information to either the clinician or patient about the
recovery progress and a status/class/level of recovery. The
feedback that is most commonly provided by these systems
is sensing strength of muscular effort and providing output
corresponding to the sensed strength.

Evaluation of progress in a rehabilitation therapy program
is problematic in part because of the small increments in the
improvement of individuals. Current rehabilitation evalua-
tion instruments and methods are not best adopted for the
desired function. Often the rehabilitation evaluation instru-
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2

ments and methods are too crude and reliance has to be
placed substantially upon what is observed by rehabilitation
clinicians. Relying extensively upon observations of the
rehabilitation clinicians makes the outcome prone to human
errors. In any event, it has not been possible to determine a
recovery progress and a status/class/level of recovery of a
knee joint of a patient’s limb from Anterior Cruciate Liga-
ment injury in real time.

In view of this problem, there remains a need to provide
a method and a system for real-time visualisation and
determination of a recovery progress and a status/class/level
of recovery of a knee joint of a patient’s limb from ACL

injury.
SUMMARY OF THE INVENTION

According to one aspect of the present invention there is
provided a real time visualization and determination method
for determining a recovery progress and a status/class/level
of recovery of a knee joint of a patient’s limb from Anterior
Cruciate Ligament (ACL) injury, comprising the steps of
receiving data pertaining to patient activity set, the data
comprising (i) multiple super-imposed bio-signals from an
electromyogram (EMG) for one or more muscles of one or
both limbs of the patient, the muscles including vastusme-
dialis, vastuslateralis, semitendinosus, biceps femoris and
gastrocnemius; and (ii) signals pertaining to three dimen-
sional kinematics measurement as obtained from a motion
sensor set; processing the signals from the EMG and the
signals pertaining to three dimensional kinematics measure-
ment to extract wavelet features; and evaluating the wavelet
features thus extracted to determine an initial estimate of the
extent of rehabilitation and a recovery classification of the
patient’s limb from ACL injury.

According to further aspect of the present invention there
is provided a real time visualization and determination
system for determining a recovery progress and status/class/
level of recovery of a knee joint of a patient’s limb from
Anterior Cruciate Ligament (ACL) injury, comprising an
input interface circuit, for receiving data pertaining to
patient activity set, the data comprising (i) signal from an
electromyogram (EMG) for one or more muscles of one or
both limbs of the patient, the muscles including vastusme-
dialis, vastuslateralis, semitendinosus, biceps femoris and
gastrocnemius; and (ii) signals pertaining to three dimen-
sional kinematics measurement as obtained from a motion
sensor set; a processing module forming part of a processor
and being in operational interconnection with the input
interface circuit, the processing module being configured to
process the signals from the EMG and the signals pertaining
to three dimensional kinematics measurement to extract
wavelet features; a comparator module forming part of the
processor for comparing the wavelet features thus extracted
with data/signals stored in a database to determine an initial
estimate of the extent of rehabilitation and a recovery
classification of the patient’s limb from ACL injury; and an
output interface circuit being in operational interconnection
with the processor for providing as an output the initial
estimate of the extent of rehabilitation the patient’s limb
from ACL injury.

The visualization system is state-of-the-art in health care
technology and provides real time quantitative feedback for
physiatrists, physiotherapists, clinicians, sports trainers and
orthopedic surgeons for monitoring the rehabilitation prog-
ress of ACL-R and/or injured subjects. The system can be
used by sports medicine centers and performance monitor-
ing and optimization centers for athletes and soldiers.
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Further preferred features and advantages of the invention
will be apparent to those skilled in the art from the following
description of preferred embodiments of the invention,
which should not be considered to be limiting of the scope
of the invention as defined in the preceding statements, or in
the claims appended hereto.

BRIEF DESCRIPTION OF THE DRAWINGS

Preferred embodiments of the present invention will now
be described with reference to the accompanying drawings.
These embodiments are given by way of illustration only
and other embodiments of the invention are possible. Con-
sequently, the particularity of the accompanying drawings is
not to be understood as superseding the generality of the
preceding description.

In the drawings:

FIG. 1 shows a flow chart of the process in accordance
with the teachings of the present invention;

FIG. 2 shows a combined scheme in accordance with an
embodiment of the present invention;

FIG. 3 shows an elaborate scheme in accordance with
another embodiment of the present invention;

FIG. 4 illustrates a combined view as may be presented by
the visualization system comprising various elements such
as video of the subject performing the exercise, one or more
individual EMG signals (in raw and/or in filtered form), one
or more superimposed bio-signals, a percentage recovery
data and a recovery stage data;

FIG. 5 illustrates a block diagram of the real time visu-
alization system in accordance with an embodiment of the
present invention;

FIG. 6 illustrates a block diagram of another real time
visualization system in accordance with yet another embodi-
ment of the present invention.

Further, skilled artisan will appreciate that elements in the
drawings are illustrated for simplicity and may not have
been necessarily drawn to scale. For example, the flow
charts illustrate the method in terms of the most prominent
steps involved to help improve understanding of aspects of
the invention. In terms of construction of device or system,
one or more components may have been represented in the
drawings using conventional symbols or using a simple
block and the drawings may show only those specific details
that are pertinent to understanding the embodiment of the
present invention so as not to obscure the drawings with
details that will be readily apparent to those or ordinary skill
in the art having benefit of the description herein.

DETAILED DESCRIPTION

For the purpose of promoting an understanding of the
principles of the invention, reference will now be made to
the embodiments illustrated in the drawings and specific
language will be used to describe the same. It will never-
theless be understood that no limitation of the scope of the
invention is thereby intended, such alterations and further
modifications in the illustrated system and such further
applications of the principles of the invention as illustrated
and described herein being contemplated as would normally
occur to one skilled in the art to which the invention relates.
It will be understood by those skilled in the art that the
foregoing general description and the following detailed
description are exemplary and explanatory of the invention
and not intended to be restrictive thereof.

Reference throughout this specification to “an aspect”,
“another aspect”, or similar language means that a particular
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feature, structure of characteristics described in connection
with the embodiment is included in at least one embodiment
of the present invention. Thus, appearances of the phrase “in
an embodiment”, “in another embodiment” and similar
language throughout this specification may, but not neces-
sarily, all refer to the same embodiment.

The terms “comprise”, “comprising”, or any other varia-
tions thereof, are intended to cover a non-exclusive inclu-
sion, such that a process or method that comprises a list of
steps does not include only those steps but may include other
steps not expressly listed or inherent to such process or
method. Similarly, one or more devices or systems or
sub-systems or elements or structures or components pro-
ceeded by “comprises . . . a” does not, without more
constraints, preclude the existence of other or additional
devices or systems or sub-systems or elements or structures
or components.

Unless otherwise defined, all technical and scientific
terms used herein have the same meaning as commonly
understood by one of ordinary skill in the art to which this
invention belongs.

Referring to FIG. 1, in accordance with one embodiment
of the present invention the method (100) for determining
extent of rehabilitation and recovery classification of a knee
joint of a patient’s limb from Anterior Cruciate Ligament
(ACL) injury, using a real-time visualization system, com-
prises the steps of receiving (102) data pertaining to an
activity from an activity set, the activity being performed by
a patient, the data comprising (i) multiple super-imposed
bio-signals from electromyography (EMG) sensors placed
on one or more muscles of one or both limbs of the patient,
the one or more muscles including vastusmedialis, vastus-
lateralis, semitendinosus, biceps femoris and gastrocnemius;
and (ii) motion-signals pertaining to three dimensional kine-
matics measurement obtained from a motion sensor set;
processing (104) the bio-signals from the EMG and the
motion-signals pertaining to three dimensional kinematics
measurement to extract wavelet features; and evaluating
(106) the extracted wavelet features to determine an initial
estimate of the extent of rehabilitation and the recovery
classification of the patient’s limb from ACL injury.

In an embodiment of the present invention, the motion-
signal pertaining to kinematics measurement comprises sig-
nals pertaining to three dimensional angular rates and three
dimensional linear acceleration obtained during the activity.
Further, the kinematics measurement comprises three
dimensional joint orientation measurements. Furthermore,
the three dimensional joint orientation measurements
include one or more of: joint flexion or joint extension; joint
abduction or joint adduction; joint rotation; and actuation
timings of different muscles for the activity.

In a particular embodiment, the input data can be various
types and can include:

3-D angular rates and 3-D linear acceleration using wire-
less motion sensors placed on shanks and thighs on
both legs, and trunk;

Raw EMG signals from vastusmedialis, vastuslateralis,
semitendinosus, biceps femoris and gastrocnemius
muscles from both legs;

Video recording for each activity monitored from front
and side of ACL-R leg; and

Linear acceleration signals from ankle of each leg for the
determination of relevant gait cycle in real time mea-
surements.

For i human test subject (S,), a complete raw input data

set (I) for one rehabilitation activity can be presented as in
equation 1:
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Eq. 1

Where K, represents the m” kinematics input feature
recorded using a motion sensor, E,, represents the n” EMG
input data recorded using electromyography unit and V,
represents r” frame of a video recording of an experiment
(trial of an activity). These input signals are used to generate
recovery status and/or visual biofeedback for each subject
after processing using custom-developed knee injury reha-
bilitation visualization system as illustrated in FIG. 2. The
kinematic input features are extracted from body-mounted
motion sensors that are used to measure the subject’s lower
extremity motion during walking and balance testing, in
terms of angular rate and linear acceleration. The 3-D
angular rates and 3-D linear accelerations are the kinematics
parameters for the input data set (1) for each subject which
is used by the embedded system developed to determine the
3-D knee joint rotational movements. In general, a set ‘K’ of
m kinematics parameters (K, K, . . ., K,) provided by s
sensors can be presented as in equation 2:

Kﬁ{an’ 8y

: gy JLO,,0,
D o 00,0,

Eq. 2

Where a,, a, and a, are linear accelerations in x, y and z axes,
respectively and w,, 0, and w, are angular rates around x, y
and z axes, respectively.

In some instances, superimposed bio-signals may be
received as direct input or may receive data other than
superimposed bio-signals as input and want to receive the
superimposed bio-signals as an output, in which case, the
method can generate a variety of superimposed bio-signals
and some are:

knee flexion/extension with each of the processed EMG

signals (envelopes) from different muscles for each
rehabilitation activity monitored;

knee abduction/adduction with each of the processed

EMG signals (envelopes) from different muscles for
each rehabilitation activity monitored; or

Knee rotation with each of the processed EMG signals

(envelopes) from different muscles for each rehabilita-
tion activity monitored.

Therefore, the electric potential generated by skeletal
muscles provide the raw EMG signals (in mV) for the input
data set (I) for each subject which are used by the knee injury
rehabilitation visualization system developed as illustrated
in FIG. 2 in order to extract useful features and determine the
neuromuscular activity of healthy/ACL-R subjects. In gen-
eral, the EMG signals (E) recorded at a given sampling rate
from n channels (i.e. n muscles) a subject for an activity can
be presented as in equation 3:

E={E,E,....E} Eq.3

By way of a non-limiting example, as illustrated in FIG.
2, the patient may be provided with wearable wireless
integrated sensor suit (200) which can provide neuromus-
cular signals (202), signals pertaining to 3-D angular rate
(204), signals pertaining to 3-D linear acceleration (206) and
kinetics signals (208). These signals are received by the
processor (210), which performs data pre-processing and
transformations. The processor (210) is able to additionally
receive biofeedback control signal (212) with which the
processor (210) compares the processed and transformed
signals and generates visual analysis of knee dynamics and
recovery pattern (214) A sample output is represented on the
extreme right hand side of FIG. 2, wherein the output
includes, one or more pictures or videos of the patient
undergoing the exercise (216, 218, 220). The sample output
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6

also includes one or more graphs that represent real time
signals as derived from the patient (222, 224) and one or
more bio-feedback control signals (226 and 228). The bio-
feedback control signals (226 and 228) refers to pattern set
during pre-injury, injury, post-injury (surgery) and post-
surgery period as well as the normal pattern to compare the
real-time signals. The bio-feedback control signals can be
signals of the healthy person to compare with the real-time
signals of the injured person so as to calculate the progres-
sion or recovery data. It is also feasible to represent the
bio-feedback control signal and the real-time signal in single
graph as shown by the fifth graph taken from the top (230).
The sample output also includes percentage recovery (232)
which is shown on a scale of 100 (any other scale can
however be adopted). The sample output furthermore
includes an indication regarding a stage of recovery (234).
While in FIG. 2, the stage of recovery is illustrated to be
shown on a scale of 4, any other suitable scale can be
adopted.

Preferably, the bio-signals are full wave rectified and low
pass filtered to generate envelope data comprising wavelet
features. More particularly, for the purposes of generating
EMG envelope data and superimposed bio-signals, the raw
EMG data for different muscles can be full wave rectified
and low pass filtered to generate linear envelopes. The linear
envelopes can provide useful information for assessing the
strength/activation of different muscles for inter- and intra-
subjects comparison. Before comparing the EMG ampli-
tude, the data were normalized for each subject using mean
value of the signal of each stride for respective muscles and
data were represented as percentage of mean. These EMG
envelopes, 3-D knee orientations and other relevant signals
are then superimposed to show in a single graph. The
superimposed bio-signals along with videos recorded during
different exercises for can be provided for visual biofeed-
back purposes. The visual biofeedback provides for moni-
toring of bio-signals based on the processed motion and
EMG data, and videos recorded during different experi-
ments. The visual biofeedback not only provides visualiza-
tion of the variations and activation patterns of kinematics
and EMG signals but it also presents the superimposition/
overlapping of both signals. Thus, the physiatrists and
physiotherapists can confirm or disconfirm the contraction
of different muscles of a subject with respect to his/her knee
orientation movements. This biofeedback can be assessed by
physiatrists, physiotherapists and clinicians and they can
modify the individual’s rehabilitation protocol and store
these pattern set for updating the recovery state of a subject
and for later performance comparison. The visual analysis
was further enhanced by recording and displaying the video
of affected lower limb for each subject during each activity.
The recorded video of lower limbs” movements can also be
shown (at slow speed with different options if required e.g.
frame by frame, forward/backward) with corresponding
knee orientations and EMG patterns to physiotherapists/
physiatrists in order to observe any alterations in the knee
dynamics for ACL-R subjects. Hence, corrective measures
and muscle conditioning can be applied by physiotherapists/
physiatrists in order to improve the recovery status of the
knee and monitoring of objective rehabilitation progress can
be used as a motivation tool for ACL-R subjects.

The method further comprises obtaining, by the real time
visualization system, linear acceleration signals and calcu-
lating gait cycles from the linear acceleration signals.

In a preferred aspect, the step of evaluating comprises
comparing the extracted wavelet features with data or sig-
nals stored in a database, wherein the data or signal stored
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in the database corresponds to data or signal obtained from
the activity being performed by one or more healthy sub-
jects; data or signal for the activity obtained for a rehabili-
tating joint of at least one other patient; data or signal for the
activity obtained for an intact joint of at least one other
patient; data or signal for the activity as obtained for a
rehabilitating joint of the same patient taken in the past; data
or signal for the activity as obtained for an intact joint of the
same patient taken in the past; and data or signal for the
activity obtained for an intact joint of the same patient taken
during the current activity.

In yet another preferred aspect, the step of comparing
comprises a step of generating a superimposed bio signal, if
the extracted wavelet features are compared with one or
more of: data or signal for the activity obtained for a
rehabilitating joint of the same patient, taken in the past; data
or signal for the activity obtained for an intact joint of the
same patient taken in the past; and data or signal for the
activity obtained for an intact joint of the same patient taken
during the current activity.

In a preferred aspect, activation timings, duration and
normalized strength of different muscles monitored for each
rehabilitation activity within same and/or different legs of an
ACL-R subject may be compared with the average of these
parameters of a group of healthy subjects.

In yet another preferred aspect, 3-D knee movements
(flexion/extension, abduction/adduction and rotation) of
ACL-R leg of the subject may be compared with anterior
cruciate ligament intact (ACL-I) of the same subject for each
rehabilitation activity.

In still another preferred aspect, 3-D knee movements
(flexion/extension, abduction/adduction and rotation) of
ACL-R leg of a subject may be compared with average 3-D
movements of healthy subjects for each rehabilitation activ-
ity.

In still another preferred aspect, the step of comparing
comprises comparing the extracted wavelet features with
clusters of data or signals stored in a database, the clusters
having been formed using a fuzzy clustering method and the
comparison with the clusters of data or signals providing an
initial estimate of the extent of rehabilitation and a recovery
classification of the patient’s limb from ACL injury.

By way of a non-limiting example, the recovery progress
of an ACL-R subject for each rehabilitation activity moni-
tored as compared to a group of healthy subject may be
expressed on percentage basis. Alternatively, the recovery
class (level/stage) of an ACL-R subject for each rehabilita-
tion activity can be provided as output in a graphical form.
Alternatively, an overall recovery class (level/stage) of an
ACL-R subject combined for all rehabilitation activities can
be monitored and shown in a graphical form. The steps
adopted by the method in doing so will be described in detail
in the following paragraphs. However, it may be noted that
apart from the above, the user can interact with a system
software tool implementing the method to tailor make the
manners of providing the output as per his/her convenience.
Also, the user can implement different methods as system
software tools for calculating the rehabilitation extent or can
modify the proposed methods to suit needs.

Referring to FIG. 3, bio-capture motion sensors (302),
EMG electrodes (304) and motion sensors (306) are located
with respect to the patient (308) and signals i.e. EMG
signals, motion sensor signals and video camera signals are
received by hardware layer (310). These signals can be
stored on a memory such as a USB device or/and Program-
mable System-on-Chip (PSoC) (312) for later use or can be
used in real time basis. The hardware layer derives 3-D
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angular rates, linear acceleration rates and neuromuscular
signals (314) from the EMG signals, and motion sensor
signals (316). The signals from video camera (part of 316)
are also processed by video frame processing (318) to enable
selection of video frames which can be used for the purposes
of visual biofeedback.

The 3-D angular rates, linear acceleration rates and neu-
romuscular signals (316) as derived by the hardware layer
(310) are received by the data pre-processing and transfor-
mation layer and (320) signal mixing or integration occurs.
During this process, the user can interact and control the
mixing and integration via an Interactive graphical user
interface (IGUI) (322). Once the signals have been mixed/
integrated, principal component analysis is performed to
derive parameters (324) and patterns are formed for the
multi-sensor integrated data (326).

In an off-line manner the derived parameters and inte-
grated data are used as training pattern set for training using
fuzzy logic system. Once the fuzzy logic system has been
partly trained, further training can be imparted by applying
intelligent mechanisms such as case based reasoning and
fuzzy clustering to yield a knowledge base (or a database
integrated with set of rules for the pattern set stored) (328).
The knowledge base formation is also based on intelligent
decision making process.

To enable visualization of knee dynamics and recovery
stages such as joint angle muscle patterns and recovery
pattern evaluation, the patient specific superimposed signals
(332) are compared with the superimposed signals as con-
tained in the knowledgebase (334) and based on the outcome
of the comparison; recovery stage and progress of recovery
are provided to the user (330).

Recovery Progress Indicator:

By way of illustration, in order to assess the recovery
progress of a particular individual after ACL reconstruction,
a numerical value can be computed that correlates to devia-
tion of an ACL-R subject’s data from the normal/healthy
ambulation and postural control data. By way of a non-
limiting example, the percentage of recovery progress score
(R,) for each activity i (i=1 . . . 5) can be calculated as

follows:
1 1
Ry = —|x100 M
1+ axdisi(Cy,, Cg,)
- g . . .
where Cp and Cj are n-dimensional vectors, representing the

cluster center for healthy subjects for an activity and the
transformed vector of average values of parameters for an
activity for a new ACL-R subject, respectively, and o is a
positive constant. R, can provide an approximate percentage
of recovery progress for an ACL-R subject. The dist was
computed using the Mahalanobis distance (2) which is a
better distance measure for pattern recognition problems
[78].

dist(Cgy C )V (C-Crg)5 ™ (Cay-C) @

Where S is the covariance matrix for cluster of healthy
subjects. The Mahalanobis distance was preferred over
Euclidean distance as it takes into account the covariance
among the variables in calculating distances. Thus, the
problems related to scale and correlations which are inherent
with the Euclidean distance are avoided.
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Determining the Current Stage of Recovery of a New
Subject:

In case the subject is a new subject and the method can be
still adopted to determine the current stage of recovery of
such new subject. The identification of current recovery
stage of a new subject can be done based on the given
kinematics and EMG measurements provide useful comple-
mentary information in order to make adjustments in his/her
rehabilitation process. The motion patterns, which are not
easily observable, can be captured through instruments and
used to design an automated system to distinguish the
walking or postural control parameters of subjects. An
automated identification system has been developed to
assess a new subject’s current recovery stage based on the
patterns of 3-D kinematics and neuromuscular data during
five different activities. For each activity, one classifier was
trained and tested based on the groups (clusters) formed
using fuzzy clustering technique. The classification model
was developed by using adaptive neuro-fuzzy inference
system (ANFIS). The ANFIS is a fuzzy Sugeno model that
adapts the membership function parameters using neural
network and learns from the given data set. The ANFIS
based classification was preferred over simple distance
metrics because it takes care of patterns and variations in
kinematics signals and non-stationary nature of EMG data
which may lead the recovery classification task challenging.
ANFIS has been found more useful for building models for
such inputs. It can effectively identify the stochastic changes
in bio-signals, and can also deal with the impreciseness in
measurements and variations due to subjects’ physiological
conditions as compared to only fuzzy rule based system or
simple artificial neural network techniques. The ANFIS
model was trained based on the 75% of data from groups
generated during clustering and then tested on remaining
25% of data after transforming the input patterns.
Determining the Recovery Progress within the Identified
Stage

After identifying the current stage of recovery of a new
subject, a numerical value can also be computed to deter-
mine the similarity between the new subject and the average
subjects of the identified group (i.e. centroid of the group).
This information can be useful in distinguishing new sub-
jects who belong to a group but their characteristics vary
from ideal or average value of the subjects of the identified
group. The percentage of recovery within a stage (R,,,..) can
be computed similar to (1) by changing the centroid C,, with
Cyuge representing the centroid of the current stage identi-
fied for the new subject (3).

1 3
%100 ©

Rygge, = | — M
g€ |
1+ xdist{Cage;» Cr;)

Overall Recovery Evaluation:

An overall assessment of the recovery stage of a subject
can be done by combining results from individual evalua-
tions for different activities. Due to variations in a subject’s
performance during a rehabilitation activity or incomplete
information for training of the inference system (ANFIS),
different stage of recovery may be identified in each activity
for the same subject. A reliable decision fusion mechanism
should be employed in order to achieve combined accurate
results. In this study, the results of recovery stage evaluation
from five ANFIS s have been combined using Choquet
integral method. The Choquet integral is a non-linear func-
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tional defined with respect to a fuzzy measure g and its
densities. The steps for computing the fusion of evaluations
are described below.

Step 1: Let there be i=1 . . . 5 fuzzy inference systems
(ANFIS), denoted by y,, ¥5, - - - ¥s-

Step 2: Calculate the accuracy of each of the ANFIS by
using cross validation technique for each stage of recovery
stage,, stage,, . . . , stage, for each activity.

Step 3: Calculate fuzzy measure g, (degree of importance)
of each ANFIS based on its performance calculated in step
2 using (4).

{g" = Bpi, i=3 @

§d=0-Pp i=1,2,4,5

Where p, is the identification accuracy rate in the [0,1]
interval, § in interval [0,1] is a scaling factor for ANFIS s.
The selection of i=3 in (4) is based on the reliability/high
accuracy value of the third ANFIS (which is for walking
activity at speed 8 km/h).

Step 4: Compute the g, fuzzy measure by solving (5) such
that he(-1,+) and A=0.

5 ) 5)
/1+1=]_[(1+/1g‘)

i=1

Step 5: Let for k=1 . . . 4 stages of recovery, h(y,)
represent the partial evaluation of a subject A for stage k i.e.
h,(y,) indicates the certainty of the identification of subject
Ato be in stage k using the ANFIS y,. Arrange h,(y,) for each
stage k=1 4 such that h(y,)=0 and h(y,)<h
(ys)= . .. =h(y,) and then re-arrange corresponding g’s for
each stage. The values of h(y,)s were calculated using the
sub-membership generation method.

Step 6: Compute g'(A), a fuzzy measure for A, using (6)
for each stage.

{g(Al) =g 6)

A =g +gA) +Ag'g(A ), 1<is5

Step 7: Compute the Choquet integral using (7) for each
stage k=1 .. . 4.

5 @)
ex = 3 ey = he (1) g(A)

i=1

Step 8: Select the stage of recovery with the highest value
of e computed using (7) as the output (overall recovery
stage) of the fuzzy integration.

In yet another preferred aspect, the step of comparing
implements an adaptive neuro-fuzzy interface system for
comparing the extracted wavelet features with clusters of
data or signals stored in a database, to arrive at the initial
estimate of the extent of rehabilitation and the recovery
classification of the patient’s limb from ACL injury.

In another preferred aspect, the method further comprises
obtaining, by the real time visualization system, video
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signals from a video camera set, including front view video
signals and side view video signals of the joint of the
patient’s limb.

In yet another preferred aspect, the method further com-
prises depicting, by the real time visualization system, the
initial estimate of the extent of rehabilitation of the joint of
the patient’s limb from ACL injury along with the video
signals to enable acceptance or modification of the initial
estimate.

In still another preferred aspect, the method further com-
prises depicting, by the real time visualization system, the
initial estimate of the recovery classification of the knee
joint of the patient’s limb from ACL injury along with the
superimposed bio signal to enable acceptance or modifica-
tion of the initial estimate.

In another preferred aspect, the method of visualization
and determination further comprises repeating the steps for
a plurality of patient activities.

Although, not necessarily within the purview of the
claims and merely for the purposes of enabling a person to
understand, it may be noted that processing steps for the
developed hardware/software co-design architecture are
divided into main phases:

Processing during the creation/formation of knowledge
base for pattern set preparation using input data during
the learning process. This is an offline process and is
described in detail in the following paragraphs for
illustrative purposes; and

Real time data processing which produces visualization of
bio-signals and recovery status (class and percentage of
recovery). For evaluating the recovery status, the cur-
rent, actual and testing pattern set will undergo match-
ing for patterns from the knowledge base in order to
produce recovery class and percentage of recovery, and
to retain the existing pattern set or update the pattern set
or store the current, actual and testing pattern as new
pattern set for the formed knowledge base. During this
phase, randomly chosen input pattern set produces the
output using the black box/knowledge base (hidden to
end user such as surgeon, trainer, patient, etc) created
during the first phase above. This has been described in
detail in the foregoing paragraphs.

Processes for Creation/Formation of Knowledge Base

The process for creation/formation of knowledge base (or
a data pool with which comparison is done during the
working phase) comprises the following steps:

(a) Data Acquisition: After setting up the sensors, the
input signals are recorded simultaneously from all
sensors (motion and EMG). In system designing step,
upon completion of each session, the input data are
exported to data store for further processing. Moreover,
the video recordings are also done for all testing
sessions in order to store the lower limb movements
during each rehabilitation activity. In real time testing
environment, the signals are acquired and processed at
runtime.

(b) Data Processing for Motion and EMG Sensors: The
3-D knee joint orientation measurements (flexion/ex-
tension, abduction/adduction and internal/external rota-
tion) are obtained after filtering 3-D angular rates/linear
accelerations from four motion sensor units placed on
the thigh and shank segments of both legs by perform-
ing computation. The data from motion sensor placed
on trunk are also filtered and stored. The raw EMG
signals for selected lower extremity muscles are filtered
for removing the noise/motion artifacts.
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(c) Data Integration and Synchronization: The integration

of kinematics and neuromuscular data required the
synchronization of both bio-signals as these signals
were different in nature and recorded by using two
devices. The signals are time-synchronized based on
each rehabilitation activity. Data segmentation of kine-
matics and EMG signals was performed prior to feature
extraction step and then different features were com-
puted for each segment. The length of the segment
depends on the rehabilitation activity monitored (e.g.
for ambulatory activities, each gait cycle is a segment,
for balance testing activities, time based segmentation
is performed like 15 sec or 20 sec).

(d) Feature Set Computation: For each activity kinematics

(knee flexion/extension, internal/external rotations and
abduction/adduction, and 3-D trunk movements in sag-
ittal, frontal and transversal planes) and EMG features
(statistical features including maximum, minimum,
mean absolute value (MAV), standard deviation and
average power of the DWT coeflicients) are computed.
Using principal component analysis (PCA) these fea-
tures are reduced and a PCA coefficient matrix is
stored.

(e) Formation of Groups (Clusters) of Subjects: The

intention of clustering was to separate the individuals
into homogeneous groups based on the selected input
kinematics and EMG features and their performance
during different activities. Data from different subjects
(ACL-R and healthy with no knee injury reported) were
clustered and labeled using a semi-automatic process.
The assignment of data points to each cluster was based
on their similarity to each other rather than time since
ACL reconstruction. This was essential because the
sample space consisted of ACL-R subjects at different
stages of recovery and time since injury may not
directly correlate with amount of recovery for all
subjects due to multiple factors (compliance to the
rehabilitation protocol, type of surgery, age, gender
etc.). The fuzzy clustering technique was used for
partitioning the sample space (3-D kinematics and
neuromuscular patterns for each activity for all sub-
jects) and organizing the data into approximate clus-
ters. The fuzzy clustering has been adopted as opposed
to the crisp/classical clustering algorithms due to the
imprecise nature of motion and neuromuscular param-
eters. This is generally difficult in domains like recov-
ery classification or gait analysis where variations in
data are more common and one object may belong to
different groups with different degree of memberships.
Fuzzy clustering provides an effective mechanism to
deal with such uncertainties and intra- and inter-sub-
jects’ variations. Once the clusters were generated, the
groups were manually verified and labeled with the
assistance of physiotherapists and head of physical
strength and conditioning as follows; the group of
healthy subjects was identified and the label for each
group was assigned based on the distance of its centroid
from the centroid of healthy subjects’ group (C). The
centroid of each cluster (mean of the data points
weighted by their degree of belonging to the cluster)
represents the average behavior of the subjects belong-
ing to that group. If the centroid of a cluster i (C,) lie
much closer to the centroid of healthy subjects’ group,
it implies that the ACL-R subjects (data points) belong-
ing to ith group are at an advanced level of recovery
stage. In contrast, a cluster j with centroid C, much far
from C,, represents the group of ACL-R subjects (data
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points) who are partially recovered or at an early stage
of recovery. Thus, depending on the number of clusters
determined, the group labels can be assigned based on
the stage/phase of recovery from stage 1 (farthest to the
group of healthy subjects) to stage n-1 (closest to the
group of healthy subjects) with stage n representing the
group of healthy subjects and n is the total number of
clusters identified from the given data.

Hence, a knowledge base is created in order to manage the
information about the subjects’ profiles and their health/
rehabilitation conditions. It contains different types of infor-
mation including raw and processed data, domain knowl-
edge, historical data available for subjects (pre-injury, post-
injury), session data during convalescence, case library
(problem-solution pair for rehabilitation monitoring), rea-
soning and learning models (trained intelligent methods) and
other relevant data (e.g. subjects’ profiles, gender, type of
sports etc.). In general, the information in knowledge base
(KB) can be represented as in equation 4:

KB={pre_inj_I¢,post_inj_I¢,post_op_I¥ T(pre_in-

1), T(post_inj_I¢),T(post_op_I§"),S,,D,C,M,} Eq. 4

where

pre_inj_I": raw input data set (kinematics, EMG and video)
of a group of subjects “S’ for different sports activities at
pre-injury (i.e. healthy) stage for i sessions (iz1)

post_inj_IJ: raw input data set (kinematics, EMG and video)
of a group of subjects “S* for different sports activities
after ACL injury (i.e. before surgery) for j sessions (j=1)

post_op_I 5 raw input data set (kinematics, EMG and
video) of a group of subjects ‘S’ for different sports
activities after ACL reconstruction (i.e. rehabilitation after
surgery) for k sessions (k=1)

T(pre_inj_I): processed input data set (kinematics, EMG
and video) of a group of subjects ‘S’ for different sports
activities at pre-injury (i.e. healthy) stage for i sessions
(i=1)

T(post_inj_I): processed input data set (kinematics, EMG
and video) of a group of subjects ‘S’ for different sports
activities after ACL injury (i.e. before surgery) for j
sessions (j=1)

T(post_op_1): processed input data set (kinematics, EMG
and video) of a group of subjects ‘S’ for different sports
activities after ACL reconstruction (i.e. rehabilitation after
surgery) for k sessions (k=1)

S,: profile (e.g. gender, age, weight, height, type of injuries,
sports activities etc) of p subjects

D: domain knowledge (e.g. type of protocols followed for
ACL-R subjects, local/standard norms for different ACL
rehabilitation activities etc.)

C: case library consisting of problem-solution pairs (pro-
cessed input, rehabilitation procedure followed, outcomes
and possible suggestions) related to individuals or differ-
ent group of subjects

M, trained intelligent models for each activity t to be
monitored

Utilization of Data Transformation Formatted (Groups)

Clusters and Application of Data Transformation Tech-

niques:

During the real-time processing phase the method applies
apply data transformations and uses the formed clusters in
an intelligent manner. Particularly, PCA coeflicient matrix
from knowledge base (as stored during the future set com-
putation stage) is applied to the kinematics and EMG data of
current test subject in real time and the result is used for
evaluating the recovery status and progress thereby, intelli-
gently utilizing data transformations.
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The recovery progress and the status/class/level of recov-
ery for each subject are generated at real time by using the
formed clusters and trained intelligent methods and metrics
which are stored in the knowledge base. Thus the output is
generated as recovery status/class/level and the progress of
recovery of an ACL-R subject as compared to the group of
healthy subjects using equation (1) and within the identified
class using equation (3).

It may be preferred that the physiatrists, physiotherapists
or the clinicians may be interested in viewing a combined
snapshot and in which case, the output can include within a
single window one or more the signals as captured, one or
more of signals post processing and one or more conclu-
sions. Referring to FIG. 4, it can be seen that a single output
window (400) can be configured to contain the video signals
(402) thus captured of the subject during exercise, one or
more raw signals (from EMG and/or other sensors) (404,
406), one or more processed signals (408, 410) (including
one more superimposed bio-signals (412, 414, 416) and one
or more initial estimations of the extent of rehabilitation and
a recovery classification of the patient’s limb from ACL
injury (418).

Coming to the system perspective, as illustrated in FIG. 5,
the real-time visualization system (500) comprises an input
interface circuit (502), for receiving data pertaining to
activity set, the activity being performed by patient, the data
comprising (i) bio-signals from an electromyography
(EMG) sensors placed on one or more muscles of one or
both limbs of the patient, the one or more muscles including
vastusmedialis, vastuslateralis, semitendinosus, biceps
femoris and gastrocnemius; and (ii) motion-signals pertain-
ing to three dimensional kinematics measurement as
obtained from a motion sensor set; a processing module
(506) forming part of a processor (504) and being in
operational interconnection with the input interface circuit
(502), the processing module (506) being configured to
process the bio-signals from the EMG and the motion-
signals to extract wavelet features; a comparator module
(508) forming part of the processor (504) for comparing the
extracted wavelet features with data or signals stored in a
database to determine an initial estimate of the recovery
progress and the class of recovery of the knee joint of the
patient’s limb from ACL injury; and an output interface
circuit (510) being in operational interconnection with the
processor (504) for providing as an output the initial esti-
mate of the recovery progress and class of recovery of the
knee joint of the patient’s limb from ACL injury.

In a preferred aspect of the invention, the input interface
circuit further receives video signals from a video camera
set, including front view video signals and side view video
signals and provides the same to the processing module of
the processor.

In another preferred aspect of the invention, the output
interface circuit depicts the initial estimate of the extent the
recovery progress and the class of recovery of the knee joint
of the patient’s limb from ACL injury along with the video
signals.

In a preferred aspect of the invention, the system can
comprise of one or more sensor which provide the inputs
signals. The sensors can for example, be motion sensor
(MEMS) units, an EMG system and/or video camera. Each
of the MEMS units, EMG system and the video camera can
be adapted to transfer data there-from either using wireless
technology or using a wired connection, with wireless data
transfer being a preferred mode of data transfer.

While the real-time visualization system is said to be
comprised of 4 elements or basic blocks, the 4 elements
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basic blocks can be further subdivided and/or the system can
include additional elements/basic blocks. In this regard, the
system can be comprised of many blocks nomenclature as
per the function performed by each block. For example, the
system can include:

(a) Module for data acquisition from wireless MEMS

units;

(b) Module for data acquisition from wireless EMG

system,

(c) Module for data acquisition from video camera;

(d) Motion data processing module;

(e) EMG data processing module;

(f) Visual pattern determination module;

(g) A knowledge base or a database storing the past data

and/or data from any of (a) to (f);

(h) A data integration and synchronization module which

assists in creation of superimposed bio-signals;

(1) Data transformation applying module;

(j) Envelope data and superimposed bio-signal generation

module;

(k) Module for generation visual bio feedback;

() Module for performing the comparison using clusters

other information as stored in the knowledge base;

(m) Module for determination of recovery progress and

status/class/level of recovery; and

(n) Output module for providing output to the user.

Additionally, the system can include means for obtaining
feedback from the physiatrists, physiotherapists or the cli-
nicians. The feedback could be relating to acceptance of the
results as output by the system or modifications to output or
suggestions relating to modification or suggestions enabling
the system to learn etc.

In a preferred aspect of the invention at least the process-
ing and the comparator modules can be integrated together
and form part of a single device, which for example can be
a computer system. The computer system can include set of
instructions that can be executed to cause the computer
system to perform the method as a whole or in part. The
computer system can operate as a standalone device or may
be connected e.g., using a network to other computer sys-
tems or peripheral devices.

In a networked deployment, the computer system may
operate in the capacity of a server or as a client user
computer or as a peer computer system. The computer
system can be implemented as or incorporated into various
devices such as personal computer (PC), a tablet PC, a
set-top box, a personal digital assistant (PDA), a mobile
device, a palmtop computer, a laptop computer, a control
system or any other machine capable of executing a set of
instructions that specify actions to be taken by that machine.

As illustrated in FIG. 6, the computer system (600) may
include a processor (602) e.g. a central processing unit
(CPU), a graphic processing unit (GPU), or both. The
processor may be one or more of general processors, digital
signal processors, application specific integrated circuits,
field programmable gate arrays, digital circuits, analog cir-
cuits, combinations thereof or other now known or later
developed devices for performing the aforesaid action.

The computer system (600) may include memory (604).
The memory can be main memory or a static memory or a
dynamic memory. The computer system may further include
display unit (606), such as Liquid crystal display, an organic
light emitting diode, a flat panel display, as solid state
display, a cathode ray tube, a projector, a printer or other
devices for outputting determined information.

Additionally, the computer system (600) may include an
input device (608) configured to allow a user to interact. The
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input device can be a number pad, a keyboard, a cursor
control device such as a mouse or a joystick, touch screen
display, remote control or any other device operative to
interact with the computer system.

5 The invention provides for the following advantages:

The outputs provide a feedback as supporting information

for clinicians, physiatrists, physiotherapists for observ-
ing the recovery progress of ACL-R subjects

This information can be used for

10 adjusting individual subject’s rehabilitation protocol as

per the requirements
focusing on specific recovery problem areas
performance comparison during rehabilitation stages
for each monitored activity

15 The intentions of designing this recovery assessment tool

are to help in reducing duration and cost of recovery,
and improving the rehabilitation process by providing
accurate and timely information about the subjects’
knee functionality.

20 As the present invention may be embodied in several
forms without departing from the essential characteristics of
the invention, it should be understood that the above
described embodiment should not be considered to limit the
present invention but rather should be construed broadly.

25 Various modifications and equivalent arrangements are
intended to be included within the spirit and scope of the
invention.

What is claimed is:

1. A method implemented by a real time visualization

30 system for determining extent of rehabilitation and recovery
classification of a knee joint of a patient’s limb from
Anterior Cruciate Ligament (ACL) injury, the method com-
prising the steps of:

receiving data pertaining to an activity from an activity

35 set, the activity being performed by a patient, the data

comprising:

multiple super-imposed bio-signals from electromyog-
raphy (EMG) sensors placed on one or more muscles
of one or both limbs of the patient, the one or more

40 muscles including vastusmedialis, vastuslateralis,

semitendinosus, biceps femoris and gastrocnemius;
and

motion-signals pertaining to three dimensional kine-
matics measurements obtained from a motion sensor

45 set;

segmenting the bio-signals from the EMG sensors and the

motion-signals pertaining to three dimensional kine-
matics measurement into a plurality of data segments,
wherein a length of each data segment is based on the

50 activity;

extracting wavelet features, after the segmentation, based

on the plurality data segments; and

evaluating the extracted wavelet features to determine an

initial estimate of the extent of rehabilitation and the

55 recovery classification of the patient’s limb from ACL

injury.

2. The method of claim 1, wherein the motion-signal
pertaining to the kinematics measurement comprises signals
pertaining to three dimensional angular rates and three

60 dimensional linear acceleration obtained during the activity.

3. The method of claim 1, wherein the three dimensional
kinematics measurement comprises three dimensional joint
orientation measurements.

4. The method of claim 3, wherein the three dimensional

65 joint orientation measurements include one or more of:

a. joint flexion or joint extension;

b. joint abduction or joint adduction;
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c. joint rotation; and

d. actuation timings of different muscles for the activity.

5. The method of claim 1, wherein the bio-signals are full
wave rectified and low pass filtered to generate envelope
data comprising wavelet features.

6. The method of claim 1, further comprising obtaining,
by the real time visualization system, linear acceleration
signals and calculating gait cycles from the linear accelera-
tion signals.

7. The method of claim 1, wherein the step of evaluating
comprises comparing the extracted wavelet features with
data or signals stored in a database, wherein the data or
signal stored in the database corresponds to:

a. data or signal obtained from the activity being per-

formed by one or more healthy subjects;

b. data or signal for the activity obtained for a rehabili-

tating joint of at least one other patient;

c. data or signal for the activity obtained for an intact joint

of at least one other patient;

d. data or signal for the activity obtained for a rehabili-

tating joint of the same patient, taken in the past; and

e. data or signal for the activity obtained for an intact joint

of the same patient taken in the past.

8. The method of claim 7, wherein the step of comparing
comprises a step of generating a superimposed bio signal, if
the extracted wavelet features are compared with one or
more of:

a. data or signal for the activity obtained for a rehabili-

tating joint of the same patient, taken in the past;

b. data or signal for the activity obtained for an intact joint

of the same patient taken in the past; and

c. data or signal for the activity obtained for an intact joint

of the same patient taken during the current activity.

9. The method of claim 7, wherein the step of comparing
comprises comparing the extracted wavelet features with
clusters of data or signals stored in a database, the clusters
having been formed using a fuzzy clustering method based
on selected motion-signals, bio-signals, and information
based on performance of patients during different activities,
the comparison with the clusters of data or signals providing
an initial estimate of the extent of rehabilitation and a
recovery classification of the patient’s limb from ACL
injury.

10. The method of claim 9, wherein the step of comparing
implements an adaptive neuro-fuzzy interface system for
comparing the extracted wavelet features with clusters of
data or signals stored in a database, to arrive at the initial
estimate of the extent of rehabilitation and the recovery
classification of the patient’s limb from ACL injury, each
cluster being semi-automatically assigned a label represent-
ing a stage of recovery.

11. The method of claim 1, further comprising obtaining,
by the real time visualization system, video signals from a
video camera set, including front view video signals and side
view video signals of the joint of the patient’s limb.

12. The method of claim 1, further comprising depicting,
by the real time visualization system, a percentage of
rehabilitation of the joint of the patient’s limb from ACL
injury along with the video signals, wherein the percentage
is calculated based on a distance between a centroid of a
cluster generated using data of a group of healthy subjects
for the activity and a centroid of a cluster generated using the
received data of the patient for the activity.

13. The method of claim 1, further comprising depicting,
by the real time visualization system, the initial estimate of
the recovery classification of the knee joint of the patient’s
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limb from ACL injury along with the superimposed bio
signal, wherein the real time visualization system receives
one or more inputs from a user to enable modification of the
initial estimate.

14. The method of claim 1, further comprises repeating
the steps for a plurality of patient activities, wherein an
overall assessment of the recovery classification is deter-
mined by combining results from evaluations of the plurality
of patient activities.

15. A real time visualization system for determining a
recovery progress and class of recovery of a knee joint of a
patient’s limb from Anterior Cruciate Ligament (ACL)
injury, the system comprising:

an input interface circuit, for receiving data pertaining to

activity set, the activity being performed by patient, the

data comprising:

bio-signals from an electromyography(EMG) sensors
placed on one or more muscles of one or both limbs
of the patient, the one or more muscles including
vastusmedialis, vastuslateralis, semitendinosus,
biceps femoris and gastrocnemius; and

motion-signals pertaining to three dimensional kine-
matics measurements as obtained from a motion
sensor set;

a processor programmed and being in operational inter-

connection with the input interface circuit to:
process the bio-signals and the motion-signals to
extract wavelet features, the processing includes
receiving a control input from a user via an interac-
tive graphical user interface for mixing signals
derived based on the bio-signals and the motion-
signals before extracting the wavelet features;
compare the extracted wavelet features with data or
signals stored in a database to determine an initial
estimate of the recovery progress and the class of
recovery of the knee joint of the patient’s limb from
ACL injury; and
an output interface circuit being in operational intercon-
nection with the processor for providing as an output
the initial estimate of the recovery progress and the
class of recovery of the knee joint of the patient’s limb
from ACL injury.

16. The system of claim 15, wherein the input interface
circuit further receives video signals from a video camera
set, including front view video signals and side view video
signals and provides the video signals to the processing
module of the processor.

17. The system of claim 16, wherein the output interface
circuit depicts, one or more bio-signals, one or more motion
signals, one or more processed signals including one or more
superimposed bio-signals, bio-feedback control signals
referring to a pattern set during pre-injury, injury, post-
injury, and post-surgery period to compare the one or more
bio-signals, the initial estimate of the recovery progress and
the class of recovery of the knee joint of the patient’s limb
from ACL injury along with the video signals in a single
configurable output window.

18. The system of claim 15, wherein one or more feed-
backs are received for modifying a tool from a plurality of
tools implemented for determining the initial estimate.

19. The system of claim 15, wherein the recovery progress
is determined after determining the class of recovery.

20. The system of claim 15, wherein one or more feed-
backs are received for modification of the output.
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