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Abstract

Background: To evaluate the effects of a motion-triggered neuromuscular electrical stimula-
tion (NMES) shoulder strengthening program on rotational shoulder strength and throwing
velocity in healthy, elite-level handball players. Methods: Fourteen male handball players
were randomly allocated (1:1) to either the NMES or control group. Participants were
assessed by a blinded investigator at baseline and after 6 weeks for clinical status, iso-
metric dynamometer-based external (ER) and internal rotational (IR) maximal shoulder
strength, and handball endurance and maximal throwing velocity (7 m free throw). Be-
tween time points, NMES subjects completed a standardized motion-triggered NMES
shoulder strengthening program (3 sessions/week, 30 min for 6 weeks), whereas controls
performed a conventional standardized strength program. Results: After completion of the
motion-triggered NMES program, all NMES participants (100%) demonstrated significant
gains in isometric ER strength (+1.4 £ 1.1 kg, p = 0.016) compared with 43% of controls, who
demonstrated no overall improvement (—0.2 & 1.8 kg, p = 0.740). Similarly, a significantly
greater proportion of NMES participants improved endurance throwing velocity com-
pared with controls (100% vs. 29%, p = 0.004), with a mean increase of +2.9 & 2.8 km-h~!
(p = 0.0.56). Maximum throwing velocity showed no between-group differences in the
proportion of athletes with improved results (p = 0.899). Conclusions: A six-week motion-
triggered NMES shoulder strengthening program improved external rotation strength
and increased the proportion of athletes demonstrating enhanced endurance throwing
velocity under fatigued conditions. However, when compared with conventional exercise
alone, NMES did not confer additional benefits for maximal throwing velocity in this study.
Therefore, NMES should be regarded as a complementary modality rather than a substitute
for established shoulder strengthening exercises.
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1. Introduction

Handball is characterized by repetitive overhead throwing motions that place high de-
mands on shoulder strength, coordination, and fatigue resistance [1-3]. Previous research
has highlighted the importance of neuromuscular control and coordinated muscle activa-
tion for maintaining shoulder function during repetitive overhead activities [4—6]. In this
context, motion-triggered neuromuscular electrical stimulation (NMES) has been shown to
enhance neuromuscular coordination and shoulder control, providing a mechanistic ratio-
nale for its potential application in performance-oriented neuromuscular training [1,2,7].

By enhancing muscular balance and intermuscular coordination, motion-triggered
NMES may convert initially non-controllable movement patterns into controllable ones,
suggesting potential applications in performance-oriented neuromuscular training [2,7].
Given that the overhead throw is the most important sport-specific motion in handball [3],
primarily determined by throwing velocity and precision [8,9], improving these parameters
through enhanced intermuscular coordination and balanced muscle strength [8,10], may be
feasible using motion-triggered NMES shoulder strengthening.

Therefore, the aim of this study was to evaluate a motion-triggered NMES shoulder
strengthening program using objective clinical outcome parameters and to assess its effect
on rotational shoulder strength and throwing velocity in healthy, elite-level handball
players. It was hypothesized that a 6-week motion-triggered NMES shoulder strengthening
program would improve external rotation (ER) shoulder strength and may positively
influence throwing velocity by enhancing motor control.

2. Materials and Methods

This study was performed in accordance with the Declaration of Helsinki and ap-
proved by the Ethics Committee of the City of Vienna (EK 22-201-1022). Written informed
consent was obtained from all participants before inclusion. Eligible participants were
active elite-level handball players competing in the Austrian first national handball league
and participating in a minimum of five structured team-based training sessions per week.
Exclusion criteria included (i) age < 18 years, (ii) history of type I or II shoulder instability
according to the Stanmore classification [11], (iii) existing shoulder pain syndrome (defined
as pain at rest or during motion unrelated to that which impedes training), or (iv) recent
shoulder surgery within 1 year. Participants were randomly allocated (1:1 ratio) to either
the NMES or control group. Randomization was performed by the team’s head coach,
who drew sealed opaque envelopes containing study IDs pre-assigned to either the NMES
or control group. The head coach was blinded to group assignment during the draw to
minimize selection bias. After allocation, group assignments were revealed to the head
coach to allow supervision of the training sessions. All study investigators and authors
remained blinded to group allocation until completion of data collection and analysis.

The primary outcome of this randomized prospective trial was the change in throwing
velocity (km-h~1) from baseline to 6-week post-intervention follow-up. The secondary
outcome was the change in isometric ER and internal rotation (IR) maximal shoulder
strength measured with a hand-held dynamometer (HHD).

At baseline, participants underwent a standardized clinical and performance assess-
ment. Before the start of the performance testing, participants completed a 5 min standard-
ized warm-up consisting of cardiovascular activation, mobilization, and dynamic stretching
exercises. Performance assessment included handball throwing velocity and isometric
HHD ER and IR maximal shoulder strength testing. After completion of baseline evaluation
and confirmation of health and full performance status, randomized and examiner-blinded
group allocation was conducted (NMES (n = 7) and control group (1 = 7)).
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Baseline assessment was performed during the preseason transition into the competi-
tive season and repeated at 6 weeks in the same indoor court setting, at the same time of
the day (5:00 p.m.), and 2 days after the most recent match.

2.1. Clinical Examination

Clinical baseline evaluation was performed to exclude existing shoulder pathology,
particularly type I or I shoulder instability [11]. All assessments were performed by a single
fellowship-trained orthopedic shoulder specialist (U.L.). Each participant underwent
evaluation of range of motion (ROM)), repetitive resistance external and internal rotation
stress test (RERST, RIRST), Posterior Plier test, O’'Brien test as well as Belly Press test. Visual
inspection for infraspinatus muscle atrophy and scapular dyskinesis (sick scapula sign) [12]
was also performed. Passive ER and IR shoulder ROM were measured with a manual
goniometer in the supine position on a bench, with 90° shoulder abduction and 90° elbow
flexion. The examiner stabilized the participant’s proximal shoulder region (clavicle and
scapula) against the bench while moving the shoulder to maximal passive ER and IR.

2.2. Handball Throwing Velocity

Throwing velocity (km-h~!) was measured during a standing 7 m throw using
a calibrated radar gun positioned behind the net. Radar-based assessment of throwing ve-
locity has demonstrated high validity and reliability in overhead sports (ICC > 0.90) [8,9,13].
Participants were instructed to perform an overhead throw with maximum effort to record
top speed from the 7 m free-throw line (Figure 1). After a standardized warm-up, players
completed five sub-maximal (50%), three moderate (75%), and two maximal (100%) throws.
For testing, five maximal throws were performed with 30 s rest intervals to determine
maximal throwing velocity, followed by a 5 min break and ten consecutive throws (<5 s
rest), aiming to reach muscle fatigue and assess endurance throwing velocity. Only throws
hitting the net and detected by the radar gun were included. The mean of the five maximal
and ten endurance throws was used for analysis.

Figure 1. Handball throwing velocity testing setup. A player performing an overhead throw from
behind the 7 m free-throw line (black arrow). The radar gun (gray arrow) was positioned behind the
net to record the throwing velocity.

2.3. Isometric HHD ER and IR Maximal Shoulder Strength

Participants were positioned supine with 90° shoulder abduction and 90° elbow flex-
ion. Maximal isometric ER and IR strength were assessed using a calibrated HHD (Activ-
force 2, Activbody, San Diego, CA, USA) fixed to a goal post to maintain uniform stabiliza-
tion. Hand-held dynamometry has demonstrated good-to-excellent reliability for assessing
isometric shoulder rotational strength in athletic populations (ICC = 0.85-0.98) [7,14]. For
ER strength, the HHD was placed proximal to the ulnar styloid; for IR strength, proximal to
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the radial styloid. (Figure 2A,B). Testing was performed for both the dominant (throwing)
and non-dominant shoulders. Each participant performed three 5 s maximal efforts with
30 s of rest between repetitions. The mean force (kg) of three maximal trials was used for
final analysis.

Figure 2. Isometric hand-held dynamometer external and internal rotation maximal shoulder strength
testing setup. Participants were positioned supine with 90° shoulder abduction and 90° elbow flexion.
The hand-held dynamometer was fixed to the goal post (gray arrow) to measure maximal (A) external
and (B) internal rotational shoulder strength.

2.4. Motion-Triggered NMES Shoulder Strengthening Program

Between baseline and 6-week follow-up, the NMES group performed a standardized
motion-triggered NMES shoulder strengthening program (3 sessions/week, 30 min per
session for 6 weeks) using the Shoulder Pacemaker (NCS Lab Srl, Modena, Italy), an FDA
and CE-approved motion-activated stimulation device designed to correct shoulder muscle
imbalance. The system adjusts NMES intensity according to the angle of motion of the
arm to induce subtetanic contractions and promote supraspinal neural adaptations, as
previously described in clinical and experimental studies investigating motion-triggered
NMES for shoulder neuromuscular control [15-17].

The training protocol included concentric, eccentric, and functional training (Table 1).
Electrodes were placed per manufacturer recommendations: electrode 1, inferior to the
scapular spine (stimulation of the infraspinatus, teres minor, and posterior deltoid); and
electrode 2, medial to the medial border of the scapula (stimulation of the lower trapezius
and rhomboids) (Figure 3).

Table 1. Motion-triggered neuromuscular electrical stimulation shoulder strengthening protocol.

Level 1 Level 2 Level 3
Sets X repetitions 3 x20 3 x20 3x20
Exercise 1 Arm supported row Front raises in 45° Front raises (thumbs up)
Exercise 2 Parallel resistance front raises ~ Crossbody resistance band raises ~ Cross body ‘tennis forhand” swing
Exercise 3 Rear dealt fly Single arm resistance band row  Underhand ‘volleyball serve’ swing

The control group performed an identical strengthening program using conventional
resistance exercises (e.g., elastic bands or body-weight resistance with the same frequency,
duration, and movement patterns, but without NMES).

After the 6-week intervention, all participants were re-evaluated by the same blinded
examiner (U.L.) using the same evaluation protocol.
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Figure 3. Shoulder pacemaker electrode placement. Electrodes were positioned as specified by the
manufacturer: electrode 1, inferior to the spina scapulae (stimulating the infraspinatus, teres minor,
and posterior deltoid) and electrode 2, medial to the scapula border (stimulating the lower trapezius
and rhomboids).

2.5. Statistical Analysis

Statistical analysis was performed with SPSS Statistics Version 28 (IBM Corporation,
Armonk, NY, USA). All statistical tests were two-sided, with significance set at p < 0.05. De-
scriptive statistics summarized participant characteristics. Data distribution was assessed
visually using histograms and analytically using the Shapiro-Wilk-test. Normally dis-
tributed data are presented as mean =+ standard deviation (SD), non-normally distributed
data as median and interquartile range (IQR). Categorical variables were compared us-
ing Chi-square tests. Independent samples t-tests (parametric) or Mann-Whitney U-tests
(non-parametric) compared group differences, while paired t-tests (parametric) assessed
within-group changes from baseline to follow-up.

A post hoc power analysis using G*Power Version 3.1.9.7 indicated that the study had
81% power to detect a mean difference of 3 + 2.9 km-h~! in throwing velocity between
groups at o« = 0.05.

3. Results

Out of 16 available professional players from an Austrian first league handball team,
two players were excluded according to predefined exclusion criteria (age < 18 years,
n = 1; type I/1I shoulder instability, n = 1). A total of 14 male handball players (mean
age 19.6 + 1.6 years) were included in the study. Baseline demographic and physical
characteristics were comparable between groups (Table 2). A detailed overview of all
outcome measures is presented in Tables 3 and 4.

Table 2. Baseline patient demographics.

NMES Group (n=7) Control Group (n=7) p-Value

Age (y) 19.7 + 2.3 (18-24) 19.6 + 0.8 (19-21) 0.878
Height (m) 1.85 + 0.06 (1.77-1.93) 1.86 + 0.04 (1.81-1.91) 0.677
Weight (kg) 84.0 £ 17.5 (64.0-120.0) 91.4 + 10.6 (82.0-120.0) 0.356

BMI 21.1 £10.1 (20.4-32.2) 26.4 £ 2.8 (23.5-32.0) 0.210
Arm span (m) 1.91 £+ 6.4 (1.85-2.02) 1.90 £+ 5.6 (1.82-1.96) 0.879

Data are presented as mean =+ standard deviation (range). BMI, body mass index; NMES, neuromuscular electrical
stimulation; y, years.
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Table 3. Throwing velocity.

NMES Group (n=685) Control Group (n=7) Difference p-Value!

Baseline 87.6 £4.9 92.1+£37 44+24 0.089
Endurance 6-week follow-up 90.5 £ 6.8 93.0 £4.5 25+32 0.448
throwing Difference 29+28 0.9 £29 20+ 16 0.244
velocity
(km x h™1) p-value 2 0.056 0.440 - -
Improved, 1 (%) 6 (100%) 2 (29%) - 0.004
Baseline 89.3 £6.2 924 £32 31+£27 0.289
Maximum 6-week follow-up 928 £75 97.5+£45 47 £ 34 0.190
throwing -
. Difference 36+17 51+4.0 1.6 +1.7 0.387
velocity
(km X h™1) p-value ? 0.004 0.014 - -
Improved, 1 (%) 6 (100%) 7 (100%) - 0.899
§ One participant was not able to perform final throwing velocity testing due to a sustained hamstring injury
within the study period. Data are presented as mean =+ standard deviation. ! p-values between study groups.
2 p-values from baseline to 6-week follow-up. Significant data are presented in bold. NMES, neuromuscular
electrical stimulation.
Table 4. External and internal rotation shoulder strength.
NMES Group (n=7) Control Group (n=7) Difference p-Value !
Baseline 182 +3.7 229 £33 47 +19 0.029
Follow-up 19.6 + 3.7 22.6 £3.5 3.0+£19 0.142
ER h
strength at Difference 14+11 02418 16+ 0.8 0.061
90° (kg)
p-value 2 0.016 0.740 - -
Improved, n (%) 7 (100%) 3 (43%) - 0.015
Baseline 18.7 £ 5.5 212 £6.0 25+31 0.437
Follow-up 199 +4.1 224 +17 25+21 0.249
IR h
;Brfl(‘f; at Difference 117 +53 12443 0.04 + 2.6 0.986
p-value 2 0.577 0.478 - -
Improved, n (%) 4 (57%) 4 (57%) - p >0.999

Data are presented as mean =+ standard deviation. ! p-values between study groups. 2 p-values from baseline to
6-week follow-up. Significant data are presented in bold.

3.1. Handball Throwing Velocity

One participant in the NMES group was unable to complete post-intervention testing
due to a non-study-related hamstring injury; therefore, six NMES and seven control par-
ticipants were included in the final throwing velocity analysis. A detailed overview of all
outcome handball throwing velocity measures is presented in Table 3.

3.2. Isometric HHD ER and IR Maximal Shoulder Strength

All NMES participants (100%, n = 7) demonstrated an increase in isometric ER strength
of the dominant shoulder (+1.4 & 1.1 kg, p = 0.016), while the control group showed no
gains (—0.2 £ 1.8 kg, p = 0.740), with only 43% (n = 3) improving (Table 4). No relevant
strength changes were observed for the non-dominant shoulder (NMES, +0.9 + 2.5 kg,
p = 0.360; control, +0.4 & 2.9, p = 0.728). Isometric IR strength did not differ significantly
between groups (p = 0.986) or between baseline and follow-up for either group (NMES,
p = 0.577; control p = 0.478).
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4. Discussion

The principal findings of this study were that a 6-week motion-triggered NMES
shoulder strengthening program led to significant gains in isometric ER strength and
a trend toward improved endurance throwing velocity in elite-level handball players.
Although all NMES participants showed improvements in external rotation strength, these
adaptations were not accompanied by superior maximal throwing velocity compared with
controls, who demonstrated similar improvements under rested conditions. In contrast,
the performance-related effects of the intervention were observed only under fatigued
conditions, reflected by improvements in endurance throwing velocity. Collectively, these
findings indicate that motion-triggered NMES induces neuromuscular adaptations that
preferentially support fatigue-related performance rather than peak throwing speed and
therefore may serve as an adjunct to conventional shoulder conditioning rather than
a replacement for performance-oriented strength training.

The overhead throw is the key determinant of performance in handball [3], primarily
influenced by throwing velocity and precision [8,9]. These parameters depend on optimal
intermuscular coordination and balanced muscle strength [8,10]. Numerous studies have
investigated the effect of resistance training on throwing velocity in handball players, yet
results have been inconsistent [14]. A recent meta-analysis concluded that further high-
quality studies are needed due to substantial heterogeneity and low levels of evidence in
prior studies [14]. Previous interventional studies reporting positive effects on handball
throwing velocity have generally employed dynamic weightlifting, plyometric and heavy
resistance training [9,18-22] or medicine ball-based training protocols [13,23]. In contrast
to these workload-intensive approaches [9,13,18-23], the motion-triggered NMES program
is based on a motion activation stimulation technology that detects muscle activity and
selectively triggers muscle contractions according to specific movement patterns. This
method provides sensory, auditory, and visual biofeedback to enhance motor learning and
neuromuscular control.

In this study, the motion-triggered NMES shoulder strengthening program improved
endurance throwing velocity, reflecting a fatigued muscle state, whereas maximal throw-
ing velocity under rested conditions remained unchanged. Although maximal throwing
speed represents an important performance determinant, throwing velocity in handball
is a multifactorial outcome that depends not only on peak force production but also on
intermuscular coordination, timing, and balanced shoulder strength. Importantly, fatigue is
known to impair force generation and intermuscular coordination, ultimately compromis-
ing motor performance during repetitive overhead actions [24-27]. However, the fatigue
protocol used in the present study was designed to induce a standardized and repro-
ducible fatigued state rather than to replicate the complex and intermittent demands of
competitive handball match play. In this context, the observed improvement in endurance
throwing velocity is consistent with the underlying rationale of the intervention and with
prior literature demonstrating that throwing performance under repetitive loading relies
heavily on coordinated muscle activation and muscular balance rather than maximal force
alone [17,19]. Motion-triggered NMES is specifically designed to enhance neuromuscular
control and coordinated activation patterns, which may preferentially support the main-
tenance of throwing velocity under fatigued conditions. This interpretation is further
supported by Moroder et al., demonstrating that motion-triggered NMES-based protocols
can enhance muscular coordination and shoulder control by improving neuromuscular
activation patterns [1,2,7]. While these neuromuscular adaptations were measurable, they
primarily transferred to sustained throwing performance under fatigue and did not confer
additional benefits for maximal throwing velocity beyond conventional training, reflecting
the multifactorial nature of throwing performance in elite athletes.
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Limitations

This study has several limitations. First, the small sample size inherent to this pilot
design limits statistical power and increases susceptibility to type I error, particularly in the
presence of multiple outcome measures. Accordingly, the findings should be regarded as
exploratory rather than confirmatory. Second, the study population consisted exclusively
of male elite-level handball players, which restricts generalizability to female athletes, other
performance levels, or different overhead sports. Third, although group allocation was
performed using concealed envelopes and investigators remained blinded until comple-
tion of data analysis, randomization was not stratified, which may have contributed to
baseline differences between groups. Fourth, the control intervention was not matched for
biofeedback, novelty, or sensory stimulation associated with NMES; therefore, motivational
or placebo effects cannot be fully excluded. Future studies incorporating a sham NMES
condition would be required to better isolate physiological effects. Additionally, shoulder
strength was assessed using isometric hand-held dynamometry. While this method is
reliable and practical, it may not fully reflect dynamic or velocity-dependent strength
characteristics relevant to throwing performance. Finally, only short-term outcomes over
a six-week period were evaluated; therefore, the persistence of the observed neuromuscular
adaptations and their potential long-term performance relevance remain unknown.

5. Conclusions

A six-week motion-triggered NMES shoulder strengthening program improved ex-
ternal rotation strength and increased the proportion of athletes demonstrating enhanced
endurance throwing velocity under fatigued conditions. However, when compared with
conventional exercise alone, NMES did not confer additional benefits for maximal throwing
velocity in this study. Therefore, NMES should be regarded as a complementary modality
rather than a substitute for established shoulder strengthening exercises.
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Abbreviations

NMES Neuromuscular electrical stimulation
ER External Rotation

FPSI Functional posterior shoulder instability
HHD Hand-held dynamometer
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IR Internal rotation

ROM Range of motion

RERST Repetitive external rotation stress test
RIRST Repetitive internal rotation stress test
SD Standard deviation

BMI Body mass index

Kg Kilogram

m Meter

y Years
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