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А. Е. Хижникова    , А. С. Клочков, А. М. Котов–Смоленский, Н. А. Супонева, М. А. Пирадов

ДИНАМИКА КИНЕМАТИЧЕСКОГО ПОРТРЕТА ПОСТИНСУЛЬТНОГО ПАРЕЗА РУКИ 
НА ФОНЕ РЕАБИЛИТАЦИИ 

По данным литературы, только 5–20% пациентов после инсульта могут полностью восстановить двигательную функцию руки. Важны корректная 

постановка целей и индивидуальный подход, направленный на восстановление функционального статуса пациента. Целью исследования было на 

основании клинико-биомеханического анализа разработать алгоритм оценки нарушения двигательной функции руки у пациентов после инсульта и 

определить принципы выбора тактики реабилитации. В исследование были включены 25 пациентов с инсультом полушарной локализации и 10 здоровых 

добровольцев. Для оценки двигательной функции руки применяли формализованные клинические шкалы (шкала Фугл–Мейера, Эшворта, тест ARAT) 

и видеоанализ движений. Пациенты были разделены на 2 группы по степени тяжести пареза руки (легкий/умеренный и грубый/выраженный). В обеих 

группах проводили курс реабилитации, включавший механотерапию, массаж, ЛФК. Выявлено, что у пациентов 1-й группы восстановление двигательной 

функции в паретичной руке происходит по пути нормализации паттерна движения: нормализация биомеханических параметров, прямо коррелирующая 

с уменьшением клинической выраженности степени пареза по шкале Фугл–Мейера (r = 0,94; p = 0,01). У пациентов 2-й группы восстановление 

двигательной функции в паретичной руке происходит по пути компенсации двигательного дефицита: сохранение патологической синергии по данным 

биомеханического анализа, обратно коррелирующее с уменьшением клинической выраженности степени пареза (r = –0,9; p = 0,03). В результате 

проведенного исследования сформирован алгоритм выбора тактики ведения пациентов, основанный на исходных клинических показателях.

Ключевые слова: инсульт, парез в руке, нейрореабилитация, адаптация, двигательное переобучение, биомеханика движений, видеоанализ движений, 
патологическая синергия 
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According to a number of authors, in the acute phase of a 
stroke, the hand paresis occurs in 48–77% of patients [1, 2]. At 
the same time, only 5–20% of patients are able to restore the 
motor function of the paretic arm completely by the end of the 
early recovery period [3, 4]. 

Restoration of the upper limb motor function consists of 
six consecutive stages (from flaccid paralysis to the ability to 
perform complex coordinated movements). However, the 
improvement can be completed at any stage, and the patient 
remains partially or completely lost self-care capabilities [5]. In 
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this regard, an important condition for effective motor function 
restoration is to determine the tactics of patient rehabilitation to 
achieve the maximum effect, depending on the current stage. 

It is known that in post-stroke patients with severe paresis 
and increased muscle tone the physiological movement 
pattern is impossible. As a consequence, prerequisites 
arise for the development of new motor synergies, which 
are inherently a compensatory mechanism. As a result, the 
body uses the remaining motor functions of the limb, or 
active movements in adjacent joints and functionally related 
kinematic chains to provide motion. The use of movements 
with a lower level of regulation as a part of compensatory 
synergies leads to a decrease in the adaptability to changing 
environmental conditions. Subsequently, compensatory 
synergies become pathological [6], which leads to a decrease 
in the patient’s functional capabilities and a slowdown of 
further rehabilitation.

Nevertheless, it is worth noting that, according to some 
authors, compensation mechanisms are necessary for patients 
with severe paresis and the presence of these is important for 
the successful movement performance in post-stroke patients 
[7]. During the recovery process, the motor synergies manifest 
more comprehensively and become associated with spasticity 
and related reactions. Currently, the generally accepted view 
is that for better functional motor recovery it is necessary to 
conduct training within the existing pathological stereotype 
with the subsequent expansion of the active movement zone 
[8]. Thus, the restructuring of pathological synergy due to an 
increase in the number of “beneficial” motion components 
usually occurs during the training [9].

Correct goal setting and individual approach are important 
in developing a rehabilitation program aimed primarily 
at restoring the functional status of the patient. Video 
analysis of the paretic arm and shoulder girdle movements 
with a complex evaluation of inter-articular relationships 
and kinematic characteristics during rehabilitation can be 
invaluable in retrospective assessment of the recovery 
process. The study aimed to develop the principles of 
choosing the hand motor function restoration tactics in 
patients after a cerebrovascular accident on the basis of 
clinical and biomechanical analysis.

METHODS

The study was conducted on the basis of the Department of 
Neurorehabilitation and Physiotherapy of the Research Center 
of Neurology (2017–2018). Inclusion criteria: male and female 
patients aged 18–80; confirmed cerebrovascular accident of 
ischemic or hemorrhagic type; single lesion site of hemispheric 
localization which arose from 3 months to 2 years ago; post-
stroke hand paresis (grade 2–4 according to MRC Scale for 
Muscle Strength) [10]. Exclusion criteria: hand paresis grade 
according to MRC Scale for Muscle Strength less than 2; 
severe defect of deep sensitivity; neglect syndrome; muscle 
tone increase score exceeding 2 according to the Ashworth 
scale (score 0 corresponds to normal muscle tone); severe 
vision impairment not allowing to distinguish the image on the 
computer monitor; severe cognitive impairment which makes 
it difficult to execute the instructions; severe sensory or motor 
aphasia; left-handedness according to Edinburgh Handedness 
Inventory [11]. Twenty five patients with hemispheric 
cerebrovascular accident participated in the study. Among 
them, there were 17 men and 8 women aged 30–80 (median 
age 55 [45; 61]). The prescription of stroke was 3–23 months 
(median prescription of stroke was 7 months [4; 12]). Nine 

patients (36%) were observed in the early recovery period, 
9 patients (36%) were observed in the late recovery period and 
7 patients (28%) were observed in the residual period. The study 
did not include patients with severe spasticity, gross speech and 
cognitive impairment, limiting the possibility of communication 
and following the instructions of the physical therapist.

To determine the normal kinematic pattern of hand 
movement, 10 healthy volunteers aged 24–42 (4 women and 
6 men, right-handed, without pathologies of the musculoskeletal 
and nervous systems) were selected. For each subject, an 
analysis of movements was performed in both the dominant 
(right) and non-dominant (left) hands.

For clinical assessment of motor deficit, pathological synergies 
severity, reflex activity, surface and deep sensitivity, passive 
movement volume and pain sensation in the affected hands the 
Fugl–Meyer Assessment Scale was used [12]: the section for hand 
function evaluation (the maximum score for this section is normally 
126). The Ashworth Scale was used for spasticity assessment 
in the paretic arm [13]. The wrist motor skills and functional 
movement were assessed using the ARAT test [14]. 

The 3D analysis of movements in patients was performed 
using the Biosoft-Videomotion 3D system (Biosoft; Russia). 
Since hand movements are very diverse and variable, the 
least variable parameter was chosen for the evaluation of 
biomechanical parameters: reaching an object (reaching test). 
Patients were seated at the table on a chair without a back, with 
armrests for both hands. Hands were placed on the armrests 
palms down (wrists were on the table). Within reach of each 
patient, a glass with a 10 g weigh was placed on the table. 
The patient was asked to reach the glass, take it, bring it to his 
mouth simulating the drinking process, then put the glass back 
and return the hand to its original position. If it was not possible 
to grasp the glass (severe hand paresis), the patient was 
asked to attempt to grasp it. To ensure the most automated 
movement, the patients were informed that the main objective 
of the study was to observe a drinking simulation movement. 
Thus, the reaching movement was performed with a minimum 
focus of attention, which made it possible to obtain automated 
action. Only the first part of the movement was measured 
(reaching a remotely located object). 

To study intra-joint and inter-joint synergies in the sagittal 
and frontal planes, the following synergy coefficients (С) were 
introduced: С

1
 — shoulder joint (SJ) flexion to SJ abduction 

ratio; С
2
 — elbow joint extension (EJ) to the SJ flexion ratio; 

С
3 
— EJ extension to SJ abduction ratio.
During rehabilitation, the paretic hand functional skills training 

was performed using the mechanotherapeutic exoskeleton arm 
weight support Armeo Spring system (Hocoma; Switzerland), 
as well as training of bimanual and coordination movements 
controlled by the physical therapist and paretic hand massage. 
Rehabilitation was successful in all patients.

Statistical processing of the results was carried out using 
the Mann–Whitney test (independent samples), Wilcoxon signed 
ranks test (dependent samples), and Spearman's rank correlation 
coefficient on the personal computer using the Statsoft Statistica 
v. 7.0 software (StatSoft; USA). Data were presented as the median 
and 25% and 75% quartiles of the median. The differences were 
considered statistically significant at р < 0.05.

RESULTS

Clinical assessment
	
During the comparative analysis of data according to the Fugl–
Meyer Assessment Scale, a statistically significant increase in 
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Table 1. Median indicators (Ме [25%; 75%]) of the hand motor impairment according to the Fugl–Meyer Assessment Scale subsections

Scale section
Group (n = 25)

Before treatment After treatment

Total score 103 [91; 109]
109 [99; 120]

p = 0.000025

Shoulder and forearm movements 29 [24; 34]
32 [24; 38]

p = 0.000821

Wrist and hand movements 18 [13; 21]
20 [9; 23.5]

p = 0.000168

Synergies 9 [6; 10]
9.5 [5; 11]

p = 0.000049

Passive movement amount 21 [20; 22]
23 [22; 24]

p = 0.000327

Shoulder and forearm movements, score (n = 25) 

Mild/moderate (n = 13) Severe/pronounced (n = 12)

Before treatment 34 [32; 37] 24 [21.5; 27]

After treatment 38 [34; 41] 30.5 [25.5; 33.5]

p-level p = 0.041 p = 0.0068

Wrist and hand movements, score (n = 25)

Mild/moderate (n = 13) Severe/pronounced (n = 12)

Before treatment 21 [19; 21] 12 [8; 14.5]

After treatment 23 [22; 24] 14 [10; 19.5]

p-level p = 0.0044 p = 0.012

Table 2. Median indicators (Ме [25%; 75%]) of the hand motor impairment according to the Fugl–Meyer Assessment Scale in patients before and after the rehabilitation

active movements in the shoulder, forearm, wrist and hand 
was observed in all patients after rehabilitation. A significant 
increase in the volume of passive movements in the elbow 
and wrist joints was also noted. It is important, that according 
to the Fugl–Meyer Assessment Scale, the pathological 
flexion synergy severity was significantly reduced (the higher 
the Fugl–Meyer Assessment score, the lower the degree of 
severity) (Table 1).

Statistical analysis of the Ashworth Scale score revealed 
that after rehabilitation the degree of spasticity in the elbow 
flexor muscles (p = 0.00008), wrist flexor muscles (p = 0.00098) 
and superficial flexor muscles of fingers (p = 0.0022) was 
significantly reduced. A decrease in spasticity in the studied 
muscle groups was observed in patients with a slight and 
mild muscle tone increase (1; 1+) and in patients with a more 
pronounced muscle tone increase (2).	

Clinical data analysis using the Fugl–Meyer Assessment 
Scale revealed a close relationship between the severity of 
pathological flexion synergy in the hand and the overall motor 
deficiency degree (r = 0.81; p = 0.000000). According to the 
Fugl–Meyer Assessment score patients with severe paresis 
whose motor deficit was less than 50% of maximum active 
movement score (less than 33), patients with pronounced 
paresis — 50–70% (34–46), patients with moderate paresis —
71–89% (47–56) and patients with mild paresis — 90–99% 
(57–65) were identified. For further analysis, patients 
were divided into 2 groups: group 1 — patients with mild/
moderate paresis, group 2 — patients with pronounced/
severe paresis.

A comparative analysis using some subsections of the 
Fugl-Meyer Assessment Scale showed that a significant 
improvement in the hand motor function occurred both in 
the proximal and distal parts of the hand in both subgroups 
(Table 2). 

Video analysis of the paretic hand movements 
while performing a reach test

Analysis of the reach test time characteristics demonstrated 
that patients of both groups needed significantly more time to 
complete the target movement than a healthy person. In case of 
severe/pronounced paresis reaching a remotely located object 
needed significantly more time compared to normal (р = 0.001). 
The time difference between the group of healthy volunteers 
and the group of patients with mild/moderate paresis was less 
significant, it was only 0.55 s (Fig. 1).

Analysis of the reach test time characteristics after 
rehabilitation demonstrated that in the 1st group of patients 
(mild/moderate hand paresis) there was a statistically significant 
decrease in the time needed to reach the object (p = 0.04). 
In the 2nd group of patients (severe paresis) the time needed 
to complete the test, on the contrary, significantly increased 
(p = 0.043). It exceeded the corresponding normal indicator by 
more than 2 times.

Biomechanical research results analysis revealed that in 
patients with mild/moderate paresis the maximum angular 
amplitude of the shoulder joint flexion significantly reduced and 
the maximum angular amplitude of the shoulder joint abduction 
significantly increased while performing the reach test (Fig. 2A).

In addition to decreasing the maximum angle of movement 
of some joints in patients with mild/moderate paresis, the time 
needed to establish the maximum angular amplitude for all 
movements was increased compared to normal (Fig. 3A, C). 

Kinematic pattern in the group of patients with severe/
pronounced paresis was different: when performing the 
movement, the maximum abduction angle of the shoulder 
joint was greater than normal (Fig. 2B). At the same time, the 
maximum extension angle of the elbow joint was significantly 
below normal (Fig. 3B, C).
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Fig. 1. Time (s) needed to complete the reach movement n patients with varying degrees of hand paresis 
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Fig. 2. The paretic hand inter-articular interactions in patients with mild/moderate (A) and severe/pronounced (B) paresis
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In addition to some joints maximum angle reducing in 
patients with severe/pronounced paresis, the time needed to 
establish the maximum angular amplitude for all movements 
significantly increased compared to normal. In patients of this 
group, attention should be drawn to the change of time needed 
to reach the peak amplitude of the joint while moving. If in 
the group of patients with mild/moderate paresis the order of 
reaching maximum amplitudes of the joints remained the same, 
then in the group of patients with severe/pronounced paresis it 
was different. Thus, the abduction of the shoulder joint, which 
was the first of all joints to reach its peak both in healthy people 
and in patients with mild/moderate paresis, in patients with 
severe/pronounced paresis appeared only in the middle of the 
movement, after the extension of the wrist joint.   

When comparing the maximum angular amplitudes of 
joints in the 1st group of patients before and after rehabilitation, 
no statistically significant differences were observed. At the 
same time, analysis of changes in the range of joint motion 
after training revealed significant changes in biomechanical 
parameters of the shoulder joint: the flexion amount increased 
(p = 0.04) and the abduction amount decreased (p = 0.01). 

Analysis of the movement velocity parameters changes 
demonstrated a significant increase in the angular velocity of 
the shoulder joint flexion (p = 0.01), the elbow joint extension 
(p = 0.02), as well as a decrease in the angular velocity of the 
shoulder joint abduction (p = 0.02). When studying synergy 
coefficients reflecting inter-joint interactions in the 1st group of 
patients, significant differences after rehabilitation were revealed 
only by the C

2
 coefficient (p = 0.04) reflecting the interaction 

between the shoulder joint flexion and the elbow joint extension 
during the reach test execution. 

When comparing the maximum angular amplitudes of the 
joints in the 2nd group of patients (severe/pronounced paresis) 
before and after rehabilitation, a significant decrease in the 

maximum extension angle of the elbow joint was revealed 
(p = 0.01). No significant changes in other joints were noted. 

When analyzing the range of motion of the joints in the 
second group of patients, changes were observed that were 
opposite to those obtained in patients of the first group. During 
rehabilitation the shoulder joint flexion significantly reduced 
(p = 0.02), a significant increase of the shoulder joint abduction 
was also observed (p = 0.04). No significant differences were 
found in the elbow joint before and after rehabilitation. It is 
also worth noting that, despite a decrease in the shoulder joint 
flexion, statistically significant differences in this indicator from 
normal values were not found. 

Significant differences in the amount of movements from 
the normal motor stereotype persisted in other indicators: 
shoulder joint abduction amount (p = 0.04), elbow joint 
extension amount (p = 0.007), wrist joint extension amount 
(p = 0.02). In addition, the opposite changes in the movement 
velocity characteristics in the 2nd group patients were revealed 
compared to changes in patients of the first group. Thus, after 
rehabilitation, a significant increase in the angular velocity of 
the shoulder joint abduction was noted (p = 0.02), at the same 
time, a significant decrease in the angular velocity (p = 0.02) 
occurred in the elbow joint while reducing the extension 
and maximum angular amplitude. When studying synergy 
coefficients reflecting inter-articular interactions in patients of 
the second group, the significant differences after rehabilitation 
were observed only by the C

2
 coefficient, which significantly 

decreased (p = 0.04) after training.

Analysis of the shoulder girdle movement biomechanics 
while performing the reach test 

Despite the fact that the study results demonstrated that there 
was no effect of training on the severity of pathological synergy 



36

ORIGINAL RESEARCH    NEUROLOGY

BULLETIN OF RSMU   4, 2019   VESTNIKRGMU.RU| |

28 28

28

64 64

64

91 91

91

100 100

100

Fig. 3. The maximum angular amplitude of different joints while performing the reach test in healthy people (А) and in patients with mild/moderate paresis (B) compared 
to normal (C)

Time (%) Time (%)

Time (%)

 SJ flexion  SJ flexion

 SJ flexion

 SJ abduction  SJ abduction

 SJ abduction

 EJ extension  EJ extension

 EJ extension

 WJ extension  WJ extension

 WJ extension  WJ extension

M
ax

im
um

 a
ng

le
 o

f 
th

e 
jo

in
t 

(d
eg

re
es

)

M
ax

im
um

 a
ng

le
 o

f 
th

e 
jo

in
t 

(d
eg

re
es

)

M
ax

im
um

 a
ng

le
 o

f 
th

e 
jo

in
t 

(d
eg

re
es

)

1 1

1

37 37

37

10 10

10

46 46

46

73 73

73

19 19

19

27.73 13.36

20.37

15.14

140 140

160

120 120

140

100 100

120

80 80

100

60 60

80

40 40

60

20 20

20

40

0 0

0

12.6

24.63

50.12

43.71
38.57

15.92

118.74 118.33

146.22

55 55

55

82 82

82

А B

C

in patients with severe/pronounced hand paresis, the clinical 
assessment showed an improvement of functional capabilities 
in the paretic hand, which was expressed as a significant 
improvement of fine motor skills confirmed by the ARAT test. 
In some studies, a decrease in the displacement of the body 
and shoulder girdle was observed during the video analysis 
of movements in patients with moderate paresis having the 
improved functionality according to clinical scales [15, 16]. To 
confirm the hypothesis of the shoulder girdle compensatory 
movement in patients with severe/pronounced hand paresis the 
additional movement analysis was carried while performing the 
reach test. For this purpose, the displacement of two markers 
located on the acromion of the healthy and paretic shoulders in 
the frontal plane was evaluated.

The results demonstrated a shoulder girdle displacement 
towards the object in patients with severe/pronounced paresis 
when performing the reach test before training (23 [19.8; 57.4] — 
healthy shoulder; 169 [88.0; 178.0] — paretic shoulder) as well 
as after training (66 [49.0; 81.0] — healthy shoulder; 215 [162.0; 
229.0] — paretic shoulder) with significantly greater prevalence 
of paretic shoulder displacement. In addition, the analysis 
revealed a significant (p = 0.04) increase in the shoulder girdle 
forward displacement when performing a reach movement 
during rehabilitation.

DISCUSSION

After rehabilitation, the data was obtained that both groups of 
patients not only differ significantly in their kinematic pattern, 
but also have different ways of motor function recovery. 

Thus, in patients with mild/moderate paresis, the motor 
function restoration in the paretic hand was due to movement 
performance recovery which was evidenced by an increase in 
the C

2
 coefficient, reflecting the inter-articular interaction in the 

shoulder and elbow joints. The latter directly correlated with a 
decrease in the paresis degree according to the Fugl–Meyer 
Assessment Scale (r = 0.94; p = 0.01). In patients with severe/
pronounced hand paresis the motor function recovery in the 
paretic hand was due to motor deficit compensation which was 
evidenced by decrease in the C

2
 coefficient. The latter inversely 

correlated with a decrease in the paresis degree according 
to the Fugl–Meyer Assessment Scale (r = –0.9; p = 0.03), 
i.e. in said patients the functional hand movement improved 
while maintaining a pathological pattern of movement. Further 
analysis showed that in patients with severe/pronounced 
paresis the shoulder girdle forward shift significantly increased 
after rehabilitation while performing the reaching test. During the 
correlation analysis, a negative relationship between the marker 
displacement in the paretic shoulder and the C

2
 value was 

found (r = –0.9; p = 0.03). Relationship between the trunk and 
paretic limb movements is also noted in a number of studies 
[17]. These data indicate the presence of a compensatory 
mechanism in patients with severe/pronounced paresis and 
explain the decrease in this coefficient after rehabilitation 
since the larger is the body displacement, the less are 
the range of motion and maximum angles of the joints. It 
can be assumed that in patients with severe/pronounced 
paresis the motor skills recovery is due to compensation, 
therefore, it is impossible to return to the normal pattern of 
movements for patients with fully developed pathological 
hand synergy. According to our data, the training carried out 
by a rehabilitation specialist should not always be aimed at 
overcoming pathological synergies, since it is advisable to 
use compensatory mechanisms as efficiently as possible to 
adapt and train patients with severe/pronounced paresis. 
This conclusion was also confirmed by clinical examination 
data analysis, since after rehabilitation a significant 
improvement in the functionality of the paretic arm was noted 
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Fig. 4. Algorithm for choosing tactics of rehabilitation in patients with post-stroke hand paresis 

Motor deficit assessment according to the 
Fugl–Meyer Assessment Scale 

(arm movement section + wrist and 
hand movement section)

Score below 46 Score over 46

Pathological 
stereotype correction

Elbow joint flexors synergy 
and spasticity assessment 

according to the 
Ashworth Scale

Score below 6, 
spasticity over 1+

Adaptation to 
pathological stereotype

Score 6–8, spasticity 
below 1+

Pathological 
stereotype correction

Score 8 and more, 
spasticity 1 or less

Pathological stereotype 
correction

in both groups of patients, in particular, their fine motor skills 
improved. We assume, and this is comparable with the data 
of many studies [18–21], that this effect may be associated 
with the restriction absence of axis in the paretic limb during 
training, as the patients are trained to act within their stereotype 
and overcome it arbitrarily if necessary.

Based on the obtained clinical biomechanical data for 
the groups of patients with different spasticity degree and 
hand paresis severity, the algorithm of rehabilitation tactics 
choosing was determined for patients with post-stroke hand 
paresis (Fig. 4). In this case, an assessment before the start 
of the rehabilitation and the rehabilitation strategy development 
should be carried out according to the subsection of the 
Fugl–Meyer Assessment Scale for the upper limb. It is 
worth noting that an assessment according to the Ashworth 
Scale is also necessary and should be carried out in three 
muscle groups: elbow and wrist joints flexors and flexors of 
the fingers. The spasticity degree which affects the patient 
management tactics choice in two or more muscle groups 
is 1+.

CONCLUSIONS

The detailed clinical biomechanical study of the kinematic pattern 
change dynamics for one of the most functionally significant human 
movements (reach test) during rehabilitation demonstrated that the 
baseline lesion severity and spasticity degree are crucial for the most 
effective and successful restoration of the paretic hand function. 
These are responsible for the formation of pathological motor 
synergies in patients with post-stroke hand paresis and for activation 
of various mechanisms of the motor stereotype transformation 
during the recovery process. The data obtained made it possible 
to determine an algorithm for choosing the rehabilitation tactics 
based primarily on clinical indicators: in patients with mild/moderate 
paresis it is useful to conduct training within the physiological 
movement pattern aimed at correcting the pathological stereotype 
together with the suppression of compensatory mechanisms; on 
the contrary, patients with severe/pronounced hand paresis need 
training with the promotion of compensation mechanisms and an 
increase in the functionality of the paretic hand within the previously 
formed pathological stereotype.
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