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ABSTRACT

Recording of knee vibroarthrographic (VAG) activity during activities of daily living (ADL)
can contribute to diagnose knee osteoarthritis (KOA). However, classifying KOA patients
based on knee VAG during ADL has been an elusive problem not related totknee pain.
Therefore, the aims of this study was to classify KOA patients based on 1) VAG during ADL
and 2) knee pain sensitivity and then compare their results.

The experimental procedure consisted of the recording of VAG signals during four ADLs
(over-ground gait, stairs descent, stairs ascent and sit-to-stand) from eig}Epatellar and peri-
patellar locations in 20 KOA and 20 asymptomatic participants. Pressure’pain thresholds (PPT)
were obtained from eight locations around the knee joint to.quantify pain sensitivity. A random
forest classifier was utilized to identify KOA patients based on VAG signal features and PPTs.
The most important features contributing to the classification®accuracy were determined. The
KOA patients participated in a second identical experimental session to examine the day-to-
day reproducibility.

The participants were classified with accuraey of 90%, 70%, 64% and 82% during over-ground
gait, stairs descent, stairs ascent andsit to stand, respectively. However, the accuracy of the
classifier was reduced by about 1 QZS% due to a systematic bias in the extracted features across
days. Features of the VAG signals in time and frequency domains as well as nonlinear features
were found importantly contributing towards the classification accuracy. The VAG features
extracted from the lateral side of the knee was found to be more informative than other
locations. The classification based on PPT reached 77%. Medial and proximal knee PPT points
contributed to the classification accuracy. This study showed that using multichannel VAG
signals toridentify KOA patients allows better accuracy than the use of PPTs. However, VAG

setup must be standardized to avoid day-to-day bias.
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1. Introduction

Knee osteoarthritis (KOA) is a very common disease resulting in millions of years living with
disability among affected people around the world [1]. Often excessive biomechanical
loading and inflammatory processes involving bone erosion are believed to be of the
underlying factors in the development of KOA [2]. Vibroarthrography (VAG) of the kneeis.a
technique recording the vibrations due to intra-and extra-articular movements and frictions
during joint motion [3]. VAG is of interest as it could be a new low-cost non-invasive
diagnostic tool to provide insight into the relationship between KOA and activities of daily
living [4]. With recent advances in developing miniature sensors, VAG/€an be recoded in a
multichannel setup and allow for investigating the spatial dependencies of the VAG signal
and its relationship to the underlying joint structure and pain locations [5].

It has recently been shown that common VAG signal feéatures ‘are spatially distributed non-
uniformly around the knee joint during knee flexion-exténsion movements [4]. Such a spatial
heterogeneity of the VAG signal distribution is'suggested to be the results of variations in the
internal pressure distribution applied to the eartilage and synovial fluid [6].

Most studies on VAG signal featuresshave been conducted during open chain movements not
characterizing activities of daily Qving (ADL). Closed kinetic chain exercises have been
reported to be effective in rehabilitation of KOA patients [7]. However, studying VAG
signals during closed kinetic chain movements has been an elusive problem due to movement
artefacts [4].

Even though VAG signals have been used in various studies to characterize KOA patients, it
is not clearto what extent the discriminative power of VAG signal can improve the diagnosis
beyond relatively simple clinical examinations probing altered sensory manifestations in
KQOA patients. Pain sensitization is a typical symptom of KOA, which is manifested as

increased sensitivity to mechanical, thermal, electrical and chemical stimuli [8,9]. Pressure
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5
1
2
2 1 algometry is a very common technique to assess pain sensitivity reflected in the pressure pain
Z 2 threshold (PPT) segmentally and extra-segmentally in KOA patients [10]. Similar to
273 3 multichannel VAG recordings, multiple PPT assessments allows the spatial localization and
9
1(1) 4 calculation of knee topographical pressure pain sensitivity maps [10]. A recent study has
g 5  shown that the assessment of PPTs in KOA patients is reliable over days [11] and.enables the
12 6  assessment of somatic structures sensitivity over time in KOA patients. Therefore, multiple
EZ 7 PPT assessment can also potentially be utilized to differentiate the KOA patients from
;g 8  asymptomatic individuals. -
;; 9  The aims of this explorative clinical study were 1) to examine the feasibility of utilizing a
éi 10  multichannel VAG recorder to reveal the topographical distribution of VAG features and to
25
;? 11 classify the KOA patients from asymptomatic controls'during ADLs, 2) to examine whether
28

29 12 the classification accuracy of the KOA patients based on VAG signals can reach beyond the
31 13 classification accuracy solely based on the participants pain sensitivity reflected in

33 14 topographical PPT assessments and 3) determine the day-to-day reproducibility of the

15 classification results. The fulfillment of the:aforementioned aims makes the basis of the novel
38 16  aspects of the study. In this paper, the.method section describes the characteristics of

40 17  participants and their inclusion a&l exclusion criteria, the experimental protocol and data

18  recordings including VAG signals and PPTs, the data analysis approach and the adopted

45 19  statistical methods to ¢lassify the participants. The results section presents the obtained

47 20  results in terms of classification accuracy and important features contributing towards the

49 21 classification@accuracy. Additionally, the distribution of important features across the

55 22 recorded anatomicaldocations and the day-to-day reproducibility of the results are outlined.
54 23 In the diseussion section, the results are interpreted and compared to relevant existing

56 24 literature.

25 2. Related work
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A previous study has presented a thorough systematic review of existing studies on VAG
signals to diagnose KOA patients [12]. Previous studies have successfully utilized VAG
signals from one single accelerometer to classify KOA patients and asymptomatic controls
[6,13,14] but topographical mapping is now a viable solution using multi-channel #ecordings
[15]. High accuracy in classification (>90%) of KOA patients have been achieved.in some
studies [16,17] but this has been mainly during activities with open kinetic chain [12]. Some
recent studies has shown that VAG signal characteristics may alter in KOA patients during
ADLs [15,18] but this has not shown whether that could be generalized and used to
effectively discriminate KOA patients from asymptomatic individuals. The non-uniformity of
the VAG signal features around the knee joint during ADLs;has beendndicated [15], but it is
not clear whether specific locations around the knee wete more informative to differentiate
the KOA patients from asymptomatic controls based on VAGignals around the knee joint
and which features of the VAG signal are moreimportant for this purpose.

3. Methods

3.1. Design

The study involved two groups of participants, namely, a KOA patient group (11 males and 9
females) and an asymptomatic cgqtrol group consisting of 20 asymptomatic participants (10
males and 10 females). The participants were the same as in a recent cross-sectional study only
investigating VAG signal.characteristics in KOA patients and controls during ADLs [15]. One
subject from each of the groups did not finalize the recording on the second experimental day
(see below), therefore, the analysis was performed on 19 subjects in each group. The study was
conductedaccordingto the ethical guidelines of the Helsinki Declaration and was approved by
the North, Denmark Region Committee on Health Research Ethics (VN-20160081). All
participants provided written informed consent.

3.2. Participants

Page 6 of 29
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7
1
2
2 1 The patient group was recruited from a database at the Centre for Clinical and Basic Research
5 . .
6 2 (CCBR, Aalborg, Denmark) and the asymptomatic control group was recruited from the
7
8 3 dwelling community. The diagnosis of KOA was in accordance to the American College of
9
1(1) 4 Rheumatology classification [19] and patients were clinically screened for inclusion. The
g 5  KOA patients were included if they were aged 18-80, clinically diagnosed KOA with
14
15 6  Kellgren-Lawrence grade > 2, self-reported pain during normal walking and BMI <35, no
16
17 7 use of painkillers in the 24 hours prior to experimentation. The participants in the
18
;g 8  asymptomatic control group were matched with the KOA patient group in terms of sex, body
21

22 9  height (169.0 (10.8) vs. 169.8 (9.0) cm), body mass (81.5 (13.0) vs.77.7(9.9) Kg) and BMI
24 10 (27.2 (3.2) vs. 28.1 (2.7) kg/cm?) but controls were about.four years older than the KOA

11 patients (70.3 yrs. (5.9) vs. 66.2 yrs. (5.2)). The participants in the asymptomatic control

29 12 group had neither a history of pain nor use of pain'killers 24:h*prior the test.

31 13 3.3. Experimental protocol

33 14 The participants in the KOA patient group took part in two experimental days whereas the

35 . . .

36 15 asymptomatic control group had only one e€xperimental day as the study also aimed at
37

38 16  examining the reliability of the study.outcomes in the patient group. The experiment
39

40 17 consisted of VAG recordings dur{1g several relevant activities of daily living (ADL): (i)

18 over-ground gait for 40 m, (ii)stairs descent (10 stairs), (iii) stairs ascent (10 stairs) and (iv) 5
45 19 repetitions of sit to stand movement as recommended for testing physical functions in KOA
47 20  patients [20]. The ADLs (i-iv) were performed with a counterbalanced order and carried out
21 ata self-chosén speed meaning that the participants were allowed to perform five repetitions
57 22 of sit to stand i max‘of 60 s while their arms were kept alongside their body and not used to
54 23 help the movement. The hand railing was not used during stair descent and ascent and the

56 24 task was performed at the slowest pace which was comfortable enough for the participants

250 while maintaining their balance. The subjects were barefoot except wearing their socks.
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3.4. Vibroarthrographic recording

During each of the ADLs (i-iv) mentioned above, VAG recording was carried out using a
custom-made device based on a Trentadue wireless multichannel recorder (OT Bioeletronica,
Torino, Italy), a custom 16 channel accelerometers adaptor and micro machined
accelerometers LIS344ALH (ST microelectronics, Geneva, Switzerland). The recording
chain has a sensitivity of 600 mV/g and 0-1800 Hz linear transmission. The miniature size
(8.5x7 mm) and light weighted (approx. 0.75 g) accelerometers were set to only record the
acceleration in the orthogonal direction. The measurement setup is equippeh with a band-pass
hardware filter (10-500Hz) sampling the VAG signal at 2000 Hz and.a gain of three. The data
collection was carried out by a custom script (IOIVibcorder;, Aalboerg/University, Aalborg,
Denmark) implemented in MATLAB 2016a (The MathWorks, Inc, Natick, Massachusetts,
United States). 4

The accelerometers were placed on the most painful knee'm the KOA patient group (all right
knee except one). In the asymptomatic control group, the accelerometers were placed on the
right knee except one participant to keep the knee side balanced between the two groups.
Accelerometers were attached to the'skin with double sided tape on eight significant points
on the knee joint. Four acceleronEters were placed on the patella in square form with the side
of 1-2 cm, one on the tibial tuberosity below the patella, two on the lateral and medial side of
the knee with 1-2 cm from. their respective epicondyle of femur towards the patella and
finally, one over the quadriceps tendon [4] (see figure 1(b)). The recording package was
placed in a belt bag fastened around the participants’ waist and the wires were taped to the
thigh without any.obstruction to natural movements.

3.5. Pressure pain threshold

The PPTs were assessed while the participants lied in a supine position. A handheld

algometer (type I, Somedic AB, Hoerby, Sweden) with a tip area of 1 cm?was utilized to

Page 8 of 29



Page 9 of 29

oNOYTULT D WN =

10

11

12

13

14

15

16

17

18

AUTHOR SUBMITTED MANUSCRIPT - PMEA-103512.R2

register PPTs from eight anatomical locations [11] around the most painful knee in a
randomized order (see figure 2(b)). The eight locations were: 2 cm distal to the inferomedial
and inferolateral edge of patella, 3 cm lateral to the center of the lateral edge of patella, 2 cm
proximal to the superolateral, superior and superomedial edge of patella, 3 cm medial to the
center of the medial edge of patella and on the center of patella. The entire procedure for all
participants was performed by the same examiner. The procedure involved applying a
continuous pressure with an ascending pressure gradient of 30 kPa/s until the participants felt
pain and pressed a stop button. The pressure threshold indicated the onset a"pain sensation,
was registered, and noted by the examiner as the PPT for the specifie.location. This
procedure was repeated three times and the mean value was,used for the analysis. A 1-min
resting interval was considered between the repetitions to.avoid temporal summation [21].
3.6. Data analysis 4

The VAG signals were converted into SI units'(ms ) and'digitally filtered using a band pass
FIR filter using a Kaiser window, 10-500 Hz (1453-points, beta: 5.6533). Since the VAG
signals captured during ADL were influenced by the mechanical impact of the movement
pattern (i.e. cyclic pattern of the movement), the VAG signals were adaptively filtered to
further reduce the effect of the cc){nmon components on the VAG signals due to the

movement pattern [6]. For each of the VAG signals recorded from a specific location, the rest
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Figure I a) Average maps of the spatial interpolation of extracted vibroarthrographic features in 3D. Averaged rectified value (ARV, mm.s-2), mean power frequency (MPF, Hz), form factor (FF, a.u.),
variance of means-squared (VoMS, mm4.s-8), % of recurrence (%REC), and % of determinism (%DET) of the vibroarthrographic signals recorded using eight accelerometers (depicted to the right side of

thelfigure) during activities of daily living (gait, stairs descent, stairs ascent and sit to stand) among patients with knee osteoarthritis (N = 19) and asymptomatic participants (N = 19). The interpolation was

based on aninverse.distance weighting interpolation method (inverse distance weighted interpolation [32]) and solely used for visualization purposes. b) the anatomical location of placing the

accelerometers.
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11

1

2

2 1 of'the VAG signals were used to render the reference input in a recursive least square

Z 2 adaptive filter (0=0.2 and A=0.97) [22]. The reference input was obtained based on the

273 3 synchronized averaging of the VAG signals to improve the signal to noise ratio of the

?(1) 4 common component due to the movement pattern [23]. Additionally, independenticomponent
g 5  analysis was performed to remove components causing unstable baseline [24]. The. first and
12 6 last second of the VAG signals were removed to avoid any transient effect at the beginning
EZ 7  and end of each activity. The VAG signals were analyzed in epochs of four seconds during
;g 8  the ADLs [14]. Six features of the signals, i.e., averaged rectified values (PTRV), mean power
21

22 9 frequency (MPF), variance of means squared (VoMS), form factor (EF);'the % of

24 10 determinism and recurrence (%DET and %REC) have beensuggested reflecting the

26 11 characteristics of the VAG signal thoroughly [12]. ARV represents the signal amplitude,

29 12 MPF is to reflect the central tendency of the frequéncy/Spectriim, VoMS and FF indicate the
31 13 relative and absolute variability of the VAG signals [ 13]and finally (%DET and %REC) are
33 14 to reflect the regularity and deterministic nature of the VAG signals [25]. Recurrent analysis
15 was performed on the Z-score of the VAG signals and it was based on portraying the signal
38 16  in a multidimensional space known as embedded space [26]. %REC quantifies how much the
40 17  trajectories of the signal in the en{bedded space recur (returns to the vicinity of past points).
18 %DET determines the fraction®f the recurrent points which constitute a deterministic

45 19 pattern. The feature of recurrent analysis have been shown to be reflecting the dynamics of
47 20  the underlying system [25]. To construct the embedding space, the embedding dimension,

49 21 delay and tolerance values were determined based on the global false nearest neighbor

55 22 approachgthe drop of auto correlation function below 0.2 and %REC minimization

54 23 optimization method, respectively [26]. As reported previously [4], an embedding dimension

56 24 of'five, the'delay of 19 ms and the tolerance of 0.2839 were found to be appropriate. As the

25+ duration of the recordings were different across subjects (self-chosen pace), out of the

11
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calculated features equal number of epochs in the middle of the activity were chosen for

conducting the statistical analysis. This resulted in eight, five, two and two epochs during the
over-ground gait, the sit to stand movement, the stairs descent and the stairs ascent,
respectively.
Asymptomatic KoA a \ b
640 o Proximal
630 Y
620
E 610
600
590 ‘ 5 Medial
580
570
560
b Distal
Figure 2 Average maps of the spatial interpolation of pressur °T, kPa) in 3D. a) PPT maps are depicted for patients
with knee osteoarthritis (KOA; N = 19) and asymptomatic part = 19). The interpolation was based on an inverse distance
weighting interpolation method (inverse distance weighted interpolati ) and solely used for visualization purposes. b) the

anatomical location of obtained PPT points.

3.7. Statistical analysis

A random forest classifier (RF QA@

on e extracted features of VAG signals. The RFC was

1zed to discriminate between KOA patients and

asymptomatic individuals

chosen due to its resi to overfitting to the training dataset [27] and its invariance to the

nd the class label. The importance of the features towards the classification accuracy was

12



Page 13 of 29 AUTHOR SUBMITTED MANUSCRIPT - PMEA-103512.R2

13
1
2
2 1 determined based a permutation test of the data points not used in the train phase of the trees
5 . .
6 2 [31]. The classification error of the RFC was tested by a leave-one-person-out approach to
7
8 3 use one participant as the test dataset and the rest of the participants as the training dataset.
9
10 4 This procedure was repeated so that all participants used as the test dataset once.
11
g 5 Additionally, to examine the reproducibility of the results across days, the error of RFC was
14
15 6  calculated with the dataset collected from KOA patients in the second experimental day. As
16
17 7 outlined in section 3.6, the VAG recording from each subject was divided into multiple
18
;g 8  epochs, since the ultimate aim was to classify the participants and not the e%ochs, each
21
22 9  participant was classified based the majority of the assigned labels of his/her epochs. A
23
24 10  similar approach was adopted to differentiate between the.subjects based on the PPTs with
25
;? 11 the minimum leaf node size of three as in this case as the number of observations in the
28 ..
29 12 dataset was the same as the number of participants andmo epoch could be defined for the
30
31 13 PPTs.
32

33 14 A Mann-Whitney U test was performed to compare the VAG signal features with an

22 15  important contribution towards the classification performance across the participant groups
37
38 16  and across experimental days in the KOA group. A similar approach was performed for the
39

40 17 important PPTs for the classiﬁcat{'on based on the PPTs. If not specified otherwise, the results
18  were presented as the mean (SD).

45 19 4. Results

47 20 4.1 Classification accuracy

49 21 The classification error for the training, the testing datasets and the second experimental day
5o 22 dataset of the KOA patients were provided (Table 1). The test error was lowest for over-

54 23 ground gait (16%) and highest for stair ascent (38%). The classification error in the second

56 24 experimental day increased for all ADLs except for stair descent but the increased error in the

25+ second day was more marked for stair ascent (50%). When the participants were classified

13
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14

based on the majority of their epochs, the classification errors of 10%, 30%, 36% and 18%
were found for over-ground gait, stairs descent, stairs ascent and sit to stand, respectively.
However, the classification error in the second experimental day was increased to 37%.,.21%;
58% and 25% for over-ground gait, stairs descent, stairs ascent and sit to stand, respectively.
The sensitivity, specificity and the area under the receiver operating characteristi¢s of the
RFC in all tested ADLs were obtained (Figure 3). The test error based on the PPTs was 23%
(42%) and the in the second experimental day the error was quite consistently about 25%.
The sensitivity, specificity and the area under the receiver operating chafacteristics of the
RFC based on the PPT points were also obtained (Figure 4).

4.2 Important VAG features and PPT locations

The VAG features extracted from the lateral side of the knee made an important contribution
to the classification in all the ADLs (Table 1). Additionally,the features extracted from the
medial and distal side of the knee were not found significant in any of the ADLs. Nonlinear
features were only found significant in stair decent and sit to stand. The spatial distribution of
the extracted VAG signal features are depicted in Figure 1(a). Of note, the maps depicted in
this figure visualizes the overall spatial distribution of VAGs of the underlying tissue due to
intra-and extra-articular moveme{ts as well as frictions during joint motion and are not
specific to bone articular surfaces. For illustration of the spatial distribution of VAG features,
the VAG features were interpolated based on an inverse distance weighted interpolation
approach [32].

The detailed results of the comparison between the participant groups in terms of important
features inrthe classification can be found in Table 2. Generally, the KOA patients were
characterized by higher ARV, MPF, VoMS, %REC, %DET and lower FF where they found
to be important features for classification of the groups. The important features that exhibited

a significant bias across the experimental days are presented in Table 3. Wherever a bias

14
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1 across days was found, ARV, MPF and VOMS were found to slightly drop in the second day

2 and FF was found to slightly increase.

oNOYTULT D WN =

3 The detailed results of the comparison between the participant groups in terms of important
10 4 PPT points contributed towards the classification of the participant groups are presented in

5  Table 4. Increased pain sensitivity, i.e., lower PPT in KOA patients was verified. Particularly,
15 6  the contribution of the PPT points on the medial and proximal side of the knee were found

17 7  important for the classification. As expected spatial heterogeneity of PPT maps‘was also

8  observed (figure 2(a)). The maps depicted in this figure visualizes/the overall spatial

22 9  distribution of mechanical sensitivity to pain in the underlying tissu¢:andare not specific to
24 10  bone articular surfaces. For illustration of the spatial distribution of PPT maps, the PPT

26 11 assessments were interpolated based on an inverse distance weighted interpolation approach
29 12 [32]. y

31 13

33 14

15
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1

2

3 Table I The mean (SD) of the error rate of the classification of the random forest classification method in the train dataset, testing dataset and the second experimental day for knee
4 osteoarthritis (KOA) patients. Furthermore, the important features for the classifieation of the groups, i.e., symptomatic KOA and asymptomatic participants during activities of daily living
5 (gait, stairs descent, stairs ascent and sit to stand) among patients with knee osteoarthritis.

6

7 Training error (%) Testerror (%) »Second day error (%) Important features

2 Gait 14.4 (0.8) 16.1 31.0) = 32.9 VAG2_MPF, VAG2_FF, VAG5_MPF

10 Stair descent 14.1 (1.8) 25.6 (36:0) 15.8 VAG2 ARV, VAGI FF, VAG2 %REC, VAG1 MPF
1

12 Stair ascent 17.8 (2.4) 38.5:(43.0) 50.0 VAG2 ARV, VAG6 ARV, VAG4 FF, VAG2 FF
13 . VAG4 ARV, VAG4 %DET, VAG2 _%REC,

s Sit to stand 15.9 A1) 23.1 (31.6) 30.0 VAGE VabS

15

16 Table 2 The results of the Mann-Whitney U test comparing the symptomatic and asymptomatic groups in term of the important features contributing to the classification performance. The
17 Median [25th -75th percentile] are reported in each case.

18

19

20 _Feature Mann-Whitney KOA Asymptomatic

21 Gait VAG2_MPF (Hz) U= 14611, p<0.001 66.2 [56.8-90.7] 40.9 [34.7-49.6]

22 VAG2 FF (a.u.) U= 31908, p< 0.001 2.5[2.0-2.8] 3.4[3.1-3.8]

23 VAG5 MPF (Hz) U= 16847, p< 0.001 67.0 [51.8-82.5] 43.4 [35.8-54.4]

24

- Stair descent VAG2 ARV (mm.s?) U= 1502, p= 0.4 0.3 [0.1-0.4] 0.2 [0.1-0.3]

26 VAGI FF (a.u.) U= 1959, p< 0.001 2.3 [1.9-2.9] 3.2 [2.4-3.9]

27 VAG2_%REC (%) U= 1310, p= 0.007 0.7 [0.2-3.2] 0.3 [0.1-0.5]

;g VAGI_MPF (Hz) U= 1201, p< 0.001 79.7 [59.9-102.7] 51.6 [35.4-74.9]

30 Stair ascent VAG2_ ARV (mm.s?) U= 1368, p=0.03 0.2 [0.1-0.3] 0.2 [0.1-0.3]

31 VAG6 ARV (mm.s?) U= 1324, p=0.01 0.3 [0.2-0.3] 0.2 [0.1-0.3]

i VAG4 FF (a.u.) U= 1796, p= 0.03 1.9 [1.8-2.0] 2.3[1.8-2.9]

33 VAG2_FF (a.u.) U= 1830, p=0.01 2.2 [1.8-2.6] 2.7[2.0-3.2]

34 Sit to/stand VAG4 ARV (mm.s?) U= 6748, p< 0.001 0.1 [0.1-0.1] 0.1 [0.0-0.1]

35 VAG4_%DET (%) U= 6537, p< 0.001 51.1[31.3-72.0] 22.9[14.9-38.4]

36 VAG2_%REC (%) U= 6707, p< 0.001 0.4 [0.1-1.4] 0.1 [0.0-0.2]

g; VAG4 VoMS (mm*s®) U= 6801, p< 0.001 2.11e-3 [3.58¢-4 - 1.93¢-2] 1.68¢-4 [3.08¢-5 - 6.49¢-4]
39

40

41

42

43

44

45

17
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Table 3 The results of the Mann-Whitney U test comparing the experimental days in texm of the important features contributing to the classification performance. The Median [25th -75th
percentile] are reported in each case.
Feature Mann-Whitney KOA Day 1 KOA Day 2
Gait VAG2_ MPF (Hz) U= 26163, p<0.001 66.2 [56.8-90.7] 59.1 [46.0-72.2]
VAG2_FF (a.u)) U=20127, p< 0.001 2.5 [2.0-2.8] 2.7 [2.4-3.1]
VAG5_MPF (Hz) U= 24965, p=0.02 67.0 [51.8-82.5] 60.6 [47.2-74.3]
Stair descent VAG2 ARV (mm.s?) U=1675, p=0.03 0.310.1-0.4] 0.2 [0.1-0.3]
VAG1 FF(a.u) U= 1358, p=0.2 23[1.9-2.9] 2.5[2.0-2.9]
VAG2_%REC(%) U= 1436, p=0.7 0.7 [0.2-3.2] 0.8 [0.3-3.4]
VAGI MPE (Hz) U=1610, p=0.1 79.7[59.9-102.7] 67.2 [53.2-95.5]
Stair ascent VAG2_ ARV (mm.s?) U= 1685, p=0.02 0.2 [0.1-0.3] 0.1[0.1-0.2]
VAG6 ARV (mm.s?2) U= 1575, p=0.2 0.3 [0.2-0.3] 0.2 [0.2-0.3]
VAG4 FF (a.u.) U= 1327, p=0.1 1.9[1.8-2.0] 2.1[1.8-2.5]
VAG2 FF (a.u.) U= 1452, p=0.9 2.2 [1.8-2.6] 2.3 [1.8-2.8]
Sit to stand VAG4 ARV (mm.s?2) U= 11238, p=0.004 0.1[0.1-0.1] 0.1 [0.1-0.1]
“WVAG4 %DET (%) U= 10024, p= 0.9 51.1 [31.3-72.0] 53.5 [31.3-74.0]
VAG2_%REC (%) U= 9999, p=0.9 0.4 [0.1-1.4] 0.3 [0.1-2.1]
VAG4 VoMS (mm*.s®) U= 10993, p=0.02 2.1e-3 [3.58e-4 - 1.93e-2] 6.8e-4 [1.05e-4 - 7.83e-3]
Table 4 The results of the Mann-Whitney U test comparing the symptomatic and asymptomatic groups in term of the important location of registering pressure pain thresholds (PPT)
contributing to the classification performance. The Median [25th -75th percentile] are reported in each case
Feature Mann-Whitney KOA Asymptomatic
PPT7 (kPa) U= 505, p<0.001 281.5[227.5-365.0] 482.0 [431.3-753.0]
PPT4 (kPa) U=510.5, p< 0.001 280.0 [175.0-383.5] 509.0 [438.3-658.8]
PPT6 (kPa)  U=496.5, p= 0.001 302.5 [188.0-401.5] 464.0 [379.8-633.8]
PPT1 (kPa) U=497,p=0.001 368.5 [212.5-445.0] 519.0 [405.3-810.0]
18
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5. Discussion

This study showed that multichannel topographical VAG signals captured during ADLs
could discriminate between the asymptomatic control group and KOA patients with an
accuracy ranging from 64% to 90% (100 minus the error mean) depending on the type of
ADL. However, the accuracy dropped by about 10-25% when the KOA patients were tested
again on a second experimental day, suggesting the importance of the placement of the
accelerometers on the affected knee.

The information obtained from the lateral side of the knee made a very. fiarked contribution
to the classification accuracy likely related to the mild to moderate sevefity of pain in the

KOA patients in this study.

1
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=

Sensitivity Specificity
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o o
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75.0 13.7
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@

o
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0 n . . . . . . .
0 01 02 03 04 05 06 07 08 09 1
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Figure 4 The receiver operating characteristics for the classification of participants groups based on pressure pain
threshold (the group of knee osteoarthritis participants was set as the positive class). The area under the curve (AUC) is
displayed on the figure and the sensitivity and specificity of classification during activities of daily living (gait, stairs
descent, stairs ascent and sit to stand) are p)&sented below the figure. The round black point on the figure is where the
discrimination threshold was set to (0.5 and the sensitivity and specificity were computed at this point.

The classification based on the.PPT reached about 77% accuracy and kept its consistency in
the second experimental day by about 75% accuracy. This highlights the classification based
on the VAG signals in certain ADLs can perform better than the classification based on the
pressure pain thresholds, however, the VAG classification consistency across days needs
improvement.

In ¢ontrast to VAG signal features, PPT points on the medial and proximal side made an
important.contribution to the classification accuracy. This contrast in sensory manifestation

of KOA and the features of mechanical vibrations of the underlying tissue may highlight the
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complex structure of the knee joint and the interconnection between the medial to the lateral
side of the knee. The discussion presents first our findings in terms of classification accuracy.
Then, VAG features are reviewed in relation to the classification results. This section is
followed by the evaluation of the investigated ADLs.

5.1 Classification accuracy

Even though the accuracy of the classification of the participants based on the majority of
their VAG epochs can reach up to 90% accuracy during over-ground gait, the aceuracy of
VAG epochs classification ranged from 61% to 84% when a leave-one-out\testing approach
was adopted. Additionally, a large variability (reflected by a high SD,in‘the classification
error) was found. The classification accuracy of the VAG.epochsin some of the ADLs was
lower than what has been reported (90%) elsewhere [ 12]. However, most of the previous
studies have been performed on knee movements during openkinetic chain activities and
used an identical dataset (Calgary group [13]) te.developitheir algorithms which may be a
source of bias in their results even though using an identical dataset allows for inter-study
comparison [12].

Recent studies have emphasized the importance of movements with closed kinetic chain and
highlighted their importance in l(gding of the patellofemoral joint [33,34]. Due to
contribution of movement artefacts to the VAG signal characteristics, analyzing VAG in
closed-kinetic chain movement poses a challenge. In this study, the effect of movement
artefacts was reduced by the application of adaptive filtering, independent component
analysis and multichannel recording of the VAG signals [6]. Although a previous study has
investigatedithe VAG signal during sit to stand activity, the study only performs an
inferential statistics to report higher VAG signal energy in certain frequency bands in KOA
patients [18,35]. Similarly, in a previous study using the same dataset as the current one, the

VAG signal characteristics in KOA and asymptomatic participants were studied [15],

20
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21
1
2
2 1 however, the study has been limited to performing a statistical inference to find significant
6 2 differences between the two groups. Developing statistical models for predictions is essential
7
8 3 to discriminate between the groups and testing generalizability of the results for diagnoses of
9
10 4 the KOA. Thus, in this respect, the current study is among the very few studies investigating
11
g 5 VAG signal features in movements with closed kinetic chain and using the signal features to
14
15 6  discriminate between the KOA patients and the asymptomatic group.
16
17 7 Even though the obtained accuracy in the current study is not as high as reported in the
18
;g 8 literature, all the epochs of the signal captured in the timeline of the record}lg were classified
21
22 9 in this study. Ultimately, as the aim was to classify the participants and not the epochs, the
23
24 10  participants were classified based on the majority of the assignedlabels of his/her epochs.
25
;? 11 Adopting this approach improved the classification acéuracy up to about 90% in over-ground
28 . / . .
29 12 gait even though due to very few (two) epochs during stair aséent and stair descent, not much
30
31 13 of improvement was observed during these two,ADLs:.
32
33 14 The classification accuracy in the second experimental day when the RFC was trained based
34
22 15  on the first day dropped markedly. As examined statistically, the VAG signal characteristics
37
38 16  exhibited a significant bias on the second day compared with the first experimental day. This
39
40 17 suggests that the researcher consi\stency in setting up the accelerometers, inherent variations
41
fé 18 in KOA symptoms across daysfand/or diurnal variation in the water content of soft tissue
44
45 19 around the knee joint {36].resulted in observing such a bias resulting in a poorer classification
46
47 20  accuracy.
48
gg 21 The classification accuracy based on the PPT reached about 77% accuracy and was quite
51 . . .
55 22 consistentacross the €xperimental days. The PPT assessments have previously been reported
53
54 23 to be reliable in this population despite a tendency towards increased PPTs on the second
55

56 24 experimental day [11]. Even though the classification based on the VAG signal features can

25+ reach higher classification accuracy as mentioned above, PPT assessments are more

21
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straightforward to perform. However, it requires for a trained practitioner to carry out the
procedure whereas the VAG signal recordings could potentially be embedded into an
ambulatory recording system.

5.2 Important features

In this study, relevant features of VAG signals were extracted as these features have been
commonly utilized in previous studies [12]. In addition, features of VAG signals based on the
recurrence map analysis were extracted as these features reflect the nonlinear characteristics
of the signals [26]. These features have been shown to be relevant to quantﬁ"y the
heterogeneity of VAG signals around the knee during unloaded exteénsion-flexion in an
asymptomatic group of subjects [4]. In the current study, a.combination of extracted features
of VAG signal were importantly contributing to the classification accuracy but the influence
of extracted features was dependent on the location of the réedrding and the type of the ADL.
This partly stands in contrast to previously reported results where only VAG ARV and
%REC were found to differentiate the groups [15]. Most particularly, a lower %REC in the
KOA group has been reported previously, whereas in the current study, a higher %REC was
found in the KOA group in some recording locations. Apart from the preprocessing
procedure which has been comple\tely modified in the current study, the previous results
corresponded to a statistical inference based on a linear mixed model which compared to a
RFC is more rigid in modeling the dataset variability, most particularly, a lack of modeling
nonlinear separability between the groups [37]. Additionally, the previous results present the
main effect of the participant group on the extracted features whereas the current results show
the importance of localized features of VAG in a non-homogenous spatial distribution to
classify the participant groups. In the aforementioned study, a significant interaction between
participant group and the location of the recording has been reported. The current study sheds

light on such an interaction and finds the specific locations of the recording which seem to be
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23
1
2
2 1 more discriminative across the participant group. For example, location #2 on the lateral side
6 2 ofthe knee turned out to be an important site of information in all tested ADLs. Additionally,
7
8 3 all the important features were obtained from the lateral, proximal and patellar location and in
9
10 4 this list no important feature has been obtained from the medial or distal side of the knee.
11
g 5  This seems to be in contrast to clinical findings which report the medial compartment of the
14
15 6  knee as often most frequently affected by KOA [38]. However, the localized pain sensitivity
16
17 7 is found to be different among patients with mild to moderate KOA (similar to the current
18
;g 8  KOA group) compared with patients with severe cases of KOA [9]. The ceﬁegorization of
21
22 9  KOA patient into mild to moderate or severe has been based on the teported pain on a visual
23

24 10  analogue scale (VAS) in the last 24 h before the experiment.where VAS>6 has been the
26 11 decisive threshold for categorization into strong/server-and mild to moderate [39]. Based on
29 12 such a criterion, most patients (12 out 20) in the current studyShould have been categorized

31 13 into mild to moderate group and the highest pain sensitivity was observed on the

33 14 superolateral side of the knee [11]. The importance of'the VAG signal features on the top of

22 15  patella, proximal and lateral side of the knee.is likely related to the patellar cartilage damage
37

38 16  often reported in KOA patients [40].

39

40 17 Out of the extracted features onl{ARV and VoMS were presented in absolute scale and

18  therefore may be sensitive to amormalization procedure. Even though some previous studies
45 19 have normalized the VAG signal to its amplitude range [e.g. 13], we opted out normalizing
47 20  these two features because previous results have shown the sensitivity of these features to the
49 21 interaction between load, movement type and the location of recording [4,15]. Since the RFC
55 22 is invariantito the scaling of the used features, we believe that the not-normalized scales of
54 23 ARV and \VoMS are not likely to be a major source of concern.

56 24  PPT assessments on the medial and proximal side of the knee contributed importantly to the

25+ classification. This may seem in contrast to the contribution of the VAG signals extracted
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from the lateral side being important features for classification based on the VAG signal
features. However, the knee joint construct is interconnected, for example, the anterior and
posterior cruciate ligaments connect the medial to lateral side of the knee and could
contribute to establish a link between the recorded VAG signals on the lateral sidefand the
pain sensitivity on the medial side of the painful knee. In support of that, a history.of anterior
cruciate ligament injury has been associated with an increased risk of KOA development
[41]. All in all, the present findings suggest that KOA have two different signatures
conveying the VAG or PPT information. -
5.3 Role of ADL type

Among the captured ADLs, the classification accuracy hassgenerally been highest during gait.
This could potentially be related to the consistency of the. movement pattern during gait
compared with the other ADLSs tested in this study. Supporting such a premise, stride-to stride
variability of the knee motion in KOA patients has been'shown not to be significantly
different from an asymptomatic control group [42]. A'more plausible explanation may be
related to the duration of recording as a relatively shorter recoding during stair descent, stair
ascent and sit to stand compared with.the over-ground gait results in a reduced ratio between
the number of observations to the\features of VAG signals. This ratio is important to achieve
a robust performance of a multivariate analysis [43]. However, it is trivial to imagine that a
longer recording during stair descent and stair ascent was quite difficult for KOA patients to
carry out and further safety measures must have been implemented in the setup.

Even though sve have included the commonly used VAG features in the analysis, one may
assume that feature extraction can be even further optimized if novel methods such as deep
learning is,used in that front [44,45]. However, deep learning usually encounters some

limitations including low interpretability, high computational costs, and the need for large
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1
2
2 1 datasets [46]. Increasing the number of participants could potentially improve the
Z 2 generalizability of the RFC.
273 3 5.4 Computational complexity
9
1(1) 4 The bottleneck of the computational cost in the proposed approach was the recurrent map
g 5 analysis, which in the current implementation, the computational order of growth for %DET
1‘51 6  algorithm was of the order O (N?) for a time-series with N samples. Given that.the feature set
16
1; 7 isavailable, the average execution time, including the testing and training the RFC the
;g 8  elapsed times were as follows. The calculations took 2.8, 1.4, 1.4 and 2:3 s when the original
;; 9  dataset was used for classification and finding the important featuresrand 0.7, 0.6, 0.6 and 0.7
gzr 10 s when only the selected important features were used for.elassifieation in over-ground gait,
;? 11 stairs descent, stairs ascent and sit to stand, respectively. These times were 1.4 and 0.6 when
;g 12 the PPT assessments were used for classification. Thesé time Were obtained on a laptop
30

31 13 running with an Intel(R) Core (TM) 15-5300U@,2.3 GHz and 8 GB RAM and the analysis
33 14 was performed on MATLAB 2019b. Given that such analysis is expected to be performed
15  offline, the computational cost of the propased approach is not of major concern.

38 16 5.5 Conclusion

40 17 In conclusion, this is the first stuQ/ investigating the discrimination of the multichannel

18 topographical knee VAG signal between KOA patients and asymptomatic controls during
45 19  ADLs. The classification'accuracy to label the subjects as KOA patient reaches up to 90%
47 20  accuracy during gait but with a large day-to-day variation. The VAG classification accuracy
21 was higher than the classification based on the pressure pain thresholds but this method

57 22 showed lower day-to=day variation.

54 23
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