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EFFECT OF RHYTHMIC PERIPHERAL MAGNETIC STIMULATION M) Check for updates
ON THE FUNCTIONAL CAPABILITIES OF THE MUSCULOSKELETAL SYSTEM
OF MALE ATHLETES
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Introduction. Previous research has demonstrated the high efficacy of peripheral magnetic stimulation (PMS) in the postoperative period
of athletes for increasing strength and muscle tissue hypertrophy. Scientific and experimental substantiation for the use of PMS within the
medical and biological support system for elite sports to improve the functional capabilities of the musculoskeletal system (MSS) in healthy
athletes represents a relevant research task.

Objective. Study of the effect of rhythmic PMS on the functional capabilities of MSS in male athletes.

Materials and methods. The study was conducted at the Yug-Sport Rehabilitation and Recovery Center for Athletes in Kislovodsk (Russia).
In total, 38 highly qualified male athletes were involved, who were divided into three groups: experimental group 1 (EG1) — 15 individuals,
experimental group 2 (EG2) — 8 individuals, and the control group (CG) — 15 individuals. PMS was administered using a BTL-6000 Super
Inductive System high-intensity magnetotherapy device, following two protocols for modulation and stimulation frequency. In the athletes, the
following parameters were assessed: electrophysiological studies (electroneuromyography), rheovasography, and dynamometry of the lower
limbs. These assessments were conducted before the intervention, after the first session, and after a course of eight PMS treatment sessions.
In the control group, PMS was not applied. All parameters in this group were measured before and after the training camp period.

Results. The application of PMS to the posterior aspect of the left and right thigh at an intensity above the motor threshold (25-80%) and a
frequency modulation of 1-150 Hz (EG1) contributed to a decrease in latency parameters and an increase in motor conduction velocity, as
well as the M response amplitude and area upon stimulation of the peroneal nerve. The application of PMS to the same area and at the same
intensity, but with a frequency modulation of 1-50 Hz (EG2), increased the M response amplitude and area. An increase in peripheral hemo-
dynamics in the vessels of the lower limbs and in the strength parameters of the hip flexor and extensor muscles was revealed, along with an
improvement in intermuscular coordination.

Conclusions. The application of PMS in highly qualified athletes contributes to an increase in the functional capabilities of MSS, manifested
in improved parameters of neuromuscular transmission, peripheral hemodynamics, and strength capabilities.
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BMUAHUE NPUMEHEHUA PUTMUYECKOWN NEPU®EPUYECKON MATHUTHOW CTUMYNALINA
HA ®YHKUMWOHAJIbHbIE BOSMO>XHOCTW ONOPHO-ABUIATEJIbHOIO AMMAPATA
CMNOPTCMEHOB-MY>XX41H

HO.B. KopsirmHa'™, FO.B. KywuHapega', C.B. HonvH!, C.M. Abytanumosa', 1.H. MutunH?

" CeBepo-KaBkasckuii hefiepalnbHblil HAyYHO-KNMHUYECKM LeHTp PeflepanbHOro MeanKo-bronormieckoro areHTcTea, EcceHTykm, Poceus
2 HaumoHanbHbIN LIEHTP CMOPTUBHOM MeanuyvHbl PefepanbHoro Meamko-61oiorm4eckoro areHTcTea, Mocksa, Poccust

BBepeHune. liccnenoBanus, NpoBefeHHbIE CrneumanucTammn, nokasanu BbICOKYK 3(PMEKTMBHOCTb MPUMEHEHUS Nepudepnyeckon Mar-
HUTHOWM cTumynsaunn (MMIC) B nocneonepauyoHHOM neproge AN NOBbILLEHNS CUMlbl U TUNEePTPOMUM MbILLEYHOM TKaHW Y CMOPTCMEHOB.
AKTyaNbHbIM SBASETCS HAy4YHO-3KCNEPUMEHTaNbHOe 060CHOBaHMe NpuMmeHerus NMMC B cucteme Meanko-6r1onornieckoro obecneyenms
cropTa BbICLUNX AOCTVXKEHWUI AN YAYyHLIEHNst (DYHKLMOHabHbIX BO3MOXXHOCTEN ONOopHO-ABUraTesnibHoro annapara (O[A) 300p0BbIX CropT-
CMEHOB.
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Llenb. V13y4eHne BAvsHUS npuMeHeHnsa putMmmdeckon NMMC Ha hyHKLMOHaNbHbIE BO3MOXXHOCTY OJA CNOPTCMEHOB-MY>K4MH.

Martepuansl n metogbl. ViccnegoBaHne nposefeHo Ha 6ase peabnnTaLMOHHO-BOCCTaHOBUTENBHOMO LieHTpa AN1s cnopTcMeHoB PIrbY
«tOr Cnop™ B . Knucnosodcke. B Hem mpuHAnm y4actne 38 CnopTCMEHOB-MY>KHY1H BbICOKOW kBanndrkaumm. CnopTcMeHbl Obln pasgeneHb!
Ha Tpw rpynnbl: onbiTHYto rpynny 1 (OM1) — 15 yen., onbitHyto rpynny 2 (OM'2) — 8 yen. n koHTponbHyto (KIN) — 15 yen. NMMC nposoamnn
C MNOMOLLbIO CUCTEMbI BbICOKOMHTEHCUBHOM MarHuToTepanum BTL-6000 Super Inductive System no aByM pasHbiM NPOTOKOaM MOAYNAUMM
1 4acTOTbl BO3AencTBMA. [Jo MprMeHeHns, Mocie NepBoro ceaHca 1 nocne Kypca ns 8 npouedyp NMC y cnopTcMeHoB onpegensnmcs no-
Kasartenu anekTpoHenpommorpadum, peosasorpadum 1 AMHAMOMETPUM HUXKHUX KOHEYHOCTEN. B KOHTPObHOM rpynne cnoptcmeHos NMMC
He MPUMeHsW, BCe NokasaTenu nccnefosanv 4o 1 nocne y4ebHO-TPEHNPOBO4YHbIX COOPOB.

Pesynbtathbl. Mpumenerne NMMC Ha obnacTb 3agHen NMOBEPXHOCTM NIEBOrO M MpaBoro 6efpa ¢ MHTEHCUBHOCTLIO BbilLE MOpora MOTOPHOMO
otBeTa (25-80%) 1 mogynaumen 4actotel 1-150 I (O 1) cnocob6CTBOBANO CHMXXEHUIO MoKasaTenen NaTeHTHOCTU U yBeNMYeHWio napa-
METPOB CKOPOCTV MOTOPHOrO MPOBefAeHWs, aMnanTyapl 1 naolwaan M-oTBeToB npw CTUMYyNSaLmMr ManobepLioBoro Hepsa. [puMeHeHve
MMC Ha Ty »e 0651acTb 1 C TOW Xe NHTEHCUBHOCTLIO C Moaynsuvent YyacTtoTel 1-50 I (O2) yBenuumnsano nokasareny aMnanTyapl v nio-
waan M-oTBeToB. BbisiBNeHO yBenmyeHe nepudepruyeckon reMonHaMIKL B COCYAAX HKHMX KOHEYHOCTEN 1 MapaMeTpOB CUJlbl MbiLLIL-
crubatenein 1 pasrnbartenein befpa, ynydlleHne MexKMblLLeYHOM KoopaHaLummn paboTbl MbILLL,.

BoiBogpbl. [NpumeHerve NMMC y CnOpTCMEHOB BbICOKOW KBaNMUKaLmm CnocobCTBYET YBENMHEHNIO (DYHKLMOHABHBIX BO3MOXXHOCTeNn OLA:
napameTpPOB HEPBHO-MbILLEYHOWN Nepenaqn, nepnhepn4eckon reMoaHamMmnKm 1 CUNOBbIX BO3MOXXHOCTEN.

KnioyeBble cnoBa: CropTCcMeHbl; (yHKLIMOHAbHbIE BO3MOXXHOCTW; OMOPHO-ABMraTenbHbIA annapaT; HepPBHO-MbILIEYHbI annapar;
nepudepnyeckas MarHUTHas CTUMYNSLMS; DrUanoTepaniist; aNeKTPOHENPOMMOrpatusi; reMoaNHaMNKa; CUa MbILLLL

Ons untuposaHus: KopsruHa HO.B., KywHapesa HO.B., Hornvn C.B., AbyTtannumoa C.M., MutuH .H. BangHne npruMeHeHns pUTMUYeCcKom
nepnhepnHECKon MarHUTHON CTUMYASLIM Ha (DYHKLMOHAbHBbIE BO3MOXHOCTI ONOPHO-ABMraTeNbHOro anmnapara CnopTCMEHOB-MY>KHH.
MeaunumHa akcTpemarsibHbix cutyaumi. 2025. https:/doi.org/10.47183/mes.2025-367
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INTRODUCTION aim to study the effect of rhythmic PMS on the functional

capabilities of MSS in male athletes.
Magnetic stimulation is a highly effective treatment

method widely used in clinical practice for the therapy
and rehabilitation of patients with pathologies of the
central and peripheral nervous systems, musculoskel-
etal system (MSS), and urological diseases [1-3]. In re-
cent years, an increasing number of studies have been
published investigating the effects of transcranial and
peripheral rhythmic magnetic field exposure on the
functional state of organs and systems in athletes [4, 5].
Research results have demonstrated the high efficacy of
using peripheral magnetic stimulation (PMS) in the post-
operative period to enhance strength and muscle tissue
hypertrophy in athletes [6]. Data indicating increased
muscle strength performance following a course of PMS
have been published [7, 8]. Furthermore, by regulating
the frequency characteristics of the magnetic field, it is
possible not only to increase strength parameters but
also to potentiate the aerobic capacity of the muscular
system in athletes [9].

Therefore, scientific and experimental substantia-
tion for the application of PMS within the medical and
biological support system of elite sports to enhance the
functional capabilities of the MSS in healthy athletes ap-
pears a highly relevant research task. In this article, we

MATERIALS AND METHODS

The study was conducted at the rehabilitation and re-
covery center for Russian national team athletes, located
on the premises of the Yug-Sport center (Kislovodsk,
Russia). The study involved 38 highly qualified male
athletes engaged in athletics, baseball, cross-country
skiing, short track speed skating, kettlebell lifting, and
badminton, with a median age of 22 [19; 25] years. The
athletes were divided into three groups: experimental
group 1 (EG1) — 15 individuals, experimental group 2
(EG2) — 8 individuals, and the control group (CG) —
15 individuals:

e in EG1, the pre-set protocol (A-1012) “Pre-
Rehabilitation Preparation” of the device was applied
(see Table 1);

e in EG2, the pre-set protocol (A-0012) “Muscle
Strengthening” of the device was applied;

e inthe CG, PMS was not applied; all parameters were
assessed before and after the training camp period.
The inclusion criteria for the study were highly quali-

fied athletes undergoing intensive training loads. The

exclusion criteria were refusal to participate in the

MEOVLHA SKCTPEMAbHBIX CUTYALIN | 2025



ORIGINAL ARTICLE | SPORTS MEDICINE

study, acute illnesses and injuries, presence of con-
traindications to PMS (general contraindications to
physiotherapy, arterial hypotension, clinically significant
endocrinopathies (especially hyperthyroidism), bleed-
ing tendency, hemorrhagic diathesis, presence of an
implanted pacemaker).

PMS was performed using a BTL-6000 Super
Inductive System high-intensity magnetotherapy de-
vice, specifically the BTL-6000 Super Inductive System
Elite version (BTL Industries Ltd., the UK). The treatment
session was conducted with the participant in a prone
position, with the center of the applicator positioned at
the minimal distance from the skin surface. The stimula-
tion area targeted the posterior aspect of the left and
right thigh (corresponding to the projection of the m. bi-
ceps femoris long head and m. semimembranosus). The
stimulation intensity was set individually above the mo-
tor threshold (25-80%). The total number of sessions
was 8, conducted daily.

Before and after the first session, as well as after the
course of eight PMS sessions, the following parameters
were recorded:

e motor response parameters using stimulation elec-
troneuromyography (ENMG) by a four-channel
Neuro-MVP complex (Neurosoft, Russia);

e peripheral hemodynamics via rheovasography (RVG)
using a Valent rheography device;

e strength parameters of the thigh muscles via dy-
namometry using a robotic CON-TREX LP complex
(Physiomed Elektromedizin AG).

A movement template (bilateral: extension/flexion,
sitting position) was used during the measurement.

Statistical data processing was performed using the
Statistica 13.0 software. Standard descriptive statistics
measures were calculated (medians (M) with upper (Q,)
and lower (Q,) quartiles). Comparison of parameters was

carried out using non-parametric tests: Wilcoxon test for
analyzing data dynamics in dependent groups, Dunn’s
test for assessing differences between two independent
groups, Kruskal-Wallis test for comparisons between
three independent groups.

RESULTS

During the study, when comparing the parameters of the
neuromuscular apparatus (NMA) based on ENMG data
before PMS application in athletes of EG1, EG2, and CG
using the Kruskal-Wallis and Dunn tests, statistically
significant differences were found only for the duration
and latency of the M response, which were higher in the

athletes of the CG (p < 0.05).

The conducted analysis of the dynamics of motor
response parameters during PMS in athletes of EG1
showed a statistically significant increase in:

e motor conduction velocity at the stimulation point
“fibular head” on the right side after the PMS course
(dynamics: pre-PMS 49.3 [47.7; 50.5] m/s, after the
first session 50.3 [48.3; 51.4] m/s, after the PMS
course 50 [48.7; 52] m/s (p < 0.03));

e motor conduction velocity at the stimulation point
“popliteal fossa” on the left (p < 0.02);

e M-wave amplitude at the stimulation points “fibu-
lar head” (p < 0.05) and “popliteal fossa” on the left
(p <0.03);

e adecrease in latency at the stimulation point “tarsus”
on the left (p < 0.02) (see Table 2).

A trend toward an increase in the M-wave area was
noted at all stimulation points, both on the right and left
sides.

The conducted analysis of the results of PMS appli-
cation in athletes of EG2 showed a statistically signifi-
cant increase in:

Table 1. Peripheral magnetic stimulation protocol parameters

Groups

PMS modes

EG1

EG2

Frequency modulation, Hz

1-150

1-50

Sequence, frequency (Hz),
and duration (s) of frequency
modulation sections

1. Variable (150 Hz), 30 s

2. No modulation (0 Hz), 30 s

3. No modulation (150 Hz), 15 s
4. Variable (1 Hz), 45 s

5. No modulation (150 Hz), 15 s
6. No modulation (1 Hz), 45 s

7. Trapezoidal (25-45 Hz), 240 s
8. No modulation (1 Hz), 60 s

9. Variable (60 Hz), 30 s

10. Variable (1 Hz), 30 s

1. Variable (15-50 Hz), 30 s

2. No modulation (1 Hz), 30 s

3. Trapezoidal (1-15 Hz), 120 s
4. No modulation (1 Hz), 60 s

5. Trapezoidal (15-30 Hz), 120 s
6. No modulation (1 Hz), 60 s

7. Trapezoidal (30-40 Hz), 120 s
8. No modulation (1 Hz), 60 s

9. Trapezoidal (40-50 Hz), 120 s
10. No modulation (1 Hz), 60 s

Procedure duration

10 min per zone

13 min per zone

Table compiled by the authors based on original data

Note: PMS — peripheral magnetic stimulation; EG1 — experimental group 1; EG2 — experimental group 2.
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Table 2. Parameters of the motor response from the m. extensor digitorum brevis (by the left n. peroneus) in
athletes of experimental group 1 during peripheral magnetic stimulation, n= 15

Parameters Normal Before . PMS
value the 1¥'session | Agter the 15 session | After the course
Stimulation point “Tarsus”

Terminal latency, ms - 3.7 [3.5; 3.9] 3.6 [8.2; 3.9]t 3.5[8.1; 4.3t

Amplitude, mV >3 8.5[5.2; 10.4] 7.9 [5.6; 10.1] 8.4 [7.3; 11.7]
Duration, ms - 5.95 [5.55; 6.35] 5.9 [5.5; 6.45] 5.82 [5.65; 6.7]
Area, mV x ms - 22.4 [15.6; 32 23.1 [19.6; 27.9] 26.9 [22.8; 33.7]
Residual latency, ms <3 2.37 [2.01; 2.57] 2.27 [1.74; 2.51] 1.99 [1.79; 277"

Stimulation point “Fibular head”

Terminal latency, ms - 11 [10.2;11.4] 10.8 [10; 11.1] 10.8 [9.9; 11.1]
Amplitude, mV >3 7.5 [6; 10.4] 8.3[5.1;9.9] 79 [71; 1]*
Duration, ms - 6.42 [5.9; 7.1] 6.38 [6.15; 7.05] 6.45[5.9; 6.9]
Area, mV x ms - 25.2 [19.9; 31.8] 23.8 [19.6; 32.7] 27.8 [21.5; 33.6]
Velocity, m/s >40 48.8 [46.7; 50.7] 50 [48.3; 51.7] 49.6 [47.7; 51.3]

Stimulation point “Popliteal fossa”

Terminal latency, ms

12.8 [12.5; 13.5]

12.7 [12; 13.2"

12.7 [11.9; 12.9]

Amplitude, mV >3 7.9[6.2;10.4] 81[5.8; 10.2] 8.4 [7; 11.8]"*
Duration, ms - 6.7 [5.83; 7.11] 6.45 [5.97; 7.4] 6.5 [5.86; 7.57]

Area, mV x ms - 27.7 [19.5; 33.7] 24.5[19.2; 32.5] 28.6 [22.4; 37.5]
Velocity, m/s >40 51.4 [48.3; 55.6] 52.6 [48.8; 55.6] 56.4 [51.2; 58.9]**

Table compiled by the authors based on original data

Note: PMS — peripheral magnetic stimulation; data are presented as median with lower and upper quartiles M, [Q,; Q_J; n — number of ath-
letes in the group; p — statistically significant differences from the parameter before the 1t session; * — p < 0.05; T — p < 0.03; ** — p < 0.02;

“~” — data not available.

e M-wave amplitude at the stimulation points “tarsus”
(o < 0.03), “fibular head” (p < 0.04), and “popliteal
fossa” (p < 0.04) on the right side (Fig. 1A);

e M-wave area at the stimulation points “tarsus”
(o < 0.03), “fibular head” (p < 0.01), and “popliteal
fossa” (p < 0.03) on the right side (Fig. 1B).

A similar increase in the parameters of M response
amplitude and area were observed in athletes of EG2
on the left side at all stimulation points. In the CG, a
decrease in motor conduction velocity was observed
at the stimulation point “popliteal fossa” on the left side
(before the training camp — 54 [51.2; 57.8] m/s, after —
481 [44.7; 52.8] m/s; p < 0.02).

The comparison of RVG parameters before PMS
application in athletes of EG1, EG2, and CG revealed
statistically significant differences only in the elastic-
ity modulus (EM) parameters, which were higher in the
CG (p < 0.04). The analysis of lower limb hemodynam-
ic parameters in athletes of EG1 showed a statistically

significant increase after the first session in the “left foot”

segment for the following parameters:

e rheographic index 1.4 [0.97; 1.71] conv. units
(p < 0.05 compared to pre-PMS values of
1.13 [0.93; 1.29] conv. units and post-course PMS
values of 1.32 [1.07; 1.49] conv. units;

e propagation time of rheographic waves pre-PMS
0.3[0.28; 0.3] s; after the first session 0.32 [0.3; 0.32] s
(b < 0.006); post-course 0.3 [0.29; 0.31] s.

In the f“right foot” segment, the duration of
maximum systolic vessel filling increased: pre-
PMS 0.3 [0115; 0142] s; after the first ses-
sion 0.142 [0.132; 0.154] s (p < 0.05); post-course
0.119 [0.107; 0.15] s.

In the “left shin” segment, after the first session, the
propagation time of rheographic waves increased to
0.28 [0.26; 0.29] s (p < 0.05) against the background of
pre-PMS values of 0.27 [0.26; 0.28] s and post-therapy
course values of 0.27 [0.26; 0.29] s.
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Fig. 1. Dynamics of amplitude (A) and area (B) of the M response at the stimulation points “tarsus”, “fibular head”,
and “popliteal fossa” (n. peroneus) in athletes of experimental group 2 during peripheral magnetic stimulation,
n = 8: n — number of athletes in the group; T — tarsus; FH — fibular head; PF — popliteal fossa; 1 — before the
18t session; 2 — after the 1%t session; 3 — after a course of peripheral magnetic stimulation
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Fig. 2. Dynamics of the mean maximal torque-to-body-weight ratio (A) and total work per movement cycle (B) in
athletes of experimental group 1, n = 15: n — number of athletes in the group; Ext — extensor muscles; Fle — flexor
muscles; 1 — before the 1%t session; 2 — after the 1! session; 3 — after a course of peripheral magnetic stimulation

In the “right shin” segment, the diastolic index was
higher both after the first session and after the entire
course (pre-PMS — 0.43 [0.31; 0.46] conv. units; after
the first session — 0.52 [0.44; 0.61] conv. units, p < 0.04;
after the course — 0.5 [0.36; 0.59] conv. units, p < 0.04).

After the full PMS course, the blood flow asym-
metry coefficient in the feet decreased threefold (pre-
PMS — 34 [12; 56]; after the 1st session — 13 [7; 27];
after the course — 11 [4; 24], p < 0.03). In the CG
athletes, the diastolic index decreased statistically
significantly in the “left foot” segment (pre-training
camp — 0.47 [0.39; 0.53] conv. units and post-train-
ing camp — 0.38 [0.32; 0.44] conv. units, p < 0.02)
and the “right foot” segment (pre-training camp —
0.46 [0.41; 0.56] conv. units and post-training camp —
0.38 [0.36; 0.45] conv. units, p < 0.05).

The comparison of dynamometry parameters in
athletes of EG1 and CG before the application of PMS

EXTREME MEDICINE | 2025

revealed no statistically significant differences. The analy-
sis of the dynamics of thigh muscle strength in men of EG1
showed a statistically significant increase in the strength
parameters of the hip extensor and flexor muscles after
completing the entire course. Specifically, for the extensor
muscles, the following parameters increased:

e maximum torque strength, in newtons (N). pre-
PMS — 1475 [1277; 1714] N; after the first ses-
sion — 14425 [1034; 1629] N; after the course —
1610 [1277; 2018] N, p < 0.05;

e mean maximal torque-to-body-weight ratio, N: pre-
PMS — 14.45 [12.4; 20.52] N; after the first ses-
sion — 16.01 [10.39; 19.53] N; after the course —
17.97 [13.84; 22.56] N, p < 0.03 (Fig. 2A).

In flexor muscles, a statistically significant increase in
the following parameters was observed:

e mean maximal power per movement cycle, N:
before PMS — 128.3 [91; 163] N; after the first
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session — 116.2 [83.2; 170.9] N; after the course —
140.1 [1171; 175.5] N; p < 0.04;

e mean work per cycle (per movement direc-
tion), normalized to body weight, N: before
PMS — 226 [150.5; 293] N; after the first ses-
sion — 221.95 [144.7; 284.3] N; after the course —
252.2 [199.6; 294.2] N; p < 0.05;

e total work per movement cycle, N: before PMS —
4519.1 [3010.4; 5860.6] N; after the first session —
4438.7 [2894.6; 5686.2] N; after the course —
5044.5 [3992.8; 5883.6] N; p < 0.05 (Fig. 2B).
Additionally, after both the single session and the full

PMS course, athletes in EG1 showed optimization of

extensor and flexor muscle strength. This was reflect-

ed in a decrease in the ratio of this parameter (before

PMS — 109.6 [101; 123.6]%; after the first session —

10515 [94.6; 107.7]%; p < 0.05; after the course —

103.5 [99.3; 112.2]%; p < 0.04). The analysis of dy-

namometry parameters of the thigh muscles in the CG

revealed no statistically significant differences.

DISCUSSION

The application of PMS in clinical practice is widely
documented in the scientific literature, particularly in the
treatment of myofascial pain syndrome, other MSS dis-
orders, patients with peripheral neuropathic pain, acute
and chronic back pain, post-stroke spasticity, paresis,
plegia, dysphagia [10-14]. In sports practice, the use
of rhythmic PMS is most frequently reported in studies
focusing on methods to enhance athlete performance.
For instance, applying rhythmic PMS in athletes dur-
ing isokinetic exercises revealed an increase in muscle
aerobic capacity, attributed to higher oxygen uptake at
the aerobic and anaerobic thresholds. Additionally, an
improvement in muscle strength parameters was ob-
served without an increase in muscle mass [9].

Our study has found that a course of eight PMS treat-
ment sessions applied to the posterior surface of both
left and right thighs — using intensities above the motor
response threshold (25-80 %) and frequency modula-
tion of 1-150 Hz — led to:

e areduction in latency values;

® anincrease in motor conduction velocity;

e higher amplitude and area of M responses during
peroneal nerve stimulation.

A PMS course applied to the same region at the
same intensity, but with a frequency modulation of
1-50 Hz, resulted in increased amplitude and area of
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