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Abstract
Neuromuscular electrical stimulation (NMES) and testosterone replacement therapy (TRT) are effective rehabilitation strategies to attenuate muscle atrophy and evoke hypertrophy in persons with spinal cord injury (SCI). However both interventions might increase heterotopic ossification (HO) size in SCI patients. We present the results of two men with chronic traumatic motor complete SCI who also had pre-existing HO and participated in a study investigating the effects of TRT or TRT plus NMES resistance training on body composition. The 49-year-old male, Subject A, has unilateral HO in his right thigh. The 31-year-old male, Subject B, has bilateral HO in both thighs. Both participants wore transdermal testosterone patches (4-6 mg/d) daily for 16 wk. Subject A also underwent progressive NMES-RT twice weekly for 16 wk. Magnetic resonance imaging (MRI) scans were acquired prior to and post intervention. Cross-sectional areas (CSA) of the whole thigh and knee extensor skeletal muscles, femoral bone, and HO were measured. In Subject A (NMES-RT + TRT), the whole thigh skeletal muscle CSA increased by 10%, the knee extensor CSA increased by 17%, and the HO + femoral bone CSA did not change. In Subject B (TRT), the whole thigh skeletal muscle CSA increased by 13% in the right thigh and 6% in the left thigh. The knee extensor CSA increased by 7% in the right thigh and did not change in the left thigh. The femoral bone and HO CSAs in both thighs did not change. Both the TRT and NMES-RT + TRT protocols evoked muscle hypertrophy without stimulating the growth of pre-existing HO.

Key words: Heterotopic ossification; Neuromuscular electrical stimulation; Testosterone; Resistance training; Spinal cord injury 

© The Author(s) 2016. Published by Baishideng Publishing Group Inc. All rights reserved.

Core tip: Neuromuscular electrical stimulation (NMES) and testosterone replacement therapy (TRT) are effective rehabilitation strategies in restoring muscle size and lean mass in persons with spinal cord injury (SCI). However, the effects on ectopic bony growth similar to heterotopic ossification (HO) have yet to be determined. The current two case reports demonstrated that TRT with or without NMES applications for 16 wk are considered safe rehabilitation strategies in persons with SCI who have HO formation. Both the TRT and NMES + TRT protocols evoked muscle hypertrophy without stimulating the growth of pre-existing HO.
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INTRODUCTION
Great attention is currently directed towards developing rehabilitation strategies to offset the negative consequences of spinal cord injury (SCI) on the musculoskeletal, metabolic and cardiovascular systems[1]. Both electro-therapeutic and pharmaceutical interventions have been successful in reversing skeletal muscle atrophy following SCI[2-6]. Moreover, persons with SCI suffer decreased levels of anabolic hormones such as testosterone (T)[7,8]. Sixty percent of men with SCI have low T levels beginning within 6 months after SCI[8]. Testosterone replacement therapy (TRT) has been shown to promote lean mass, reduce fat mass and increase basal metabolic rate[2]. 
Surface neuromuscular electrical stimulation resistance training (NMES-RT) has induced muscle hypertrophy up to 30%-40%[3-5]. Previously, significant muscle hypertrophy of the thigh muscles was accompanied by decreased intramuscular fat, increased leg lean mass and fatigue resistance, and improved metabolic profile[4,5]. Combining TRT with NMES-RT may prove beneficial in promoting positive changes in body composition in persons with SCI.
A common problem impacting the quality of life following SCI is the development of HO. HO is estimated to affect up to 53% of the SCI population[9]. HO grows in non-bony areas near large joints below the level of injury and contributes to reduction in range of motion and pain resulting from compression of vascular and peripheral nerve structures. The purpose of this report was to determine if the anabolic effects of TRT with or without NMES-RT would trigger the growth of pre-existing HO in two persons with motor complete SCI.

CASE REPORT
Two men with chronic traumatic motor complete SCI participated in a clinical trial (NCT01652040) addressing the effects of NMES-RT + TRT vs TRT on parameters of body composition and metabolic profile. The physical characteristics of both participants are listed in Table 1. Both participants reported a past history of HO. X-ray records confirmed the presence of HO in subjects A and B. Both participants had functional range of motion of their hip, knee, and ankle joints during their initial physical exam before starting the study. The study was approved by the local Institutional Review Boards, and both participants enrolled in the study after reading and signing consent forms.

NMES-RT for Subject A
A Theratouch NMES unit (NMES unit: Rich-Mar Corp, 4120 S Creek Rd, Chattanooga, TN 37406) was used along with two conductive adhesive gel electrodes (8-cm × 10-cm). A single electrode was placed 2-3 cm above the superior aspect of the patella over the vastus medialis muscle; the other was placed lateral to and 30 cm above the patella over the vastus lateralis muscle. Stimulation parameters were set at a frequency of 30 Hz, a pulse duration of 450-µs and an amplitude of current (mA) reasonable to evoke full knee extension from a sitting position in the participant’s wheelchair[8].
The training protocol was conducted twice weekly for 16 weeks using surface NMES and ankle weights while sitting in the wheelchair. The first 2 wk, exercise was performed without ankle weights to condition the paralyzed knee extensors; weights were then progressively increased by 2 lbs. weekly after 40 repetitions (4 sets × 10) of full knee extension were achieved in one session. A rest period of 2-min was allowed between exercising sets. Increasing the current amplitude caused the knee extensors to contract and dynamically move the leg and weights against gravity. After full knee extension was maintained for 3-5 s, the current was gradually decreased to allow the exercising leg to slowly drop to the initial position. These methods have been previously published in detail elsewhere[3-5,10,11]. 
TRT was administered via transdermal shoulder patches (TRT: Watson Pharma, Inc. A subsidiary of Watson Pharmaceuticals, Inc. Corona, CA 92880, United States) that delivered 4-6 mg/d. Patches were worn daily, including weekends, for 16 wk on dry skin, alternating daily between shoulders. Before post-intervention testing (week 17), both participants were asked to remove the patches on the last day of week 16 to avoid acute effects from the TRT patches.

Magnetic resonance imaging
Whole thigh MRI scans were conducted at baseline and one week post-intervention to measure skeletal muscle cross-sectional areas (CSA; Figure 1)[2,4]. Transaxial images, 8mm thick and 4mm apart, were obtained from the hip to the knee joints using a regional body coil with a 1.5-T magnet (repetition time 550 ms, echo time 14 ms, field of view 20 cm, matrix size 256 × 256)[5]. the Anatomical boundaries of the thigh muscle groups and HO were traced and analyzed using the computer program Winvessel (Dr. Ronald Meyer, Michigan State University)[2,4].
Both participants completed the assigned protocols without any study-related serious adverse events.

Subject A (NMES-RT + TRT)
Eight weeks after beginning the trial, patch placement resulted in skin irritation that was completely resolved using topical hydrocortisone cream. Subject A showed an adherence of 97% (31 visits of the assigned 32 visits) and 100% compliance with his TRT protocol. The whole thigh skeletal muscle and knee extensor CSAs increased by 10% and 17%, respectively from baseline to post-intervention (Table 2). Because it was difficult to separate the HO region from the subperiosteal femoral bone, analysis was done to present the results of HO + femoral bone CSA which did not change in size after 16 weeks (Table 2 and Figure 2).

Subject B (TRT only)
Subject B showed 100% compliance with his TRT program. During the last two weeks, he developed cell cellulitis in his right lower extremity and received antibiotics (Bactrim). For the right thigh, the whole thigh skeletal muscle and knee extensor CSAs increased by 13% and 7%, respectively from baseline to post-intervention. The subperiosteal femoral bone and HO CSAs remained unchanged. For the left thigh, the whole thigh skeletal muscle CSA increased by 6% from baseline to post-intervention, with no changes in the knee extensor CSA. The subperiosteal femoral bone and HO CSAs did not change after 16 weeks (Table 2 and Figure 2).
 
DISCUSSION
The primary purpose of this report was to determine whether NMES-RT + TRT or TRT would increase the size of pre-existing HO in persons with SCI. The results clearly demonstrate that TRT with or without NMES-RT did not impact the size of HO, suggesting that both interventions are safe in persons with motor complete SCI.
Both TRT and RT stimulate muscle growth which can induce bone growth through the hypertrophied muscles placing additional strain on the bone[12-14]. TRT can also affect bone development directly through the androgen receptor. TRT protects against bone loss in the male skeleton and has been associated with increased bone thickness and volume[12-14]. NMES-RT may cause micro-trauma in the paralyzed limbs of SCI patients which could aggravate existing HO[9,15]. After immobilization, passive range of motion exercises can cause soft muscle tissue to tear causing micro-trauma[9,15]. This micro-trauma triggers a local inflammatory response releasing osteogenic cytokines into the surrounding tissues which can induce mesenchymal stem cell differentiation stimulating the osteogenesis needed for HO growth[9,15,16]. 
Fortunately, despite the T and possible inflammation from micro-trauma, the HO size in these two patients did not increase. The T dosage (4-6 mg/d) is consistent with other studies using transdermal patch delivery, but T dose-dependently affects bone with only higher doses of T producing significant skeletal benefits in men[14]. The trial duration (16 wk) also limits the likelihood of detecting changes in bone structure. Furthermore, in male mice, T attenuated the benefits to bone structure usually induced by mechanical loading[12]. In this study, muscle hypertrophy was detected without evidence of HO growth. In future studies, it would be advisable to identify patients with existing HO prior to entrance in clinical trials and monitor the size of their HO. For longitudinal studies, periodic x-rays throughout the trial may be needed.
Replacement dose TRT with and without NMES-RT did not aggravate HO in two men with chronic SCI. After 16 wk, notable increases were measured in the skeletal muscle CSAs of the whole thigh and the knee extensors without changes in the subperiosteal femoral bone or HO CSAs.
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COMMENTS
Case characteristics
Both subjects had pre-existing heterotopic ossification (HO).

Clinical diagnosis
Pre-existing HO.
 
Imaging diagnosis
Magnetic resonance imaging.

Pathological diagnosis
Spinal cord injury with HO. 

Term explanation
AIS: American spinal cord injury impairment scale classification; BMI: Body mass index;
CSA: Cross-sectional area; GSW: Gunshot wound; HO: Heterotopic ossification; LOI: Level of injury; NMES: Neuromuscular electrical stimulation; RT: Resistance training; SCI: Spinal cord injury; T: Testosterone; TRT: Testosterone replacement therapy; TSI: Time since injury.

Experiences and lessons
[bookmark: _GoBack]Testosterone replacement therapy with or without exercise interventions may be safe, because they did not stimulate HO growth in persons with spinal cord injury.

Peer-review
This is an overall well-designed case report with a new message to provide.
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Table 1 Physical Characteristics of two paraplegic men with heterotopic ossification growth in their femur bones
	
	Subject A
	Subject B

	Age (yr)
	49
	
	31
	

	Weight (kg)
	106.5
	
	93
	

	Height (cm)
	188.5
	
	181.5
	

	BMI (kg/m2)
	30
	
	28.4
	

	Ethnicity
	AA
	
	W
	

	LOI
	T4
	
	T8
	

	TSI (yr)
	24
	
	5
	

	AIS
	A
	
	A
	

	Cause
	GSW
	
	Fall
	

	HO
	Right leg
	
	Both legs
	


BMI: Body mass index; LOI: Level of injury; TSI: Time since injury; AIS: American spinal cord injury impairment scale classification; GSW: Gunshot wound; HO: Heterotopic ossification.


Table 2 Baseline and post-interventions results of two paraplegic men with heterotopic ossification growth in their femur bones
	
	Subject A
	
	Subject B
	

	
	Baseline
	Post-intervention
	Baseline
	Post-intervention

	Whole thigh muscle CSA (cm2)-right
	155.3 ± 26
	170 ± 29
	138 ± 18
	156 ± 18

	Knee extensor CSA (cm2)-right
	60 ± 10
	71 ± 12
	62 ± 8
	66 ± 6

	Subperiosteal femoral bone CSA (cm2)-right
	
	
	9.2 ± 1.3
	9.4 ± 1

	HO CSA (cm2)-right
	24 ± 11
	23 ± 11
	3.6 ± 2
	3.7 ± 1.9

	Whole thigh muscle CSA (cm2)-left
	
	
	124 ± 18 
	132 ± 19 

	Knee extensor CSA (cm2)-left
	
	
	62 ± 8 
	66 ± 6

	Subperiosteal femoral bone CSA (cm2)-left

	
	
	13 ± 4 
	13 ± 4

	HO CSA (cm2)-left
	
	
	3.6 ± 2
	3.7 ± 1.9


CSA: Cross-sectional area; HO: Heterotopic ossification. 
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Figure 1 Representative magnetic resonance imaging images of (A) pre- and (B) post- intervention showing different regions of interest: (1) whole thigh skeletal muscle cross-sectional area; (2) heterotopic ossification bone formation; (3) posterior and medial compartments mid-thigh muscles; (4) knee extensor cross-sectional area.
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Figure 2 The cross-sectional area of heterotopic ossification size from hip to knee in (A) and (B). Note that the CSA in (A) is larger than in (B) because we could not separate the subperiosteal femoral bone from HO formation. CSA: Cross-sectional area; HO: Heterotopic ossification.
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