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Abstract
Introduction. This study aimed primarily to investigate the effect of a PEMF on proprioception in terms of mechanoreceptor 
number and function and secondarily to assess the gait quality (sciatic function index) and arthritis severity (paw volume and 
body weight) in adjuvant-induced arthritis (AiA) RA model.
Methods. Twenty-eight healthy adult male Wistar rats were randomly divided into 3 groups: (i) RA experimental model treated 
with a PEMF (10 animals), (ii) positive control (10 animals), and (iii) negative control (8 animals). Group i was exposed to a PEMF 
(0.3 mT 1 h/day for 2 weeks), while Groups ii and iii were placed in the same setup, except that the PEMF was turned off. The 
proprioceptive function [as tactile response (TR) / hopping response (HR) / forelimb placing test (FPT)], paw volume (PF), and 
mechanoreceptor numbers were then tested.
Results. There was a significant preservation of mechanoreceptor numbers and proprioception in group i compared to group ii, 
as follows: the number of Ruffini corpuscles mechanoreceptors (p = 0.007) and TR on days 9 and 14 (p = 0.002, 0.012, respec-
tively) with no significant difference compared to group iii. Also, PV decreased significantly in group i relative to group ii (p = 0.01) 
with no significant difference for group iii.
Conclusions. PEMF significantly preserved proprioception receptors and function and decreased inflammation severity in 
the AiA-RA model.
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Introduction

RA patients have an increased risk of falling [1]a total of 
289 patients with RA, ages 24–85 years, were followed using 
quarterly fall diaries to report falls. At the baseline, medical 
data such as RA disease duration and disease Activity Score 
(dAS28CRP which is commonly complicated by fractures due 
to the presence of RA-induced osteoporosis [2]. This problem 
can be attributed to muscle weakness (due to inactivity and 
treatment with steroidal anti-inflammatory drugs), joint pa-
thology, or decreased visual acuity due to steroid-induced 
cataract or drug side effects [3]. However, its’ most obvious 
cause is defective proprioception [4]. Proprioception defect 
can be attributed directly to peripheral neuropathy (axonal 
degeneration and demyelination) and decreased mechano-
receptor numbers [5] and indirectly to pain and inflammation 
[6]. As RA treatments’ main concern is to control pain and in-
flammation, balance assessment and management are usu-
ally ignored [7]. one of the most popular methods to enhance 
balance is exercise, as it can decrease fatigue, pain, depres-
sion, and walking time [8], but eccentric or high-intensity exer-
cise can produce pain and delayed onset muscle soreness 
[9]. Moreover, RA patients’ tolerance of exercise is affected by 
fatigue, so it often cannot be done appropriately and con-
tinuously [8]. one of the potential alternatives is a pulsed elec-
tromagnetic field (PEMF), which is a passive, non-invasive, 
safe, and easy therapeutic intervention for treating painful and 
inflammatory conditions [10]. Moreover, it provides a protec-

tive effect for bone and cartilage in RA equal to diclofenac 
sodium but without its adverse side effects [11]. To assess 
this defect and a potential treatment, we utilise an RA animal 
model that is commonly used for this purpose [12]. The most 
common models are; (1) Type ii collagen arthritis: which allows 
a short duration of testing (7 days) and is unilateral [13]; (2) 
Antigen arthritis: which simulates acute localised inflamma-
tion in 1 or 2 joints [14]; (3) Adjuvant-induced arthritis (AiA): 
which is a whole-body model that affects all joints and organs 
and resembles all phases of RA (remission phase on days 
1 to 9, relapse phase on days 10 to 12, and chronic and de-
formity phase on days 20 to 60), and has good reproducibility 
and reliable onset and progression [12]. Although several tis-
sues are affected by mechanoreceptor depletion, fascia has 
a severe affection. Thoracolumbar fascia (TLF) is the largest 
fascia in the body of both humans and rats [15] and it binds 
with large muscles (latissimus dorsi, gluteus maximus, and 
transversus abdominis) that play a key role in postural stability 
[16]. it also plays a central role in proprioception, as it is 
always under tension and is richly innervated by mechano-
receptors [17]. Although TLF has a similar rich innervation 
in humans and rats, studies concerning its function and pa-
thology are still lacking [15].

This study aims primarily to provide an answer to the ques-
tion ‘does a PEMF increase proprioception in terms of mech-
anoreceptor number and/or function in an AiA model of RA?’ 
and secondarily to answer the question ‘does a PEMF change 
gait quality or arthritis severity in an AiA model of RA?’.
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Figure 1. Tactile placing response

b. Hopping response (Figure 2): with the animal supported 
upright by the examiner’s hand, the left foot was lifted off 
the ground, then the animal’s body was moved laterally un-
til the animal hopped with the weight-bearing foot to avoid 
falling. Foot dragging is considered no response. The score 
was calculated as the number of normal responses out of 3 
consecutive trials [21].

Figure 2. Hopping response

c. Forelimb placing test (Figure 3): The animal (held by its 
trunk) was positioned parallel to a tabletop and then slowly 
moved up and down, allowing the vibrissae on the right side 
to brush along the table’s edge. The score was calculated as 
the number of successful forelimb placements out of 10 con-
secutive trials [22].

Figure 3. Forelimb placing test

B. Histological examination

immediately following euthanasia by cervical dislocation, 
TLF was harvested and kept fully immersed in Krebs-Ringer 
solution (Ringer solution + glucose for cell survival) at room 
temperature for less than 24 hours, then stained using a mod-
ified gold-chloride method [23] as follows; tissues were im-
mersed in a solution of 3:1 lemon juice to 88% formic acid in 
darkness for 20 min or until the tissue colour turned trans-

Subjects and methods

Animals

Twenty-eight healthy adult male Wistar rats weighing 
200–250 g were procured from a local animal facility four days 
before the experiment to acclimate to the new location. Hous-
ing, care, and experimental procedures were approved by 
the institutional Animal Care and Use Committee, Cairo Uni-
versity (approval number: CU/iii/F/81/17).

Pulsed electromagnetic field (PEMF)

A PEMF was generated within a custom-made solenoid 
carrying a current of 18 amperes at 50 Hz from the mains 
supply (220–230 volts) via a Variac transformer. The solenoid 
consisted of 320 turns of electrically insulated 0.8 mm copper 
wire that is wrapped around a copper cylinder of 2 mm thick-
ness, 42 cm diameter, and 40 cm length. The cylinder wall was 
earthed to eliminate static charges. The magnetic field inten-
sity was measured at different locations to confirm a homog-
enous PEMF inside the solenoid by a Gauss/Tesla probe meter 
manufactured by Bell Technologies inc. (orlando, FL, USA).

Experimental groups

Since there was no data from previous studies with the 
same outcome measure, a sample of 8–10 animals per group 
was used [18]. The animals were randomly divided using 
the MS Excel random number generator function into three 
groups: (i) RA experimental group (n = 10) which is the RA 
model that received PEMF therapy of 0.3 mT for 1 h/day at 
the same time every day, 6 days/week for 2 weeks, (ii) pos-
itive control (n = 10) which is the RA model that received 
sham PEMF therapy, and (iii) negative control (n = 8) which 
is the group of normal animals that received sham PEMF 
therapy. one animal from group ii died spontaneously on 
day 0 before the start of the study.

induction of adjuvant-induced arthritis (AiA)

AiA was induced by injecting 0.1 ml of Freund’s complete 
adjuvant suspension (Sigma Chemical Co., USA) into the 
base of the tail of the rats [12], resulting in nerve fibre deple-
tion similar to that found in RA patients [19]. inflammation 
onset occurs on days 9–10 post-injection. Treatment was 
initiated on day 0 (prophylactic model) [20]. This study was 
ended 14 days after injection, before the development of se-
vere disability and deformity.

Proprioception assessment

A. Proprioception function evaluation

The proprioception function was evaluated on day 9 
(onset of disease), and day 14 (end of treatment) [21] as 
follows:

a. Tactile placing response (Figure 1): with the animal sup-
ported in a normal resting posture by the examiner’s hand, 
and the toes of the right foot were flexed. A response that 
takes more than 10 s is considered no response. The score 
was calculated as the number of normal responses out of 3 
consecutive trials. The response was graded as (3) normal 
(2) slightly impaired (1) severely impaired (0) absent [21]pos-
ture, gait, proprioception, motor function, autonomic function, 
and nociception.
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parent. Then, the solution was replaced by a 1% solution of 
gold chloride, and the container was placed again in dark-
ness for 60 min. Next, the tissues were immersed in a 25% 
solution of formic acid for 8 hours in darkness (block staining) 
before being rinsed in 3 changes of 70% ethanol, each for 
10 min. The tissues were then placed in glycerol for 24 hours, 
followed by dehydration and paraffin-embedding according 
to standard histological procedures. Longitudinal serials of 
5 μm sections were cut at a 30 μm sampling rate, three sec-
tions were mounted on each glass slide, and three to five 
slides per specimen were prepared for bright field examina-
tion. The slides’ labels were concealed and randomly re-
coded. An average of three examinations of the maximum 
number of Pacinian and Ruffini corpuscles in each section per 
(400X) magnification power field were recorded.

Sciatic function index (SFI)

SFi is an indicator of the degree of dysfunction of the lower 
extremity nerve and kinematics (Figure 4), ranging mainly 
from −100 to zero, where −100 represents full dysfunction 
and zero represents normal function. The equation of the 
measurable distances of footprints is [24]:

where: E – experimental, N – normal, PL – print length,  
TS – total spread, iT – intermediary toes.

Before testing, the animals were habituated to the walk-
way and learned to cross it from end to end, which was stimu-
lated by a dark goal box at the opposite end, noise, or another 
rat being put in the goal box [25]. A higher SFi value indicates 
a better gait quality.

Figure 4. Sciatic function index

Measurement of clinical severity of arthritis

Paw swelling (right paw volume up to the medial malleolus 
level) was measured using a plethysmometer (water displace-
ment) [26] on day 2 and then on alternate days until day 14. 
Body weights were recorded on days 0, 9, and 14.

Statistical analysis

All data of primary (proprioceptor number and functional 
proprioception tests) and secondary (sciatic function index, 
paw volume, and body weight) outcomes were presented as 
medians and ranges. Between-group comparisons were per-

formed using the Kruskal–Wallis ANoVA test, followed by the 
Mann–Whitney test to detect significance between groups. 
Significant results were then adjusted for multiple compari-
sons by the Bonferroni test. Within-group comparisons were 
analysed using Friedman’s test, and if significant, it was fol-
lowed by sign rank to detect changes over time within the 
same group. For all analyses, the significance level was set at 
p < 0.05. All statistical analyses were performed using SPSS 
version 26.0 (iBM incorporation, Chicago, iL, USA).

Ethical approval
The research related to human use has complied with all 

the relevant national regulations and institutional policies, 
has followed the tenets of the declaration of Helsinki, and has 
been approved by by the institutional Animal Care and Use 
Committee, Cairo University (approval number: CU/iii/F/81/17).

Results

A. Proprioception

Proprioception functional testing: results of between-
groups comparisons (Table 1) showed a significant increase 
in tactile response on day 9 (Figure 5) and day 14 (Figure 6) 
in group i compared to group ii (p = 0.002, 0.012, respec-
tively) with no significant difference compared to group iii 
(p = 0.52, 0.22, respectively), and a significant increase in 
hopping response on day 14 (Figure 7) in group i compared 
to group ii (p = 0.024) with no significant difference com-
pared to group iii (p  0.99). There was also a significant 
decrease in the forelimb placing test on day 9 (Figure 8) in 
group ii compared to group iii (p = 0.02) with no significant 
difference between groups i and iii (p = 0.61). However, 

SFi = –38.3                    + 109.5                    + 13.3                    – 8.8
EPL – NPL

NPL
EPL – NPL

NPL
EPL – NPL

NPL

Figure 5. Box plot of between-group comparison  
of tactile response day 9

Figure 6. Box plot of between-group comparison  
of tactile response day 14
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Table 1. Results of proprioception functional testing presented as median (minimum-maximum)

Groups
Hopping  
response  

day 9

Hopping  
response  
day 14

Tactile placing  
response

day 9

Tactile placing  
response
day 14

Forelimb  
placing test  

day 9

Forelimb  
placing test  

day 14

Group i  
(n = 10)

median 3 3* 3** 2.75*** 10 10

minimum 0 3 2 1.5 9 10

maximum 3 3.0 3.0 3 10 10

Group ii 
(n = 9)

median 3 3 1.5 1.500 10$ 10

minimum 2 0 1 0 8 7

maximum 3 3 3 2.5 10 10.0

Group iii 
(n = 8)

median 3 3 3 3 10 10

minimum 1 3 2.5 2 10 9

maximum 3 3 3 3 10 10

   * significant increase compared to group ii (p = 0.024)
  ** significant increase compared to group ii (p = 0.002)
*** significant increase compared to group ii (p = 0.012)
$ significant decrease compared to group iii (p = 0.02)

Figure 7. Box plot of between-group comparison  
of hopping response day 14

Figure 8. Box plot of between-group comparison  
of forward hand placement test day 9

Figure 9. Box plot of between-group comparison of hopping  
response day 9

Figure 10. Box plot of between-group comparison of forward 
hand placement test day 14

there was no significant difference between groups in the 
hopping response on day 9 (Figure 9) (p = 0.78) and the 
forelimb placing test on day 14 (Figure 10) (p = 0.054). After 
adjustment for repeated comparison, all results were still 
significantly different except the hopping response on day 
14 and the forelimb placing test on day 9.

B. Histological examination

The Pacinian (Figure 11) and Ruffini (Figure 12) corpuscles 
mechanoreceptors number: between groups comparisons 
(Table 2) showed a significant increase in the total number 
(Pacinian + Ruffini) (Figure 13) and Ruffini corpuscles number 
(Figure 14) in group i compared to group ii (p = 0.003, 0.007, 
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Figure 11. Pacinian corpuscles (400X) stained with modified  
gold chloride technique

Figure 12. Ruffini corpuscles (400X) stained with modified  
gold chloride technique

Table 2. Results of mechanoreceptor numbers presented as median (minimum–maximum)

Groups Pacinian corpuscles number Ruffini corpuscles number Total mechano receptor number

Group i  
(n = 10)

median 2   1*    3**

minimum 1 0 2

maximum 5 3 6

Group ii  
(n = 9)

median 1 0 1

minimum 0 0 0

maximum 3 2 3

Group iii  
(n = 8)

median 2 1    2.5

minimum 1 0 1

maximum 2 1 3

  * significantly increased relative to group ii (p = 0.003)
** significantly increased relative to group ii (p = 0.007)

Figure 13. Box plot of between-groups comparison  
of the total number of mechanoreceptors

Figure 14. Box plot of between-group comparison  
of Ruffini corpuscles number

Figure 15. Box plot of between-group comparison  
of Pacinian corpuscles number

respectively) with no significant difference compared to 
group iii (p = 0.18, 0.23, respectively). However, there was no 
significant difference between groups in Pacinian corpuscle 
numbers (p = 0.15) (Figure 15).
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Figure 16. Box plot of between-group comparison  
of paw volume day 7

Figure 17. Box plot of between-group comparison  
of paw volume day 9

Table 5. Between-groups comparisons of body weight  
presented as median (minimum–maximum)

Groups
Weight  
day 0

Weight  
day 9

Weight pre-
euthanasia

Group i  
(n = 10)

median 228.50* 223.50 224.00

minimum 202 193 191

maximum 246 239 246

Group ii  
(n = 9)

median 197.00 215.00 203.00

minimum 190 190 188

maximum 229 235 233

Group iii  
(n = 8)

median 216.50 220.50 213.50

minimum 202 198 194

maximum 242 266 251

* significant increase compared to group ii (p = 0.009)

Table 4. Between-group comparison of paw volume presented as median (minimum–maximum)

Groups
Paw volume  

day 2
Paw volume  

day 4
Paw volume  

day 7
Paw volume  

day 9
Paw volume  

day 11
Paw volume  

pre-euthanasia

Group i  
(n = 10)

median 9.5 11 10.5* 10 9.5 11

minimum 8 8 8 8 8 9

maximum 12 12 12 12 12 12

Group ii 
(n = 9)

median 11 9 12**$ 11*** 9 11

minimum 8 8 10 10 8 9

maximum 12 11 13 13 12 12

Group iii 
(n = 8)

median 9.5 9 10 10 9 10

minimum 8.0 8.0 9.0 8.0 8.0 9.0

maximum 12 11 11 11 10 11

   * significant decrease compared to group ii (p = 0.01)
  ** significant increase compared to group iii (p = 0.002)
*** significant increase compared to group iii (p = 0.01)
$ significant within-group increase relative to days 2 and 4  
(p = 0.007, 0.04, respectively)

Sciatic function index

Results of between-groups comparisons showed a non-
significant difference (p = 0.7) (Table 3). Also, within-group 
comparisons showed a nonsignificant difference as follows: 
group i (p = 0.52), group ii (p = 0.73), and group iii (p > 0.99).

Table 3. Results of SFi analysis

Groups SFi Median Minimum Maximum

Group i (n = 10) −14.52 −21.63 12.97

Group ii (n = 9) −9.07 −28.05 1.86

Group iii (n = 8) −9.92 −15.10 7.43

Paw volume and body weight

Between-groups comparisons of paw volume (Table 4) 
showed a significant decrease on day 7 in group i compared 
to group ii (p = 0.01) with no significant difference compared 
to group iii (p = 0.54) (Figure 16). There was a significant in-
crease in the day 7 and day 9 paw volume in group ii com-
pared to group iii (p = 0.002, 0.01, respectively) with no sig-
nificant difference between group i and group iii (p = 0.54, 
0.23, respectively) (Figures 16, 17).

Within-group analysis showed a significant increase in 
group ii on day 7 relative to the previous examinations (days 2 
and 4) (p = 0.007, 0.04, respectively) which persisted until 
the end of the study.

The between-groups comparisons of body weight (Ta-
ble 5) showed a significant increase on day 0 in group i com-
pared to group ii (p = 0.009). However, it did not show a sig-
nificant difference on day 9 (inflammatory onset) or in the 
pre-euthanasia assessment (p = 0.3, 0.32, respectively). Also, 
the within-group analysis did not show a significant difference 
between the start and end of the study: group i (p = 0.011) 
group ii (p = 0.12), group iii (p = 0.14).
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a significant increase in paw volume (indicator of oedema) in 
group ii on days 7 and 9 (onset of disease) without a signifi-
cant difference between groups i and iii, which agrees with 
previous studies [11, 37]. For animal weight, there was a sig-
nificant increase in group i relative to group ii at the start of 
the study, followed by no significant difference between 
groups until the end of the study; however, the within-group 
analysis did not show any significant difference. For the SFi, 
there was no significant difference between groups. Based 
on these findings, PEMF treatment has a positive effect on the 
number and function of the proprioceptors in the AiA model 
tested and may have a role in balance preservation and fall-
ing risk reduction in humans.

Previous studies also support the application of a PEMF 
for RA treatment, as it enhances stem cells differentiation, 
joint regeneration and vascular homeostasis [38], decreases 
pain and inflammation, regulates the immune system, and 
enhances tissues survival by maintaining redox homeostasis 
[36], and decreases standing body sway during transcranial 
PEMF exposure [39] without any side effects.

The insignificant differences in the SFi could be attributed 
to the different morphology between bipedal humans and 
quadrupedal rat mechanics. Also, insignificant changes in 
body weight may be a result of a minimal amount or lack of 
pain, which was intended to not affect appetite, as this study 
was carried out during the remission phase.

This study has a few limitations. First, we investigated the 
effect of PEMF with specific parameters in the remission 
phase of an AiA model, so further studies can investigate the 
effect of different parameters and different therapeutic tech-
niques, such as microcurrent [40]pain threshold, range of mo-
tion, neck muscle strength, and neck function. Methods. it is 
a pilot study involving 28 female subjects (aged 18 24 years, 
in different RA phases. Also, the examination was carried out 
at the end of the remission phase; However, a longer follow-
up may reveal an effect on the severity or progression of path-
ological changes in advanced RA stages. Furthermore, only 
histological and functional analyses were performed as end-
point assessments, whereas biomechanical and other neuro-
physiological studies can also be considered. Moreover, the 
histology was based on manual counting, so further studies 
can use an image analyser or histomorphometry, or electron 
microscopy to gain a better insight into the neural changes 
and to decrease the subjectivity of this process. Also, different 
balance mechanisms can make balance defects less clini-
cally presented in quadrupeds; So, if the validity of the AiA 
model is assumed in the bipedal model, it will be more suit-
able for similar studies. Finally, the sample size was based 
on recommendations for this type of research and no sam-
ple size calculation was performed, which may result in low 
statistical power. Therefore, further studies should consider 
sample size calculation based on the current results to de-
crease type ii statistical error.

Conclusions

Within the limitations of this study, PEMF treatment for 
1 hour, 6 days/week for 2 weeks can effectively preserve 
proprioception functionally and structurally and decrease 
oedema in a rodent animal model of RA.
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Discussion

The results show significant preservation of the number 
of proprioceptive receptors (Ruffini corpuscles) and functional 
testing in group i (treated RA model) relative to group ii (un-
treated RA model / positive control) with no significant differ-
ence relative to group iii (normal animals / negative control). 
Furthermore, there was a significant increase in paw volume 
(indicator of oedema) in group ii on days 7 and 9 (onset of dis-
ease) without a significant difference between groups i and iii. 
Regarding animal weight, there was a significant increase in 
group i relative to group ii at the start of the study, then there 
was no significant difference between groups until the end of 
the study; however, the within-group analysis did not show 
any significant difference. Regarding the SFi, there was no 
significant difference between groups or within groups.

RA is a chronic autoimmune systemic disease that affects 
1% of the population. Patients suffer from depletion of pro-
prioceptors [27], which represents a significant proportion of 
the increased risk of falling and further injury, resulting in 
a fear of movement [28]. Recent RA research focuses on the 
remission phase (prophylactic) treatment, as it is proven to 
decrease arthritis severity and complications. However, this 
research is limited in humans for both ethical and clinical rea-
sons, so animal models can offer a good alternative [29]. Ani-
mals can be selected to be homogenous in age, sex, genetics, 
and disease-modifying factors such as duration, severity, 
and lifestyle.

PEMF therapy has multiple positive effects on nerve re-
generation and sprouting. For example, applying a PEMF 
(0.23 mT/50 Hz/96 h) to a rat pheochromocytoma culture 
increases the average number of neurites per cell to 2.4 
compared to 1.9 in control cells [30]. Furthermore, a PEMF 
(1.36 mT/50Hz/ 96 h) increases the average length of neu-
rites [31]average length of neurites, and directivity of neur-
ite outgrowth in PC12 cells cultured for 96 h in the presence 
of nerve growth factor (NGF. This increase could be attrib-
uted to the up-regulation of neurotrophic factor gene expres-
sion and increased resistance to oxidative stress [32]at least 
in part, to the effect of these fields on neurotrophic factors 
levels and cell survival, leading to an improvement in behavior. 
This study was undertaken to investigate the neuroprotec-
tive effects of ELFEF in a rat model of 3-nitropropionic acid 
(3NP. Furthermore, it can increase the number of mechano-
receptors in healthy rats [33], upregulate the expression of the 
mRNA transcription factors that direct the differentiation of 
new cells into neuronal cells rather than the glial phenotype, 
increase the levels of mRNA for Ca+2 channel subunits that 
mediate neurogenesis [34], and inhibit H2o2-induced apo-
ptosis and puromycin production, which is a protein synthesis 
inhibitor that stops dNA ribosome translation [35]. Moreover, 
magnetic therapy has been proven to decrease pain [36] and 
inflammation [11] in RA patients, which can indirectly im-
prove proprioception and balance.

To the best of the authors’ knowledge, there are no ran-
domised controlled trials on the effect of a PEMF on proprio-
ception receptors or function in RA patients or models. There-
fore, this study aimed to investigate the effect of a PEMF 
primarily on proprioception in terms of the number and func-
tion of mechanoreceptors and secondarily on gait quality 
(sciatic function index) and arthritis severity in an AiA model 
of RA. The results show a significant preservation of the 
number of mechanoreceptors (Ruffini corpuscles) and pro-
prioceptive function in group i (treated RA model) relative to 
group ii (untreated RA model) without a significant difference 
relative to group iii (normal animals). Furthermore, there was 
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