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Abstract

:

Background: this pilot study aimed at determining whether the application of a novel new method of generating pulsed electromagnetic field (PEMF), the Fracture Healing Patch (FHP), accelerates the healing of acute distal radius fractures (DRF) when compared to a sham treatment. Methods: 41 patients with DRFs treated with cast immobilization were included. Patients were allocated to a PEMF group (n = 20) or a control (sham) group (n = 21). All patients were assessed with regard to functional and radiological outcomes (X-rays and CT scans) at 2, 4, 6 and 12 weeks. Results: fractures treated with active PEMF demonstrated significantly higher extent of union at 4 weeks as assessed by CT (76% vs. 58%, p = 0.02). SF12 mean physical score was significantly higher in PEMF treated group (47 vs. 36, p = 0.005). Time to cast removal was significantly shorter in PEMF treated patients, 33 ± 5.9 days in PEMF vs. 39.8 ± 7.4 days in sham group (p = 0.002). Conclusion: early addition of PEMF treatment may accelerate bone healing which could lead to a shorter cast immobilization, thus allowing an earlier return to daily life activities and work. There were no complications related to the PEMF device (FHP).
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1. Introduction


Distal radial fractures (DRF) are among the most common fractures encountered in health care [1]. Annualized estimates in the United States alone suggest an incidence of approximately 640,000 cases, and rising, per year [2]. Closed treatment is the most common method of management, but unstable fractures tend to displace without surgical stabilization [3,4,5]. Recent studies have demonstrated no difference in outcomes, at 12 months between surgical and non-surgical treatment of DRF in the elderly [6,7].



Pulsed electromagnetic field (PEMF) is a modality often used for bone growth stimulation throughout various clinical settings including orthopedic surgery, such as treatment of fracture non-unions [8,9]. Data from many in vitro and in vivo studies demonstrated that PEMF positively effects bone healing by altering voltage-gated ion channels, increasing cytosolic calcium, enhancing early angiogenesis, and promoting osteoblast differentiation and maturation [10]. In addition, one study has demonstrated that PEMF exposure increased cell proliferation, adhesion, and the osteogenic commitment of Mesenchymal stem cells (MSCs), even in inflammatory conditions [11]. The results of the above mentioned studied demonstrate the potential to shorten the healing time for fractures and allow patients to return to normal activities earlier, which can result in shorter recovery time and can be cost-effective for both the patient and the health-care system [12].



The Fracture Healing Patch (FHP) (Pulsar Medtech Ltd., Bnei Brak, Israel) is an external thin and flexible silicone patch that incorporates a power source and micro-electronic modules, which generates a PEMF to enhance fracture healing. The FHP is placed topically under the cast at the fracture site and produces a continues, focused PEMF that affects a fracture region only. The device is disposable, does not require battery charging and works continuously for the duration of the treatment. The FHP device incorporates a battery, coil and electronic modules, all incapsulated in a silicone body, designed as a flexible patch.



The primary aim of the study was to determine whether the application of the FHP generated PEMF as an adjuvant to immobilization for acute DRF, treated non-operatively, will accelerate bone healing. It was hypothesized that PEMF would accelerate the extent of the fracture union by up to 30% as assessed by CT scans. The secondary aim included the effect of PEMF in acute DRFs on functional outcome. Finally, the third aim was reduction in the incidence, severity, and frequency of all Adverse Events (AE), including pressure-related complications such as Volkmann contracture, compartment syndrome, acute carpal tunnel syndrome pressure necrosis of the skin, and/or complex regional pain syndrome.




2. Materials and Methods


2.1. Study Design


This prospective, double blind, randomized, sham-controlled study was conducted at a level I trauma center between May 2020 and March 2022. Institutional review board approval was obtained for all aspects of this study in accordance with the institutional policies and written informed consent for participation was obtained from every patient.



Inclusion criteria were a closed unilateral dorsally angulated DRF (Colles’) visible by X-ray; indication for non-operative treatment by means of cast immobilization with or without closed reduction; age > 18 years and patients able to adhere to the visit schedule and protocol requirements and be available to complete the study. Patients were excluded if they had intra articular fracture or extra-articular fracture that meets the criteria for operative fracture fixation, presence of hardware in the forearm or hand, previous fractures or bone surgery in the currently fractured side, synovial pseudarthrosis, multiple trauma (several fractures at once), joint diseases that affect the function of the wrist and/or hand of the injured arm, pregnancy or women who are breast-feeding and the presence of a life supporting implanted electronical device.



Eligible patients were randomly assigned to one of the two groups; Group 1 (Active): standard treatment + active FHP and Group 2 (Control): standard treatment + sham FHP. Half of the PEMF devices were not activated at random before the application to the patients. Two types of activators were used: active and sham. Sham activated devices gave outward signs of normal function but did not generate a signal. Treatment allocation was by block randomization, with a block size of four. The randomization was performed after the patients were admitted to the emergency room. Only at the end of the data processing, the serial number of the FHP indicated whether it was an active device or not. The study duration was 12 weeks.




2.2. FHP Device


The FHP model used in this trial is comprised of 2 units which are placed on the contralateral sides of the arm (volar and dorsal) (Figure 1). The units communicate with each other and are able to adjust the intensity of the PEMF to conform to different arm dimensions, thus creating a uniform PEMF through the arm. The PEMF generated by the FHP is characterized by a pulse frequency of 20 KHz, cycle frequency of 10 Hz and pulse intensity at fracture site of between 0.05 mT and 0.5 mT.



Both patients and evaluators were blind to whether the FHP device was active or not.



The FHP device was placed under the cast in the ED following reduction if performed and prior to cast application. The FHP was active (group 1) for 24 h a day continuously throughout the study period. At study completion, device serial numbers were used to determine which patients received an active device.



Primary objectives of the study were to determine whether the use of FHP by means of PEMF in acute DRFs will accelerate bone healing.



Secondary objectives included the effect of PEMF in acute DRFs on functional outcome.



Safety objectives included: reduction in the incidence, severity, and frequency of all Adverse Events (AE), including pressure-related complications such as Volkmann contracture, compartment syndrome, acute carpal tunnel syndrome pressure necrosis of the skin, and/or complex regional pain syndrome.




2.3. Outcome Measures


Primary outcome was fracture union at 4 weeks based on CT scans. Evaluation of subjective and objective parameters such as pain, function, range of motion (ROM) as well as radiological outcomes was performed at 2, 4, 6 and 12 weeks after the placement of the FHP device. The presence of complications was also noted. All examined parameters were assessed by one of the authors blinded to group allocation.




2.4. Radiologic Assessment


All radiographs and computed-tomography (CT) scans were reviewed independently by a musculoskeletal fellowship-trained radiology attendant and two senior orthopedic surgeons who were blinded to study groups. Radiographic healing was defined as the interval in days between the occurrence of the fracture and the time when bridging in three of four cortices is seen on X-ray images. A determination was made at each follow up evaluation by using Radius Union Scoring System (RUSS) score [13].



At 4 weeks, all patients underwent a computed-tomography (CT) scan. All wrist scans were done in the prone position with the fractured hand extended over the head (“superman position”). If the patient was uncomfortable in this position the scan was performed in the supine position with the hand to the side of the patient. All scans were performed on a Brilliance 64-slice MDCT scanner (Philips, Cleveland, OH, USA) using 64.0 × 0.625 mm collimation, and a slice thickness of 1 mm. All scans were non-contrast. Direct multiplanar reformation function was used to generate coronal and sagittal reformations with a slice thickness of 3 mm. All CT scans were interpreted at Picture Archiving and Communications System workstations (Centricity; GE Healthcare, Chicago, IL, USA). The evaluation of the extent of fracture union was performed using CT scans in all three planes: sagittal, coronal, and axial. However, to calculate the percentage of bony bridges, we focused on the axial cuts, which provided a circumferential view of all cortices. The average extent of union was then calculated based on the evaluation of the axial cuts, following the method described by Singh et al. [14,15]. Fractures were categorized as the following: no union (0% to 24% of the continuity of the trabecular bridging across the whole width of the distal radius), partial union (25% to 74% trabecular bridging) or union (75% to 100% trabecular bridging) [15].




2.5. Functional Outcomes and Quality of Life Assessment


Pain and function were assessed by the SF-12 [16] survey and patient-rated wrist evaluation (PRWE) [17], before applying the FHP device, at 4, 6 and 12 weeks. The SF12 questionnaire is a valid and reliable instrument to measure pain and psychosocial well-being. The PRWE is a 15-item questionnaire designed to measure wrist pain and disability in activities of daily living. The PRWE allows patients to rate their levels of wrist pain and disability.




2.6. Functional Assessments


Pain-free grip: assessment of grip strength via a JAMAR dynamometer [18]. The dynamometer measures in increments of 0.1 kg. The mean of the three measurements, 2 min apart, was considered as the grip strength for a patient at a specific visit. Flexion, extension, radial and ulnar deviation, pronation, and supination range of motion (ROM) were also measured. All tests were compared with the opposite unaffected side.




2.7. Safety Outcomes and Rehabilitation


Patients were examined for cast pressure-related complication signs and peripheral oxygen saturation was measured at the injured hand by pulse oximetry. Patients were also evaluated in each clinical visit for signs of: Volkmann contracture, compartment syndrome, acute carpal tunnel syndrome, pressure necrosis of the skin, and/or complex regional pain syndrome. In cases where it was necessary to replace the cast, the same FHP device was kept under the new cast. In all patients, the cast was removed at a maximum of 6 weeks following the injury, and the decision was based on CT scan evaluation. PEMF treatment was discontinued at the day of cast removal. All patients began rehabilitation after cast removal, which consisted of active and active assisted ROM of the wrist and fingers and avoidance of exertion and heavy weightlifting with the injured hand for 6 weeks. At 12 weeks, patients were allowed to start passive activation.




2.8. Statistical Analysis


Power analysis was conducted with an expected outcome difference of 30% in the extent of the fracture union assessed by CT at 4 weeks as compared to the control group. The alpha error level was set at 5% (two-sided significance level); power was set at 80%. Including an anticipated dropout rate of 10%, this resulted in a sample size of 23 patients per group. Data were analyzed with IBM SPSS statistics software version 28.0. (SPSS Inc. Headquarters, 233 S. Wacker Drive, 11th floor Chicago, IL 60606, USA). The significance levels were set at 0.05. Baseline characteristics are presented as means and standard errors for continuous variables and as frequencies and percentages for categorical variables. Chi-square tests and independent t-tests were performed to compare the two groups for categorical and continuous variables, respectively.



Agreements between raters were tested by the Friedman test. To reduce the within variability in RUSS scale, we choose the mean and the median value from the three raters.



Differences in RUSS scale between the two groups were tested by independent t-test.



Differences in the CT results between the two groups were tested by the independent t-test.





3. Results


A total of 61 patients were screened. Fifty-one (51) patients met the inclusion criteria and were randomized: in nine patients, fracture displacement occurred a week after the treatment initiation, and they underwent surgical treatment. One patient had to discontinue his participation in the study due the other medical condition. The remaining forty-one patients (41 fractures) (12 males, 29 females; mean age 59 years (range 21–88)) made up the core group that adhered to the study protocol and were the basis for inferences regarding the efficacy of the FHP PEMF device. Forty-one fractures were randomly treated with either active FHP or sham FHP device. Three patients and two patients were lost to follow-up in the active and control group, respectively (Figure 2, Table 1).



There was no significant difference between the two treatment groups with regard to any of the patient or fracture-related parameters; therefore, the randomization process produced similar treatment groups for the efficacy comparisons.



3.1. Radiological Assessment


Fractures treated with active PEMF demonstrated significantly higher extent of union at 4 weeks as assessed by CT (76% vs. 58%, p = 0.02) (Figure 3, Table 2). All raters gave a significantly higher healing percentage to the PEMF treated group, however there was no statistical agreement between orthopedic surgeons and radiologist. Agreement was found between two orthopedic surgeons.



X-rays were evaluated using RUSS by the same blinded reviewers. No statistically significant differences between the groups were found (Figure 4). Additionally, there was no agreement between the reviewers.




3.2. Functional Assessment


Time to cast removal was significantly shorter in PEMF treated patients, 33 ± 5.9 days in PEMF vs. 39.8 ± 7.4 days in sham group (p = 0.002).



Hand grip strength was measured after a cast removal. At 6 weeks, the mean grip strength in the active group were 7.49 ± 1.84 Kg vs. 6.33 ± 1.86 Kg in the control group (p = 0.684). At 12 weeks, the mean grip strength in the active group were 14.22 ± 2.67 Kg vs. 8.25 ± 2.19 Kg in the control group (p = 0.114).




3.3. Range of Motion


At 12 and 24 weeks, wrist flexion was significantly better in the PEMF treated patients as compared to control group (65° vs. 33°, p = 0.012: 64° vs. 20°, p = 0.015, respectively). All other parameters were slightly better in PEMF treated group, however not statistically significant (Figure 5).




3.4. PRWE


Total PRWE score was better in PEMF treated patients at 12 weeks, however not statistically significant (p = 0.07) (Figure 6C). Pain sub-score was better during examination in the PEMF group at week 12 in comparison to that in the control group (14.4 vs. 21.7, p = 0.06).




3.5. SF 12


SF12 physical score was significantly higher in PEMF treated group at 12 weeks (47 vs. 36, p = 0.005) (Figure 7). No differences were noticed in the mental score.



No adverse events or complications attributable to the device, and no contraindications to use of the device were reported during the study. No mechanical or technical difficulties with use of the device were reported by the patients.





4. Discussion


The main findings of this study demonstrated that fractures treated with active PEMF demonstrated significantly higher extent of union at 4 weeks as assessed by CT in comparison to control group. Time to cast removal was significantly shorter in PEMF treated patients. Additionally, functional outcomes in terms of SF12 physical score and PRWE score were better in PEMF treated group.



The literature is lacking high methodological quality studies, which investigate the effects of PEMF on acute fracture healing. In this study, DRF was chosen as the model to test the effects of PEMF, since it includes both trabecular and cortical bone, is accessible for radiographs, has little soft tissue that can distort the radiograph, and is amenable to multiple functional and radiological endpoints.



PEMF is reported to be an effective and FDA approved for the treatment of nonunion long-bone fractures. The use of PEMFs in the management of nonunion is indicated only in presence of a valid mechanical environment (appropriate fracture alignment, the limb immobilization, and the lack of a significant bone loss). The success of PEMF therapy in the treatment of non-unions ranges between 73% and 85%, based on fracture and patients’ related factors and patients’ compliance [19]. A study by Murray at al., reported that the time required for fracture healing can be significantly affected by device usage and/or patient compliance [20]. Daily effective dose of PEMF therapy, depends directly on the patient’s adherence to the device. FHP device, used in the current study, is non-invasive, disposable, fully automated, does not require charging and functioning continuously for the entire treatment duration. Its placement under the cast makes it unnoticeable by the patient, thus allowing optimal adherence to the prescribed treatment. Furthermore, there were no adverse events associated with its use.



Currently, PEMF therapy plays a pivotal role in the biophysical stimulation of fracture healing, both alone and as an adjunct to the surgical treatment. The evidence regarding the effects of PEMF in fresh fractures healing is increasing but still limited. The efficacy of PEMF in stimulating bone healing in patients undergoing tibial and femoral osteotomies was demonstrated in two previously published studies [21,22].



There are a few studies looking at the effect of PEMF, Fontanesi et al. in acute tibial fractures [23], and Faldini at al., in femoral neck fractures [24], reported a significant reduction of time to union and an increase in the percentage of fracture healing in PEMF treated patients as compared to controls. These results are supported with the current study findings.



Recently, several studies assessed the effects of biophysical stimulation modalities including PEMF on fresh distal radius fracture healing. Kristiansen at al. tested the efficacy of a low-intensity pulsed ultrasound medical device for shortening the time to radiographic healing of dorsally angulated DRFs that had been treated with manipulation and a cast [25]. They reported a significantly shorter time to union for the fractures treated with ultrasound compared to placebo (61 ± 3 days compared with 98 ± 5 days; p < 0.0001). Similarly, to the current study, they concluded that this specific ultrasound signal accelerates the healing of DRFs and decreases the loss of reduction during fracture-healing. Saebo et al. investigated possible effects of photo-biomodulation therapy (PBMT) in DRF during immobilization with semicircular orthopedic cast [26]. Unlike the current study, they found that PBMT administered during the immobilization period of DRF had no effect on perceived pain and function measured through PRWE. It is important to notice that in order to apply the PBMT, the cast and elastic bandage were temporarily removed to gain access to the skin during irradiation, thus causing some discomfort to the patients and probably compromising the fracture alignment. In the current study, the FHP was placed under the cast at the fracture site and remained there until the cast was removed.



A study by Lazovic et al. assessed whether the use of PEMF during cast immobilization of DRF provides beneficial effects on pain, edema, wrist range of motion and function immediately following cast removal [27]. They reported that DRF patients had better results immediately after cast removal with less edema and greater wrist range of motion. A recently published paper by Krzyżańska et al. suggested that the early addition of PEMF treatment during cast immobilization of DRFs has beneficial effects on the pain, exteroceptive sensation, range of motion, and daily functioning of patients [28]. As was previously discussed, the exposure time is vital for the PEMF therapy effectiveness. Thus, to considerably enhance bone healing, the PEMF device should be used for a minimum of 8 h per day, for at least 45–60 days (depending on the fracture and patient’s features) [29]. In the two aforementioned studies [27,28], the PEMF device was applied for 30 min per day which is shorter time than recommended. This may explain why they did not demonstrate enhanced fracture healing. Since the success of PEMF treatment is strongly associated with the daily PEMF dosage and patient compliance, its placement under the cast allows optimal adherence to the prescribed treatment. This continuous targeted stimulation generated by the FHP device for 24 h a day, resulted improved healing at the early stage.



The PRWE score is a well-accepted tool to assess patients’ functional outcomes after DRF [17,30]. The minimum clinically important difference (MCID) is often used as the new standard for determining effectiveness of a given treatment and describing patient satisfaction in reference to that treatment. A study by Walenkamp MMJ et al. determined the MCID of the PRWE score in patients with DRFs [31]. They recommended using an improvement on the PRWE of more than 11.5 points as the smallest clinically relevant difference when evaluating the effects of treatments in studies of DRFs. In the current study, total PRWE was improved by 17.7 points from week 6 to 12 in PEMF treated patients, while PRWE in control group improved by 6.3 point during the same time interval.



Limitations


The limitations of this study are related to the patients lost and the relatively low numbers reported on. It is possible with larger numbers, the effect seen may have evened out or functional outcomes could have been different. In addition, the nature of the FHP device may have affected the ability to achieve an ideal reduction and cast fixation. However, as both groups used the same device, this limitation has been eliminated in the current study.





5. Conclusions


Focused continues PEMF treatment generated by a novel device, the FHP, was safe to use in distal radius fracture treated with a cast It demonstrated a positive effect on fracture healing and positive short-term effects on functional outcomes. Furthermore, there were no complications related to the FHP device. The results of this pilot study suggest that early addition of PEMF treatment may accelerate bone healing, which could lead to a shorter cast immobilization, thus allowing an earlier return to daily life activities and work. Additionally, high compliance to the treatment is expected since the FHP device does not require any action by the patient. This pilot study provides preliminary data on the potential benefits of this novel device, and larger studies are warranted to validate these findings.







Author Contributions


Methodology, S.F., Y.R., R.K., E.K. and G.E.; software, I.D. and E.K.; validation, I.D., F.A., T.P. and G.E.; formal analysis, I.D.; investigation, F.A., Y.R., D.T., R.K. and G.E.; data curation, F.A., D.T. and R.K.; writing—original draft, S.F. and G.E.; writing—review and editing, Shai Factor; supervision, Tamir Pritsch; project administration, S.F. and T.P. All authors have read and agreed to the published version of the manuscript.




Funding


No funding was received for this project.




Institutional Review Board Statement


Institutional review board approval was obtained for all aspects of this study in accordance with the institutional policies. IRB approval: 0597-19-TLV. NIH registration number: NCT04287257. MOH (ministry of health—national registration number): 2020-02-18_008712.




Informed Consent Statement


Written informed consent for participation was obtained from every patient.




Data Availability Statement


The data that support the fundings of this study are available from the corresponding author, upon reasonable request.




Acknowledgments


FHP devices and activators were supplied by Pulsar Medtech Ltd.




Conflicts of Interest


The authors declare no conflict of interest. No company had influence in the collection of data or contributed to or had influence on the conception, design, analysis and writing of the study.




References


	



Ponkilainen, V.; Kuitunen, I.; Liukkonen, R.; Vaajala, M.; Reito, A.; Uimonen, M. The incidence of musculoskeletal injuries: A systematic review and meta-analysis. Bone Jt. Res. 2022, 11, 814–825. [Google Scholar] [CrossRef]

	



Nellans, K.W.; Kowalski, E.; Chung, K.C. The Epidemiology of Distal Radius Fractures. Hand Clin. 2012, 28, 113–125. [Google Scholar] [CrossRef]

	



Court-Brown, C.M.; Caesar, B. Epidemiology of adult fractures: A review. Injury 2006, 37, 691–697. [Google Scholar] [CrossRef]

	



del Piñal, F.; Jupiter, J.B.; Rozental, T.D.; Arora, R.; Nakamura, T.; Bain, G.I. Distal radius fractures. J. Hand Surg. Eur. Vol. 2022, 47, 12–23. [Google Scholar] [CrossRef]

	



Egol, K.; Walsh, M.; Romo-Cardoso, S.; Dorsky, S.; Paksima, N. Distal Radial Fractures in the Elderly: Operative Compared with Nonoperative Treatment. J. Bone Jt. Surg. Am. 2010, 92, 1851–1857. [Google Scholar] [CrossRef]

	



Chen, Y.; Chen, X.; Li, Z.; Yan, H.; Zhou, F.; Gao, W. Safety and Efficacy of Operative Versus Nonsurgical Management of Distal Radius Fractures in Elderly Patients: A Systematic Review and Meta-analysis. J. Hand Surg. Am. 2016, 41, 404–413. [Google Scholar] [CrossRef]

	



Stephens, A.R.; Presson, A.P.; McFarland, M.M.; Zhang, C.; Sirniö, K.; Mulders, M.A.; Schep, N.W.; Tyser, A.R.; Kazmers, N.H. Volar Locked Plating Versus Closed Reduction and Casting for Acute, Displaced Distal Radial Fractures in the Elderly: A Systematic Review and Meta-Analysis of Randomized Controlled Trials. J. Bone Jt. Surg. 2020, 102, 1280–1288. [Google Scholar] [CrossRef]

	



Aaron, R.K.; McK Ciombor, D.; Simon, B.J. Treatment of Nonunions With Electric and Electromagnetic Fields. Clin. Orthop. Relat. Res. 2004, 419, 21–29. [Google Scholar] [CrossRef]

	



Shi, H.-F.; Xiong, J.; Chen, Y.-X.; Wang, J.-F.; Qiu, X.-S.; Wang, Y.-H.; Qiu, Y. Early application of pulsed electromagnetic field in the treatment of postoperative delayed union of long-bone fractures: A prospective randomized controlled study. BMC Musculoskelet. Disord. 2013, 14, 35. [Google Scholar] [CrossRef]

	



Peng, L.; Fu, C.; Xiong, F.; Zhang, Q.; Liang, Z.; Chen, L.; He, C.; Wei, Q. Effectiveness of Pulsed Electromagnetic Fields on Bone Healing: A Systematic Review and Meta-Analysis of Randomized Controlled Trials. Bioelectromagnetics 2020, 41, 323–337. [Google Scholar] [CrossRef]

	



Ferroni, L.; Gardin, C.; Dolkart, O.; Salai, M.; Barak, S.; Piattelli, A.; Amir-Barak, H.; Zavan, B. Pulsed electromagnetic fields increase osteogenetic commitment of MSCs via the mTOR pathway in TNF-α mediated inflammatory conditions: An in-vitro study. Sci. Rep. 2018, 8, 5108. [Google Scholar] [CrossRef]

	



Chalidis, B.; Sachinis, N.; Assiotis, A.; Maccauro, G.; Graziani, F. Stimulation of Bone Formation and Fracture Healing with Pulsed Electromagnetic Fields: Biologic Responses and Clinical Implications. Int. J. Immunopathol. Pharmacol. 2011, 24, 17–20. [Google Scholar] [CrossRef]

	



Patel, S.P.; Anthony, S.G.; Zurakowski, D.; Didolkar, M.M.; Kim, P.S.; Wu, J.S.; Kung, J.W.; Dolan, M.; Rozental, T.D. Radiographic Scoring System to Evaluate Union of Distal Radius Fractures. J. Hand Surg. Am. 2014, 39, 1471–1479. [Google Scholar] [CrossRef]

	



Matzon, J.L.; Lutsky, K.F.; Tulipan, J.E.; Beredjiklian, P.K. Reliability of Radiographs and Computed Tomography in Diagnosing Scaphoid Union After Internal Fixation. J. Hand Surg. Am. 2021, 46, 539–543. [Google Scholar] [CrossRef]

	



Singh, H.P.; Forward, D.; Davis, T.R.C.; Dawson, J.S.; Oni, J.A.; Downing, N.D. Partial Union of Acute Scaphoid Fractures. J. Hand Surg. Br. 2005, 30, 440–445. [Google Scholar] [CrossRef]

	



Udugampolage, N.; Caruso, R.; Panetta, M.; Callus, E.; Dellafiore, F.; Magon, A.; Marelli, S.; Pini, A. Is SF-12 a valid and reliable measurement of health-related quality of life among adults with Marfan syndrome? A confirmatory study. PLoS ONE 2021, 16, e0252864. [Google Scholar] [CrossRef]

	



MacDermid, J.C. The PRWE/PRWHE update. J. Hand Ther. 2019, 32, 292–294. [Google Scholar] [CrossRef]

	



Trampisch, U.S.; Franke, J.; Jedamzik, N.; Hinrichs, T.; Platen, P. Optimal Jamar Dynamometer Handle Position to Assess Maximal Isometric Hand Grip Strength in Epidemiological Studies. J. Hand Surg. Am. 2012, 37, 2368–2373. [Google Scholar] [CrossRef]

	



Massari, L.; Benazzo, F.; Falez, F.; Perugia, D.; Pietrogrande, L.; Setti, S.; Osti, R.; Vaienti, E.; Ruosi, C.; Cadossi, R. Biophysical stimulation of bone and cartilage: State of the art and future perspectives. Int. Orthop. 2019, 43, 539–551. [Google Scholar] [CrossRef]

	



Murray, H.B.; Pethica, B. A follow-up study of the in-practice results of pulsed electromagnetic field therapy in the management of nonunion fractures. Orthop. Res. Rev. 2016, 8, 67–72. [Google Scholar] [CrossRef]

	



Borsalino, G.; Bagnacani, M.; Bettati, E.; Fornaciari, F.; Rocchi, R.; Uluhogian, S.; Ceccherelli, G.; Cadossi, R.; Traina, G.C. Electrical stimulation of human femoral intertrochanteric osteotomies. Double-blind study. Clin. Orthop. Relat. Res. 1988, 237, 256–263. [Google Scholar] [CrossRef]

	



Mammi, G.; Rocchi, R.; Cadossi, R.; Massari, L.; Traina, G.C. The electrical stimulation of tibial osteotomies. Double-blind study. Clin. Orthop. Relat. Res. 1993, 288, 246–253. [Google Scholar] [CrossRef]

	



Fontanesi, G.; Traina, G.C.; Giancecchi, F.; Tartaglia, I.; Rotini, R.; Virgili, B.; Cadossi, R.; Ceccherelli, G.; Marino, A. Slow healing fractures: Can they be prevented? (Results of electrical stimulation in fibular osteotomies in rats and in diaphyseal fractures of the tibia in humans). Ital. J. Orthop. Traumatol. 1986, 12, 371–385. [Google Scholar]

	



Faldini, C.; Cadossi, M.; Luciani, D.; Betti, E.; Chiarello, E.; Giannini, S. Electromagnetic bone growth stimulation in patients with femoral neck fractures treated with screws: Prospective randomized double-blind study. Curr. Orthop. Pract. 2010, 21, 282–287. [Google Scholar] [CrossRef]

	



Kristiansen, T.K.; Ryaby, J.P.; McCABE, J.; Frey, J.J.; Roe, L.R. Accelerated Healing of Distal Radial Fractures with the Use of Specific, Low-Intensity Ultrasound. A Multicenter, Prospective, Randomized, Double-Blind, Placebo-Controlled Study. J. Bone Jt. Surg. Am. 1997, 79, 961–973. [Google Scholar] [CrossRef]

	



Saebø, H.; Naterstad, I.F.; Bjordal, J.M.; Stausholm, M.B.; Joensen, J. Treatment of Distal Radius Fracture during Immobilization with an Orthopedic Cast: A Double-Blinded Randomized Controlled Trial of Photobiomodulation Therapy. Photobiomodul. Photomed. Laser Surg. 2021, 39, 280–288. [Google Scholar] [CrossRef]

	



Lazovic, M.; Kocic, M.; Dimitrijevic, L.; Stankovic, I.; Spalevic, M.; Ciric, T. Pulsed electromagnetic field during cast immobilization in postmenopausal women with Colles’ fracture. Srp. Arh. Celok. Lek. 2012, 140, 619–624. [Google Scholar] [CrossRef]

	



Krzyżańska, L.; Straburzyńska-Lupa, A.; Rąglewska, P.; Romanowski, L. Beneficial Effects of Pulsed Electromagnetic Field during Cast Immobilization in Patients with Distal Radius Fracture. BioMed Res. Int. 2020, 2020, 6849352. [Google Scholar] [CrossRef]

	



Cadossi, R.; Massari, L.; Racine-Avila, J.; Aaron, R.K. Pulsed Electromagnetic Field Stimulation of Bone Healing and Joint Preservation: Cellular Mechanisms of Skeletal Response. J. Am. Acad. Orthop. Surg. Glob. Res. Rev. 2020, 4, e19.00155. [Google Scholar] [CrossRef]

	



Gupta, S.; Halai, M.; Al-Maiyah, M.; Muller, S. Which measure should be used to assess the patient’s functional outcome after distal radius fracture? Acta Orthop. Belg. 2014, 80, 116–118. [Google Scholar]

	



Walenkamp, M.M.J.; Keizer, R.-J.D.M.; Goslings, J.C.; Vos, L.M.; Rosenwasser, M.P.; Schep, N.W.L. The Minimum Clinically Important Difference of the Patient-rated Wrist Evaluation Score for Patients with Distal Radius Fractures. Clin. Orthop. Relat. Res. 2015, 473, 3235–3241. [Google Scholar] [CrossRef]








[image: Jcm 12 01866 g001 550] 





Figure 1. The treatment equipment used in the study. (A) A set of Pulsar FHP and activator; (B) activated or sham FHP placed on the patient’s hand over the Velband dressing; (C) schematic presentation of the FHP under the cast; (D) representative X-ray, of the FHP placed under the cast (lateral view). 
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Figure 2. Study consort flow diagram demonstrating the method of patient recruitment. 
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Figure 3. Radiological assessment of percentage of the extent of fracture union at 4 weeks as assessed by CT. Graphs are reported as mean ± SE. Student’s t-test. * Statistically significant. 
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Figure 4. Radiological assessment of fracture healing at 2 and 6 weeks by X-rays, using RUSS. Graphs are reported as mean ± SE. Student’s t-test. (A) At 2 weeks follow-up. (B) At 6 weeks follow-up.* Statistically significant. 
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Figure 5. Assessment of functional outcome in terms of wrist range of movement as measured at 6, 12 and 24 weeks. (A) Flexion was significantly better in the PEMF treated patients at 12 and 24 weeks. (B–D) All other parameters were slightly better in PEMF treated group, however not statistically significant. Graphs are reported as mean ± SE. Student’s t-test. * Statistically significant. 
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Figure 6. Assessment of functional outcome using PRWE. (A) Pain sub-score was better in the PEMF group at week 12 (p = 0.06). (B) No differences were found in the function sub-score between groups. (C) Total PRWE score was better in PEMF treated patients at 12 weeks, however not statistically significant (p = 0.07). Graphs are reported as mean ± SE. Student’s t-test. 
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Figure 7. Assessment of patients physical and mental wellbeing using SF 12. (A) SF12 physical score was significantly higher in PEMF treated group at 12 weeks. (B) No differences were noticed in the SF12 mental score. Graphs are reported as mean ± SE. Student’s t-test. * Statistically significant. 
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Table 1. Patients’ demographics.
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	Variable
	Control Group n = 21
	Active Group n = 20





	Age (years)
	59 (range 21–88)
	58 (range 26–79)



	Male (n, %)
	7 (33)
	5 (25)



	Fracture in dominant hand (n, %)
	8 (38)
	11 (55)



	Fracture type (n, %)
	
	



	Frykman Type (I)
	5 (24)
	6 (30)



	Frykman Type (II)
	2 (9)
	3 (15)



	Frykman Type (III)
	1 (5)
	4 (20)



	Frykman Type (IV)
	3 (14)
	1 (5)



	Frykman Type (V)
	0 (0)
	1 (5)



	Frykman Type (VI)
	1 (5)
	0 (0)



	Frykman Type (VII)
	1 (5)
	0 (0)



	Frykman Type (VIII)
	1 (5)
	0 (0)



	Smoking (n, %)
	4 (19)
	3 (15)



	Osteoporosis (n, %)
	3 (14)
	4 (20)



	Corticosteroids (n, %)
	0 (0)
	1 (5)
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Table 2. Fractures categorization by extent of the union at 4 weeks.
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	Group
	No Union (0–24%)
	Partial Union (25–74%)
	Union (75–100%)





	Control
	1
	9
	3



	Active
	0
	5
	9
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