
Accepted Manuscript

Intramedullary nailing of forearm shaft fractures by biodegradable compared with
titanium nails: Results of a prospective randomized trial in children with at least two
years of follow-up

Linda Korhonen, Marja Perhomaa, Antti Kyrö, Tytti Pokka, Willy Serlo, Juhani
Merikanto, Jaakko Sinikumpu

PII: S0142-9612(18)30642-2

DOI: 10.1016/j.biomaterials.2018.09.011

Reference: JBMT 18882

To appear in: Biomaterials

Received Date: 19 April 2018

Revised Date: 2 September 2018

Accepted Date: 7 September 2018

Please cite this article as: Korhonen L, Perhomaa M, Kyrö A, Pokka T, Serlo W, Merikanto J, Sinikumpu
J, Intramedullary nailing of forearm shaft fractures by biodegradable compared with titanium nails:
Results of a prospective randomized trial in children with at least two years of follow-up, Biomaterials
(2018), doi: 10.1016/j.biomaterials.2018.09.011.

This is a PDF file of an unedited manuscript that has been accepted for publication. As a service to
our customers we are providing this early version of the manuscript. The manuscript will undergo
copyediting, typesetting, and review of the resulting proof before it is published in its final form. Please
note that during the production process errors may be discovered which could affect the content, and all
legal disclaimers that apply to the journal pertain.

https://doi.org/10.1016/j.biomaterials.2018.09.011


M
ANUSCRIP

T

 

ACCEPTE
D

ACCEPTED MANUSCRIPT
1 

 

 1 

 2 
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with Titanium Nails: Results of a Prospective Randomized Trial in Children 4 

with at Least Two Years of Follow-up 5 

 6 

 7 

  8 



M
ANUSCRIP

T

 

ACCEPTE
D

ACCEPTED MANUSCRIPT
2 

 

ABSTRACT 9 

 10 

There are disadvantages in Elastic Stable Intramedullary Nailing (ESIN) of forearm-shaft fractures, such as the need of 11 

implant removal. Biodegradable Intramedullary Nailing (BIN) is a new technique developed for these fractures. We 12 

hypothesized that there is no difference in rotational ROM between the patients treated by BIN vs. ESIN. 13 

A randomized, controlled clinical trial included patients, aged 5–15 years, requiring surgery for forearm-shaft fractures. 14 

Biodegradable polylactide-co-glycolide (PLGA) nails (Activa IM-Nail™, Bioretec Ltd., Finland) were used in 19 and 15 

titanium nails (TEN®, SynthesDePuy Ltd., USA) in 16 patients. Rotational ROM of forearm after two years was the 16 

primary outcome. Elbow and wrist ROM, pain and radiographic bone healing were secondary outcomes. 17 

Forearm rotation was mean 162° and 151° in BIN and ESIN groups, respectively (P=0.201). No difference between the 18 

groups was found in any other ROMs. Three cases in the ESIN vs. none in the BIN group reported pain (P=0.113). 19 

There was no clinically significant residual angulation in radiographs. Two adolescents in the BIN group vs. none in the 20 

ESIN (P=0.245) were excluded because of implant failure; another two with complete bone union suffered from re-21 

injury. Therefore, satisfactory implant stability among older children needs to be studied. 22 

Level of evidence: I23 
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INTRODUCTION 24 

 25 

The incidence of forearm shaft fractures has increased in recent decades and they represent about 26 

10–15% of all fractures in children1. Most forearm fractures in children can be treated 27 

nonoperatively, resulting in excellent long-term outcomes1-8. However, comminuted, unstable, open 28 

fractures and fractures with major soft tissue complications justify surgical treatment9-12. At present, 29 

elastic stable intramedullary nailing (ESIN) is the gold-standard method of surgical treatment of 30 

forearm shaft fractures13-16 . Compared with open reduction and plate fixation, ESIN is less 31 

traumatic and results in better cosmesis17,18. It shows an equally good union rate and is also feasible 32 

when open reduction is needed1,19,20. 33 

 34 

Although being rare when appropriate technique is used, some weaknesses have been reported in 35 

ESIN13,15,21,22. A metallic implant predisposes the patient to bacterial infections, may cause local 36 

pain and soft-tissue irritation23-26 and may interfere with radiological imaging. Radial nerve lesion, 37 

delayed union, nonunion, re-fracture27 and compartment syndrome may occur5,10,19,21,22. The long-38 

term effects of these implants are not yet known. Therefore, the implants are traditionally removed 39 

3–6 months postoperatively28,29. Removal predisposes children to operation-related risks and causes 40 

psychosocial stress. The cost of implant removal is approximately $1,900 in a developed country30-
41 

33. There are also some institutions that prefer leaving the implants or removing only symptomatic 42 

ones29,34-36 even though, it is not widely understood how metallic implants affect the natural 43 

modeling of the forearm. Particularly the changes in lateral bowing of the radius during growth30,37, 44 

may affect rotational movements38in long-term. These problems are not faced if the implants are 45 

removed in early phase.  46 

 47 

There has been increasing interest in biodegradable materials in trauma surgery33,39-43. A new mini-48 

invasive procedure to treat unstable forearm fractures with Biodegradable Intramedullary Nailing 49 

(BIN) has been developed32. Biodegradable nails are designed to maintain mechanical strength but 50 

to be absorbed during bone healing. An investigational implant is an ultra-high-strength 51 

biodegradable intramedullary nail of poly(lactide-co-glycolide) (PLGA) with a tricalcium-52 

phosphate (β-TCP) marker, designed and manufactured for the purpose by Bioretec Ltd. 53 

(Hermiankatu 22, Tampere, Finland). It was mechanically based on the corresponding (short) pins 54 

that have been used in many indications in traumatology. Preclinical testing was not needed; PLGA 55 

has previously been shown to be safe and biocompatible in preclinical work in animals44,45 and in 56 

human medical use43,46,47. The implant was planned to be feasible in both radial- and ulnar-shaft 57 
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fracture repair. The outcome of use was to be comparable with that of metallic intramedullary nails; 58 

restoration of the functional range of motion of the elbow and forearm5. The highly elastic nails 59 

allow free physiological remodeling of the forearm bones after fracture healing, thereby 60 

contributing to the function of the nonsynovial forearm joint. Nails of three diameters (2.0, 2.7 and 61 

3.2 mm) have been produced and they are all 400 mm in length. Owing to a hydrolytically activated 62 

memory effect, the diameter of the implant increases and its length decreases by 1%–2% after being 63 

introduced into human tissue. This is assumed to increase the stability of fixation. Because the 64 

biodegradable implant is highly elastic and completely follows the natural form of the bone it can’t 65 

hold a curved form similar to pre-bended titanium nail. External support by casting may be 66 

important to hold alignment. The BIN itself is straight and the tip of the nail is not curved (FIGURE 67 

1). Degradation of the implant material occurs both by hydrolysis and by way of physiological 68 

pathways. The operative procedure is mostly similar to that in ESIN stabilization26,32. However, 69 

reaming through the whole medullary cavity until the planned end of the rodding is recommended, 70 

after which the implants are introduced by pushing and slightly tapping the nails into the cavity. A 71 

special lockable hammer instrument is used (FIGURE 1). Regardless of the implant material, the 72 

forearm may be immobilized for 4 –6 weeks, depending both on stability achieved and on 73 

institutional practice48. In this study, all patients were immobilized for the coherence of the study 74 

population.  75 

The aim of this study was to assess the BIN technique in treating unstable childhood radius and/or 76 

ulna shaft fractures, compared with titanium elastic stable intramedullary nailing (ESIN) and thus, 77 

test the hypothesis that there is no difference in two-year rotation range of motion between the 78 

patients treated by BIN vs. ESIN. 79 
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MATERIALS AND METHODS 80 

 81 

Study design and patients 82 

 83 

This prospective, randomized, clinical trial (RCT) was a two-center study, performed in Oulu 84 

University Hospital, Oulu, Finland, and the Central Hospital of Päijät-Häme, Lahti, Finland in 85 

2011– 2017. Patients were enrolled between November 2011 and January 2015; the enrolment time 86 

was 3 year and 3 months. The last follow-up visit was executed in January 2017. Patients, aged 87 

between 5 and 15 years, who suffered from single- or both-bone forearm shaft fractures requiring 88 

surgical fixation were invited. The eligible participants were randomized into two groups (by using 89 

sealed envelopes) to be treated by BIN or ESIN. Patients with open fractures, significant soft-tissue 90 

injury, pathological fractures or previous fracture or infection in the forearm were excluded. In 91 

addition, patients with metabolic bone diseases, systemic disease or medication affecting bone 92 

quality or resistance to infection, or fractures older than seven days were predominantly excluded. 93 

All information was collected via standardized questionnaires. The patients were investigated four 94 

weeks, three months, six months and two years postoperatively and contacted by phone one year 95 

postoperatively. The radiographs were taken in every follow-up visit and analyzed by an 96 

experienced pediatric radiologist, familiar with childhood trauma. Metallic nails were removed six 97 

months postoperatively.  98 

 99 

It has previously been reported that pronation-supination ROM after ESIN is 153° (mean) while the 100 

normal ROM in that age-group is 170° 49. The latter was assumed to demonstrate ROM in the BIN 101 

patients, as BIN was thought to be elastic enough to contribute to normal remodeling of the forearm 102 

after fracture healing. We calculated that 13 patients per group was needed, by using 17° as 103 

clinically important difference and 15° standard deviation (SD) and with alfa level of 0.05 and 104 

power of 80%. To compensate the possible drop-outs during the 2-years follow-up, we decided in 105 

advance to continue recruitment beyond the satisfactory sample of 26 patients by exceeding the 106 

enrolement by minimum 20% in both groups. Therefore, the recruitment was interrupted at the time 107 

it became certain that 20% exceeding of the groups was reached; however, at the time of 108 

interruption the other one of the two groups had increased up to N=19. The final exceeding was 109 

thus 35% (N=35/26). (FIGURE 2). 110 

 111 
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The mean age of the patients was 10.1 years (range 5–15, SD 2.5 y). Their mean height was 143.6 112 

cm (range 116–173 cm, SD 16.0 cm) and weight 36.3 kg (range 20–67 kg, SD 11.8 kg). The 113 

patients in the two groups were the same age (P=0.569).  114 

33 (94%) patients suffered from diaphyseal both-bone fracture and 2 had isolated diaphyseal radius 115 

fracture. Most of the fractures belonged in AO type 22r-D/4.1, 22u-D/5.1 (40%) or 22-D/5.1 (29%) 116 

and the rest were either 22-D/4.1 or 22r-D/5.1, 22u-D/4.1. The two single bone fractures were AO 117 

type 22r-D/4.1. Seven patients (20.0%) were treated by stabilizing the radius only; four of them 118 

were in the BIN group and three in the ESIN group (P>0.999) 16,50,51.  119 

 120 

Primary outcome variable 121 

 122 

The primary outcome in the study was the rotational range of motion arch (ROM) at the two-year 123 

mark52.  124 

 125 

Secondary outcome variables 126 

 127 

The other outcomes were ROM of the elbow and wrist, general pain, and pain at the fracture site 128 

two years after the injury. The motion ranges are reported as mean values, and we used the 129 

classification of Price53 (Table 1). Pain was expressed on a visual analogue scale (VAS, 0–100 mm) 130 

in mm ± SD. Plain radiographs of the forearm in anterior–posterior (AP) and lateral projections 131 

were obtained at follow-up visits. Fracture reduction (mm), angular deformity (degrees ± SD), 132 

radiographic fracture healing (union, delayed union, nonunion) and fracture malunion, limb-length 133 

discrepancy were analyzed. The angulation was determined drawing the lines align with the axis of 134 

both bone fragments after which the angle between the two lines was then calculated (FIGURE 3). 135 

Radiographic examinations were carried out repeatedly to assess the bone-healing process and to 136 

note treatment-related complications (e.g. implant-related osteolysis and intramedullary nail (IM) 137 

failure). Regarding the bone healing, callus formation (in all cortexes of both bones) and fracture 138 

line visibility were analyzed in every follow-up visit. The elements of the Lane-Sandhu scoring 139 

system for fracture healing were used in evaluating radiographs. Biodegradation of the 140 

investigational device was evaluated by MRI in a randomly selected subgroup of patients (N=13).  141 

Other outcome variables included operation time from incision to casting, length of hospitalization 142 

(days) and complaints in daily living. All surgery-related infections, intra-operative complications 143 

related to fixation hardware, osteolysis, bio-incompatibility reactions and mechanical implant 144 
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failure (loss of reduction) were registered to ensure the safety of the device. Drop-outs were 145 

analyzed in detail.  146 

  147 

Randomization and masking 148 

A study assistant provided by the sponsor and not involved in the treatment was responsible for 149 

randomization, using varied block sizes to achieve 19 sealed envelopes per group. The envelopes 150 

were delivered to the study centers as required. After obtaining signed informed consent, a nurse at 151 

the ward not involved in the treatment of the patient opened one envelope for the operating surgeon. 152 

Parents and children were not blinded to the treatment and the orthopedic surgeon and the 153 

radiologist examined and analyzed the patients without masking. The radiographic analyses of all 154 

imagines in both study institutions were done by the same radiologist, to avoid inter-rater error in 155 

the measurements. Intra-rater validity was evaluated by measuring lateral angulation of the radius 156 

bone twice in the radiographs. The measurements were done in the separate settings and the 157 

radiologist (MP) was blinded to the previous measurements. Intra-rater reliability was found to be 158 

excellent, the ICC was 0.941. 159 

 160 

Statistical methods 161 

Differences in continuous variables between the two treatments were analyzed by Student’s t-test 162 

for normal distributed variables and by Mann-Whitney U test for skewed variables. The chi-square 163 

test or Fisher’s exact test was used to compare distribution between classified variables, and the 164 

Standardized Normal Deviate (SND) test in testing differences in proportions. Intra Class 165 

Coefficient (ICC) was used to evaluate intra-rater validity of radiographic measurement. Less than 166 

5% was considered to be the level of statistical significance (P<0.05). All tests were two-sided and 167 

95% confidence intervals were used. Statistical analyses were performed by using SPSS version 24 168 

software (IBM-SPSS Inc., USA) and StatsDirect Ltd. 2013 version 3.1 (Sale, Cheshire, England).  169 

 170 

Ethical aspects 171 

 172 

The study plan was approved by the Medical Ethics Committee and the Hospital Ethics Committee 173 

of Tampere Hospital District, Tampere, Finland (§R09231/2009) and recorded in the annals of the 174 

Northern Finland Hospital District, Oulu, Finland. The study is registered in Clinical Trials.gov 175 
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(NCT03474900) and the National Supervisory Authority for Welfare and Health (Valvira) approved 176 

the implant for use in this study. Informed consent to participate was obtained from all patients and 177 

their guardians; they had the right to interrupt participation at any time. Preclinical testing was not 178 

needed; PLGA has previously been shown to be safe and biocompatible in preclinical work in 179 

animals44,45 and in human medical use43,46. Further, there is wide experience of its use in other 180 

indications in trauma surgery, also in children44,54. Implant-related complications have been 181 

rare55,56. The first potential patient was operated using the study implant to ensure the feasibility of 182 

the method and the implant in practice but was not included in the study, according to the study 183 

plan. 184 

 185 

 186 

FUNDING  187 

 188 

The implants were manufactured and provided by Bioretec Ltd., Finland. Economic support was 189 

received from Oulu University Hospital as well as from Non-Profit Foundations. Jaakko Sinikumpu 190 

has received a grant to participate in a scientific conference (European Paediatric Orthopaedic 191 

Society Annual Meeting, 2018) and to scientific working by Bioretec ltd. None for other authors. 192 

Any of the funding bodies did not play a role in investigation, data analyses or writing the 193 

manuscript. The funds were used for salaries of the researchers and other co-workers like research 194 

nurses. 195 
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RESULTS 196 

 197 

Range of motion of the forearm, elbow and wrist, and pain 198 

 199 

No difference was found in any ROMs between the BIN and ESIN groups, while injured sides in 200 

both groups were analyzed. In addition, the loss of ROM as compared with the uninjured side was 201 

calculated and there was no difference in the outcomes between the groups. The primary outcome, 202 

ROM of forearm rotation in the injured side, was a mean of 162° (range 105°-200°, SD 22°) in the 203 

BIN group and 151° (range 90°-180°, SD 23°) in ESIN group (P=0.201). 204 

Elbow flexion-extension ROM was a mean of 154° (range 132°-175°, SD 11°) in BIN patients and 205 

148° (range 130°-185°, SD 15°) in the ESIN (P=0.233) patients. Flexion-extension ROM of the 206 

wrist was 150° (range 110°- 180°, SD 20°) and 150° (range 95°-110°, SD 20°) in these groups, 207 

respectively (P=0.872). None of the movements differed significantly when compared between the 208 

groups. All cases achieved excellent or good results when classified according to Price53. 209 

At two years, some pain at the fracture site (VAS) was reported in 3/16 cases, all treated with ESIN, 210 

compared with 0/16 in the BIN group (difference 19.0%, 95% CI -4.1%–43.4%, P=0.113). Pain 211 

seemed to be greater postoperatively in the ESIN group (VAS=62.2 mm) than in the BIN group 212 

(VAS=40.9 mm) (P=0.050), and slightly greater at follow-up. 213 

  214 

Radiographic and MRI findings 215 

 216 

Every patient presented excellent bone union at two years (FIGURE 4); complete callus was seen in 217 

four cortexes and the fracture line was invisible (Table 2). There was no abnormal soft-tissue 218 

reaction in the fracture surroundings or osteolysis in the stabilized bone in the two-year MRI 219 

(N=13). The biodegradable implants were still visible in all, but partially (N=3) or almost 220 

completely (N=10) resorbed (FIGURE 5). During the follow-up time, no difference was found in 221 

the healing process between the groups.  222 

Mean residual dorsal angulation in the radius was 3.4° in the BIN group and 1.4° in the ESIN group 223 

(P=0.225). In the ulna, mean dorsal angulation was 3.7° and 0.6° in these groups, respectively 224 

(P=0.022). Mean residual lateral angulation in the radius was 3.3° (BIN) and 2.09° (ESIN) 225 

(P=0.046). In the ulna, mean lateral angulation was 5.1° (BIN) and 1.6° (ESIN) (P=0.063) (Table 226 

3). 227 

 228 
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 Treatment-related findings and recovery during follow-up 229 

 230 

The mean operation time from skin cut to complete casting was 66.9 minutes (range 18–170 min, 231 

SD 33.2 min); 80 minutes in the BIN group and 53 minutes in the ESIN group (P=0.014). A 232 

tourniquet was used in 20 cases (57.1%) according to the decision by the operating surgeon. Open 233 

reduction with a short incision at the fracture site was performed in 12 cases (34%), upon the 234 

perioperative decision by the operating surgeon in every individual case, seven of which were in the 235 

BIN group (P>0.999). All but five patients were given antibiotics; two of them were in the BIN 236 

group. Mean hospitalization time was 2.7 days in the BIN group and 2.5 days in the ESIN group 237 

(P=0.590). Above-elbow cast immobilization was carried out for every patient for 4–6 weeks, 238 

according to the study plan. No limb-length discrepancy was registered in either group. 239 

 240 

 Adverse events 241 

 242 

There were two patients treated with BIN (2/19) vs. none treated with ESIN (0/16), who suffered re-243 

fracture without a complete re-injury (difference 10.5%, 95% CI -10.3%–31.8%, P=0.2445) and 244 

were taken to be implant failures. A 14-year-old boy suffered from sudden pain in the forearm four 245 

weeks postoperatively. The bones were re-angulated but not displaced (FIGURE 6). A 13-year-old 246 

girl who demonstrated delayed union at follow-up suffered re-fracture three months 247 

postoperatively. No technical issues were reported in operations and primary results in both cases 248 

were good. 249 

 250 

Drop-outs 251 

 252 

There were two patients in the BIN group vs. none in ESIN group who suffered from a new injury 253 

resulting re-fracture and thus drop-out of follow-up (difference 10.5%, 95% CI -10.3%–31.8%, 254 

P=0.2445). Both were found to have had excellent clinical outcomes and complete union in 255 

radiographs and MRI before their new injuries. The first was a 10-year-old girl who fell from a 256 

scooter, eight months postoperatively. The other was a 9-year-old boy who was re-injured while 257 

trampolining at 10 months (FIGURE 7). The latter patient had one more fracture (distal radius) in 258 

the same forearm two months after the re-fracture. Re-fractures were fixed with plates and screws. 259 

 260 
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DISCUSSION 261 

 262 

 263 

Forearm rotation, being the primary outcome, did not differ between all eligible patients with 264 

unstable radius- and/or ulna-shaft fractures, despite treatment with the study implant (BIN) or 265 

reference implant (ESIN) after two years’ follow-up. The patients treated with the study implant 266 

achieved a mean of 160° of pronosupination arch, which is in agreement with the rotational arch of 267 

uninjured, healthy forearms49 and with the gold-standard treatment ESIN. Rotational ROM was 268 

excellent also in ESIN group (mean 150°), being close to same as the ROM of nonoperatively 269 

treated forearm fractures after long-term57. The majority of daily activities can be performed with 270 

100° of forearm rotation52,58 but >30° of loss of ROM has been taken to be unsatisfactory stiffness 271 

from a clinical point of view59. In this study, none of the patients showed such a decrease in either 272 

patient groups. In that regard both methods, BIN and ESIN were good at restoring the required 273 

rotational movement of forearm and may be potential treatment methods when stabilizing 274 

children’s forearm shaft fractures. The excellent rotation range is an encouraging finding, while 275 

nonsynovial joint stiffness is the most common and most important long-term complication of 276 

forearm shaft fractures60,61. Maintenance of pronosupination is the most important goal in the 277 

management of forearm fractures52,57. Besides, there are institutions in which the intramedullary 278 

implants are left in place29,34-36: In that case the long-term modeling of the forearm may be better 279 

with BIN due to its high elasticity and resorption, in contrast to metal implants, which may affect 280 

positively on rotation capacity. However, no long-term evidence about this idea exists. In addition 281 

to forearm rotation, other important movements in elbow and wrist were analyzed as secondary 282 

outcomes and were found to be similar in both patient groups.   283 

 284 

Three patients in the ESIN group reported some pain in the fracture area of the injured forearm after 285 

2 years. The pain was also more usual in that group during the follow-up. According to the 286 

recommended surgical technique, titanium implants are left 4–6 mm above the bone surface, for 287 

later removal, which predisposes the patient to mechanical complications. Thus, not only pain but 288 

also discomfort from protruding nails has been reported as a potential complication of traditional 289 

ESIN27. Localized pain at the implantation was not reported in either groups in this study. However, 290 

cutting the biodegradable implants at the level of the bone surface is advantageous as regards soft-291 

tissue irritation, pain and discomfort.  292 

 293 
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Close radiographic follow-up was performed to evaluate restoration of alignment of the forearm 294 

until bone union. It has previously been determined that ≥10° of angular deformity in forearm 295 

midshaft fractures is not acceptable53,62. The handbook of childhood fractures recommends 296 

accepting up to 15° of angulation at the midshaft level, provided the child has ≥2 years of growth 297 

remaining61,63. In this study population, all cases treated by intra-medullary nailing achieved good 298 

alignment at two-year follow-up, regardless of the type of implant. The radius was laterally 299 

angulated at a mean of 3.3° in connection with BIN, compared with 2.1° with ESIN, which was 300 

statistically significant but far from the suggested minimal clinical significance of 10°. There was 301 

also a minor but statistically significant difference in dorsal angulation of the ulna in the BIN (3.7°) 302 

vs. ESIN (0.6°) groups, which is not clinically significant either. Principally, residual deformities 303 

such as the loss of normal radial bow may affect movements of the forearm, but the good <10° 304 

alignment after BIN is an encouraging finding, keeping in mind that biodegradable implants are less 305 

rigid than titanium nails, giving less angular support in the bones until bone union. However, due to 306 

lower elasticity, titanium nails may be preferred implants in particular for older children and 307 

adolescents with more mature bones.  308 

 309 

There were no problems in bone healing and no nonunion was found among the patients at the two-310 

year follow-up. Because injury and intramedullary fixation may compromise the intra-osseus 311 

circulation, midshaft forearm-shaft fractures have been considered vulnerable to nonunion. 312 

However, nonunion is uncommon 64, reported in 1-1.5% of these fractures14,65,66 and the rate of 313 

nonunion after BIN may be the same. The operation time was slightly longer in the BIN group. 314 

Reaming the medullary cavity, which is recommended prior to introduction of the study implant 32, 315 

is an extra step in the BIN procedure, compared with ESIN. Further, the technique and 316 

instrumentation were new in the institutions involved, which may have increased the operation 317 

time. The technique obviously requires more skills than traditional nailing with ESIN; therefore, we 318 

recommend BIN as a technique for surgeons familiar with childhood trauma. The hospitalization 319 

time was equal in both groups. There is no general consensus about the postoperative 320 

immobilization48 and immobilization is generally considered individually. There seems to be a trend 321 

against free mobilization after ESIN of forearm shaft by many experts. However, in this study, all 322 

the patients in both patient groups were immobilized, to standardize the study methods, according 323 

to the study plan. At the end of the follow-up period all patients could exercise at the pre-injury 324 

level and were equally satisfied with their overall results.  325 

 326 
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Two patients treated by BIN were lacking from the two-year analysis as a result of unexpected re-327 

displacement due to implant failure (unexpected re-fracture without a complete re-injury). There 328 

had not been technical issues in their operations and the postoperative fracture reductions had been 329 

good (FIGURE 4.). No particulars in their history predicted re-fracture. Despite the lack of 330 

statistical significance, it is still possible that the failures associate with the study implant. 331 

Nevertheless, for comparison, one in three nonoperatively treated patients needs re-reduction during 332 

cast treatment16, which is much more, compared with the results after both BIN and ESIN. 333 

Unexpected re-fracture occurred in a 13-year-old adolescent girl and 14-year-old boy; perhaps they 334 

should have been primarily considered rather like adults with a mature skeleton than children with 335 

immature bones. For older children and adolescents the study implant may not provide enough 336 

stability. The reason for the implant failures remains unclear, and an extended study should be 337 

performed to refine the correct indication for BIN in children vs. adolescents and other potential 338 

predictive factors for implant failure should be further assessed. In general, re-fracture is a known 339 

complication of ESIN12,13,21,22,25, and therefore the other two new fractures caused by recognized 340 

injuries (scooter riding and trampolining) were not unexpected. Re-fracture is a reported 341 

complication even in cases with a metallic implant remaining in the bone  12,25,67-69. 342 

 343 

There has been an increasing trend towards operative management of long-bone shaft fractures7,70 344 

in recent decades. Diaphyseal fractures are characterized by limited potential for remodeling and 345 

spontaneous correction because of the distance from the physis17, which may justify more 346 

aggressive surgical treatment. There are also changes is patients’ requests, economic circumstances, 347 

living habits and sports, which may have contributed to a change against surgical fixation17. 348 

Biodegradable materials are of increasing interest in connection with orthopedic trauma4,23,40,71. We 349 

found that the study implant seemed to behave as expected, and it had mostly disappeared after two 350 

years, allowing normal bone healing. Biodegradable implants have previously been reported to be 351 

associated with inflammation or osteolysis42,72, and foreign-body infections are seen in about 1–5% 352 

of patients with orthopedic implants73. One case of deep infection was reported in the ESIN group 353 

after implant removal, but no tissue reactions were seen in this study population. PLGA copolymers 354 

used in BIN overcome previously reported problems related to the rapid degradation of PGA 355 

(polyglycolide acid) material and the slow degradation of PLLA (poly-l-lactide acid) material. It 356 

utilizes a combination of the degradation properties of both polymers74. 357 

 358 

This study was a pioneering prospective randomized trial about the issue, providing level-A 359 

evidence. Most patients reached the 2-year follow-up and adverse events were analyzed in detail. 360 
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As a weakness, still longer follow-up is needed to ensure full resorption of the implants. The range 361 

of age of the patients was wide and the cases were heterogeneous in that regard. A more 362 

comprehensive study is needed to confirm appropriate patient selection in children vs adolescents. 363 

In addition, more understanding about the need for postoperative immobilization in this method 364 

should be acquired. The functional outcomes were analyzed between the two patient groups treated 365 

with the study method and reference method. To provide more detailed information about the 366 

functional outcomes in different age and patient groups, further studies should be performed with 367 

different study settings. 368 

 369 

 370 

CONCLUSIONS 371 

 372 

Most of the known benefits of intramedullary nailing are available with BIN, as compared with 373 

ESIN, when treating children with radius- and/or ulna-shaft fractures. The method is mini-invasive 374 

and further implant removal is not needed. However, because of the two unexpected implant 375 

failures reported in the study group, further studies are warranted for appropriate patient selection 376 

for this technique.  377 



M
ANUSCRIP

T

 

ACCEPTE
D

ACCEPTED MANUSCRIPT
15 

 

ACKNOWLEDGEMENTS  378 

 379 

We are thankful to Mrs. Anna-Maija Haltia, M.Sc., and Mrs. Minna Veiranto, M.Sc., employed by 380 

Bioretec Ltd., that provided the implants for this study. We also thank The Finnish Paediatric 381 

Orthopaedics Society, the Vaasa Foundation of Physicians, The Finnish Society of Paediatric 382 

Surgeons, The Finnish Foundation of Pediatric Research and The Alma and K. A. Snellman 383 

Foundation for supporting the study.  384 

 385 

 386 

DATA AVAILABILITY 387 

 388 

The raw/processed data required to reproduce these findings cannot be shared at this time due to 389 

legal or ethical reasons. 390 

 391 

 392 

 393 

 394 

 395 

  396 



M
ANUSCRIP

T

 

ACCEPTE
D

ACCEPTED MANUSCRIPT
16 

 

 397 

 398 

REFERENCES 399 

 400 

 401 

Bibliography 402 

1. Schmittenbecher PP. State-of-the-art treatment of forearm shaft fractures. Injury 2005 Feb;36 403 

Suppl 1:25. 404 

2. Wilkins KE. Principles of fracture remodeling in children. Injury 2005 Feb;36 Suppl 1:3. 405 

3. Lefevre Y, Journeau P, Angelliaume A, Bouty A, Dobremez E. Proximal humerus fractures in 406 

children and adolescents. Orthop Traumatol Surg Res 2014 Feb;100(1 Suppl):149. 407 

4. Herman MJ, Marshall ST. Forearm fractures in children and adolescents: a practical approach. 408 

Hand Clin 2006 Feb;22(1):55-67. 409 

5. Noonan KJ, Price CT. Forearm and distal radius fractures in children. J Am Acad Orthop Surg 410 

1998;6(3):146-56. 411 

6. Mayranpaa MK, Makitie O, Kallio PE. Decreasing incidence and changing pattern of childhood 412 

fractures: A population-based study. J Bone Miner Res 2010 Dec;25(12):2752-9. 413 

7. Sinikumpu JJ, Lautamo A, Pokka T, Serlo W. The increasing incidence of paediatric diaphyseal 414 

both-bone forearm fractures and their internal fixation during the last decade. Injury 2012 415 

Mar;43(3):362-6. 416 



M
ANUSCRIP

T

 

ACCEPTE
D

ACCEPTED MANUSCRIPT
17 

 

8. Helenius I, Lamberg TS, Kaariainen S, Impinen A, Pakarinen MP. Operative treatment of 417 

fractures in children is increasing. A population-based study from Finland. J Bone Joint Surg Am 418 

2009 Nov;91(11):2612-6. 419 

9. Garg NK, Ballal MS, Malek IA, Webster RA, Bruce CE. Use of elastic stable intramedullary nailing 420 

for treating unstable forearm fractures in children. J Trauma 2008 Jul;65(1):109-15. 421 

10. Sun YQ, Penna J, Haralabatos SS, Carrion WV. Intramedullary fixation of pediatric forearm 422 

diaphyseal fractures. Am J Orthop (Belle Mead NJ) 2001 Jan;30(1):67-70. 423 

11. Cullen MC, Roy DR, Giza E, Crawford AH. Complications of intramedullary fixation of pediatric 424 

forearm fractures. J Pediatr Orthop 1998;18(1):14-21. 425 

12. Kelly BA, Shore BJ, Bae DS, Hedequist DJ, Glotzbecker MP. Pediatric forearm fractures with in 426 

situ intramedullary implants. J Child Orthop 2016 Aug;10(4):321-7. 427 

13. Kruppa C, Bunge P, Schildhauer TA, Dudda M. Low complication rate of elastic stable 428 

intramedullary nailing (ESIN) of pediatric forearm fractures: A retrospective study of 202 cases. 429 

Medicine (Baltimore) 2017 Apr;96(16):e6669. 430 

14. Fernandez FF, Langendorfer M, Wirth T, Eberhardt O. Failures and complications in 431 

intramedullary nailing of children's forearm fractures. J Child Orthop 2010 Apr;4(2):159-67. 432 

15. Wall L, O'Donnell JC, Schoenecker PL, Keeler KA, Dobbs MB, Luhmann SJ, et al. Titanium elastic 433 

nailing radius and ulna fractures in adolescents. J Pediatr Orthop B 2012 Sep;21(5):482-8. 434 

16. Sinikumpu JJ, Serlo W. The shaft fractures of the radius and ulna in children: current concepts. 435 

J Pediatr Orthop B 2015 May;24(3):200-6. 436 



M
ANUSCRIP

T

 

ACCEPTE
D

ACCEPTED MANUSCRIPT
18 

 

17. Cosma D, Vasilescu DE. Elastic Stable Intramedullary Nailing for Fractures in Children - Specific 437 

Applications. Clujul Med 2014;87(3):147-51. 438 

18. Patel A, Li L, Anand A. Systematic review: functional outcomes and complications of 439 

intramedullary nailing versus plate fixation for both-bone diaphyseal forearm fractures in children. 440 

Injury 2014 Aug;45(8):1135-43. 441 

19. Baldwin K, Morrison MJ,3rd, Tomlinson LA, Ramirez R, Flynn JM. Both bone forearm fractures 442 

in children and adolescents, which fixation strategy is superior - plates or nails? A systematic 443 

review and meta-analysis of observational studies. J Orthop Trauma 2014 Jan;28(1):e14. 444 

20. Luhmann SJ, Gordon JE, Schoenecker PL. Intramedullary fixation of unstable both-bone 445 

forearm fractures in children. J Pediatr Orthop 1998;18(4):451-6. 446 

21. Makki D, Matar HE, Webb M, Wright DM, James LA, Ricketts DM. Elastic stable intramedullary 447 

nailing in paediatric forearm fractures: the rate of open reduction and complications. J Pediatr 448 

Orthop B 2017 Sep;26(5):412-6. 449 

22. Martus JE, Preston RK, Schoenecker JG, Lovejoy SA, Green NE, Mencio GA. Complications and 450 

outcomes of diaphyseal forearm fracture intramedullary nailing: a comparison of pediatric and 451 

adolescent age groups. J Pediatr Orthop 2013 Sep;33(6):598-607. 452 

23. Hope PG, Williamson DM, Coates CJ, Cole WG. Biodegradable pin fixation of elbow fractures in 453 

children. A randomised trial. J Bone Joint Surg Br 1991 Nov;73(6):965-8. 454 

24. Nisar A, Bhosale A, Madan SS, Flowers MJ, Fernandes JA, Jones S. Complications of Elastic 455 

Stable Intramedullary Nailing for treating paediatric long bone fractures. J Orthop 2013 Feb 456 

26;10(1):17-24. 457 



M
ANUSCRIP

T

 

ACCEPTE
D

ACCEPTED MANUSCRIPT
19 

 

25. Lascombes P, Haumont T, Journeau P. Use and abuse of flexible intramedullary nailing in 458 

children and adolescents. J Pediatr Orthop 2006;26(6):827-34. 459 

26. Parikh SN, Jain VV, Denning J, Tamai J, Mehlman CT, McCarthy JJ, et al. Complications of elastic 460 

stable intramedullary nailing in pediatric fracture management: AAOS exhibit selection. J Bone 461 

Joint Surg Am 2012 Dec 19;94(24):e184. 462 

27. Salonen A, Salonen H, Pajulo O. A critical analysis of postoperative complications of 463 

antebrachium TEN-nailing in 35 children. Scand J Surg 2012;101(3):216-21. 464 

28. Mittal R, Hafez MA, Templeton PA. "Failure" of forearm intramedullary elastic nails. Injury 465 

2004 Dec;35(12):1319-21. 466 

29. Gorter EA, Vos DI, Sier CF, Schipper IB. Implant removal associated complications in children 467 

with limb fractures due to trauma. Eur J Trauma Emerg Surg 2011 Dec;37(6):623-7. 468 

30. Korhonen J, Sinikumpu JJ, Harmainen S, Ryhanen J, Kallio P, Serlo W. Removal of 469 

osteosynthesis material in children and young people. Duodecim 2014;130(7):689-95. 470 

31. Niemela M, Uhari M, Mottonen M, Pokka T. Costs arising from otitis media. Acta Paediatr 1999 471 

May;88(5):553-6. 472 

32. Sinikumpu JJ, Keranen J, Haltia AM, Serlo W, Merikanto J. A new mini-invasive technique in 473 

treating pediatric diaphyseal forearm fractures by bioabsorbable elastic stable intramedullary 474 

nailing: a preliminary technical report. Scand J Surg 2013;102(4):258-64. 475 

33. van der Eng, D M, Schep NW, Schepers T. Bioabsorbable Versus Metallic Screw Fixation for 476 

Tibiofibular Syndesmotic Ruptures: A Meta-Analysis. J Foot Ankle Surg 2015;54(4):657-62. 477 



M
ANUSCRIP

T

 

ACCEPTE
D

ACCEPTED MANUSCRIPT
20 

 

34. Schmittenbecher PP. Implant removal in children. Eur J Trauma Emerg Surg 2013 478 

Aug;39(4):345-52. 479 

35. Molster A, Behring J, Gjerdet NR, Ekeland A. Removal of osteosynthetic implants. Tidsskr Nor 480 

Laegeforen 2002 Sep 30;122(23):2274-6. 481 

36. Vos D, Hanson B, Verhofstad M. Implant removal of osteosynthesis: the Dutch practice. Results 482 

of a survey. Journal of trauma management & outcomes 2012;6(1):6. 483 

37. Firl M, Wunsch L. Measurement of bowing of the radius. J Bone Joint Surg Br 2004 484 

Sep;86(7):1047-9. 485 

38. Daruwalla JS. A study of radioulnar movements following fractures of the forearm in children. 486 

Clin Orthop Relat Res 1979;(139)(139):114-20. 487 

39. Partio EK, Merikanto J, Heikkila JT, Ylinen P, Makela EA, Vainio J, et al. Totally absorbable 488 

screws in fixation of subtalar extra articular arthrodesis in children with spastic neuromuscular 489 

disease: preliminary report of a randomized prospective study of fourteen arthrodeses fixed with 490 

absorbable or metallic screws. J Pediatr Orthop 1992;12(5):646-50. 491 

40. Giannini S, Cadossi M, Mazzotti A, Persiani V, Tedesco G, Romagnoli M, et al. Bioabsorbable 492 

Calcaneo-Stop Implant for the Treatment of Flexible Flatfoot: A Retrospective Cohort Study at a 493 

Minimum Follow-Up of 4 Years. J Foot Ankle Surg 2017;56(4):776-82. 494 

41. Hughes TB. Bioabsorbable implants in the treatment of hand fractures: an update. Clin Orthop 495 

Relat Res 2006 Apr;445:169-74. 496 



M
ANUSCRIP

T

 

ACCEPTE
D

ACCEPTED MANUSCRIPT
21 

 

42. Prakasam M, Locs J, Salma-Ancane K, Loca D, Largeteau A, Berzina-Cimdina L. Biodegradable 497 

Materials and Metallic Implants-A Review. J Funct Biomater 2017 Sep 26;8(4):10.3390/jfb8040044. 498 

43. Waris E, Konttinen YT, Ashammakhi N, Suuronen R, Santavirta S. Bioabsorbable fixation 499 

devices in trauma and bone surgery: current clinical standing. Expert Rev Med Devices 2004 500 

Nov;1(2):229-40. 501 

44. Krucinska I, Zywicka B, Komisarczyk A, Szymonowicz M, Kowalska S, Zaczynska E, et al. 502 

Biological Properties of Low-Toxicity PLGA and PLGA/PHB Fibrous Nanocomposite Implants for 503 

Osseous Tissue Regeneration. Part I: Evaluation of Potential Biotoxicity. Molecules 2017 Nov 504 

29;22(12):10.3390/molecules22122092. 505 

45. Xue AS, Koshy JC, Weathers WM, Wolfswinkel EM, Kaufman Y, Sharabi SE, et al. Local foreign-506 

body reaction to commercial biodegradable implants: an in vivo animal study. Craniomaxillofac 507 

Trauma Reconstr 2014 Mar;7(1):27-34. 508 

46. Rokkanen PU, Bostman O, Hirvensalo E, Makela EA, Partio EK, Patiala H, et al. Bioabsorbable 509 

fixation in orthopaedic surgery and traumatology. Biomaterials 2000 Dec;21(24):2607-13. 510 

47. Sinikumpu JJ, Serlo W. Biodegradable poly-L-lactide-co-glycolide copolymer pin fixation of a 511 

traumatic patellar osteochondral fragment in an 11-year-old child: A novel surgical approach. Exp 512 

Ther Med 2017 Jan;13(1):242-6. 513 

48. Skaggs D FS, editor. Upper extermity fractures in children. 7. ed. ed. Philadelphia [u.a.]: Wolter 514 

Kluwer, Lippincot Willams & Wilkins; 2014. 515 

49. Teoh KH, Chee YH, Shortt N, Wilkinson G, Porter DE. An age- and sex-matched comparative 516 

study on both-bone diaphyseal paediatric forearm fracture. J Child Orthop 2009 Oct;3(5):367-73. 517 



M
ANUSCRIP

T

 

ACCEPTE
D

ACCEPTED MANUSCRIPT
22 

 

50. Pace JL. Pediatric and Adolescent Forearm Fractures: Current Controversies and Treatment 518 

Recommendations. J Am Acad Orthop Surg 2016 Nov;24(11):780-8. 519 

51. Kirkos JM, Beslikas T, Kapras EA, Papavasiliou VA. Surgical treatment of unstable diaphyseal 520 

both-bone forearm fractures in children with single fixation of the radius. Injury 2000 521 

Oct;31(8):591-6. 522 

52. Franklin CC, Robinson J, Noonan K, Flynn JM. Evidence-based medicine: management of 523 

pediatric forearm fractures. J Pediatr Orthop 2012 Sep;32 Suppl 2:131. 524 

53. Price CT, Scott DS, Kurzner ME, Flynn JC. Malunited forearm fractures in children. J Pediatr 525 

Orthop 1990;10(6):705-12. 526 

54. Branch LG, Crantford C, Cunningham T, Bharti G, Thompson J, Couture D, et al. Long-Term 527 

Outcomes of Pediatric Cranial Reconstruction Using Resorbable Plating Systems for the Treatment 528 

of Craniosynostosis. J Craniofac Surg 2017 Jan;28(1):26-9. 529 

55. Barber FA, Spenciner DB, Bhattacharyya S, Miller LE. Biocomposite Implants Composed of 530 

Poly(Lactide-co-Glycolide)/beta-Tricalcium Phosphate: Systematic Review of Imaging, 531 

Complication, and Performance Outcomes. Arthroscopy 2017 Mar;33(3):683-9. 532 

56. Randelli P, Compagnoni R, Aliprandi A, Cannao PM, Ragone V, Tassi A, et al. Long-term 533 

degradation of poly-lactic co-glycolide/beta-tricalcium phosphate biocomposite anchors in 534 

arthroscopic bankart repair: a prospective study. Arthroscopy 2014 Feb;30(2):165-71. 535 

57. Sinikumpu JJ, Victorzon S, Antila E, Pokka T, Serlo W. Nonoperatively treated forearm shaft 536 

fractures in children show good long-term recovery. Acta Orthop 2014 Dec;85(6):620-5. 537 



M
ANUSCRIP

T

 

ACCEPTE
D

ACCEPTED MANUSCRIPT
23 

 

58. Morrey BF, Askew LJ, Chao EY. A biomechanical study of normal functional elbow motion. J 538 

Bone Joint Surg Am 1981 Jul;63(6):872-7. 539 

59. Flynn JM, Jones KJ, Garner MR, Goebel J. Eleven years experience in the operative 540 

management of pediatric forearm fractures. J Pediatr Orthop 2010 Jun;30(4):313-9. 541 

60. Högström H, Nilsson BE, Willner S. Correction with growth following diaphyseal forearm 542 

fracture. Acta Orthop Scand 1976 Jun;47(3):299-303. 543 

61. Beaty JH. Rockwood & Wilkins' Fractures in Children. Lippincott Williams & Wilkins; 2006. 544 

62. Ploegmakers J, Verheyen C. Acceptance of angulation in the non-operative treatment of 545 

paediatric forearm fractures. Journal of Pediatric Orthopaedics B 2006 Nov;15(6):428-32. 546 

63. Younger AS, Tredwell SJ, Mackenzie WG, Orr JD, King PM, Tennant W. Accurate prediction of 547 

outcome after pediatric forearm fracture. J Pediatr Orthop 1994;14(2):200-6. 548 

64. Wright TW, Glowczewskie F. Vascular anatomy of the ulna. J Hand Surg Am 1998 549 

Sep;23(5):800-4. 550 

65. Schmittenbecher PP, Fitze G, Godeke J, Kraus R, Schneidmuller D. Delayed healing of forearm 551 

shaft fractures in children after intramedullary nailing. J Pediatr Orthop 2008;28(3):303-6. 552 

66. Sinikumpu JJ, Lautamo A, Pokka T, Serlo W. Complications and radiographic outcome of 553 

children's both-bone diaphyseal forearm fractures after invasive and non-invasive treatment. 554 

Injury 2013 Apr;44(4):431-6. 555 

67. Goulding A, Cannan R, Williams SM, Gold EJ, Taylor RW, Lewis-Barned NJ. Bone mineral density 556 

in girls with forearm fractures. J Bone Miner Res 1998 Jan;13(1):143-8. 557 



M
ANUSCRIP

T

 

ACCEPTE
D

ACCEPTED MANUSCRIPT
24 

 

68. Goulding A. Risk factors for fractures in normally active children and adolescents. Med Sport 558 

Sci 2007;51:102-20. 559 

69. Manias K, McCabe D, Bishop N. Fractures and recurrent fractures in children; varying effects of 560 

environmental factors as well as bone size and mass. Bone 2006 Sep;39(3):652-7. 561 

70. Cheng JC, Ng BK, Ying SY, Lam PK. A 10-year study of the changes in the pattern and treatment 562 

of 6,493 fractures. J Pediatr Orthop 1999;19(3):344-50. 563 

71. Zheng W, Tao Z, Chen C, Zhang C, Zhang H, Feng Z, et al. Comparison of three surgical fixation 564 

methods for dual-bone forearm fractures in older children: A retrospective cohort study. Int J Surg 565 

2018 Jan 20. 566 

72. Balestro JC, Young A, Maccioni C, Walch G. Graft osteolysis and recurrent instability after the 567 

Latarjet procedure performed with bioabsorbable screw fixation. J Shoulder Elbow Surg 2015 568 

May;24(5):711-8. 569 

73. Andaloussi S, Amine Oukhouya M, Alaoui O, Atarraf K, Chater L, Afifi MA. Elastic stable 570 

intramedullary nailing (ESIN) in the treatment of both-bone forearm fractures in the child: about 571 

87 cases. Pan Afr Med J 2017 May 30;27:68. 572 

74. Bergsma JE, de Bruijn WC, Rozema FR, Bos RR, Boering G. Late degradation tissue response to 573 

poly(L-lactide) bone plates and screws. Biomaterials 1995 Jan;16(1):25-31. 574 

75. Schulz KF, Altman DG, Moher D. CONSORT 2010 Statement: updated guidelines for reporting 575 

parallel group randomised trials. BMC medicine 2010;8(1):18. 576 

  577 



M
ANUSCRIP

T

 

ACCEPTE
D

ACCEPTED MANUSCRIPT
25 

 

 578 

 579 

Table 1. Classification of outcome of forearm-shaft fractures in children, graded using a system 580 

described by Price53 
581 

 582 

Outcome Loss of Forearm Rotation and Symptoms 

Excellent  ≤15° loss of forearm rotation and no complaints with strenuous activity 

Good 
A loss of forearm rotation of 15° to 30° and only mild complaints with strenuous 

physical activity 

Fair 
A loss of forearm rotation of 30° to 90° and mild complaints during activities of 

daily living 

Poor All other outcomes 

 583 

 584 

 585 

  586 
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 587 
 588 

Table 2. Radiographic bone healing of radius and/or ulna fractures two years postoperatively. 589 

Biodegradable intramedullary nailing (BIN) vs. elastic stable intramedullary nailing (ESIN). 590 

 591 

*CI= confidence interval 592 

 593 

  594 

Fracture healing, Radius and Ulna 

 
Study implant     

(BIN, N=15) 

Reference implant 

(ESIN, N=16) 
 

Complete callus in 4 

cortexes 
n n difference, 95% CI* 

radius 15 16 0 (-21 to 20) 

ulna 14 14/15 0 (-25 to 25) 

No visible fracture line     

radius 15 16 0 (-21 to 20) 

ulna 14 14/15 0 (-25 to 25) 
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Table 3. Residual alignment of the radius and ulna in patients with unstable childhood fractures 595 

treated by BIN vs. ESIN as measured in radiographs in anterior–posterior (AP) and lateral 596 

projections at the two-year follow-up. 597 

 598 

*Standard deviation 599 

**P-value measured by using independent t-tests 600 

***95% confidence intervals 601 

 602 

603 

Radiographs, Radius and Ulna 

 
Study implant  

(BIN N=15) 

Reference implant  

(ESIN N=16) 

 
 

Angular 

deformity, 

degrees 

Mean SD*  Mean SD* 
Mean 

difference 

95% CI*** of 

the difference 
P-value** 

Radius, AP 3.4 3.8  1.4 2.4 1.9 -0.70-4.51 P=0.225 

Radius, 

lateral 
3.3 2.9  2.1 4.8 1.8 

-1.35-4.95 
P=0.046 

Ulna, AP 3.7 3.5  0.6 1.8 4.2 0.96-7.49 P=0.022 

Ulna, lateral 5.2 5.1  1.6 2.5 3.7 0.39-6.98 P=0.063 

Fracture 

reduction 

Residual dislocation, 

mm 
   

  
 

radius 0 N/A  0 N/A    

ulna 0 N/A  0 N/A    
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FIGURE 1 604 

 605 

The study implant; Biodegradable intramedullary nail of poly(lactide-co-glycolide) (PLGA) with a 606 

fluoroscopy positive tricalcium-phosphate (β-TCP) marker (white arrow) in a perioperative picture 607 

while introducing the implant into radius (A) and the ulna (B). 608 

 609 

 610 

 611 
 612 

 613 

 614 

 615 

 616 
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FIGURE 2 617 

Consolidated Standards of Reporting Trials (CONSORT) flow chart75 618 

Thirteen patients with complete follow-up (two years) per group were required according to 619 

sample-size calculation and a total of 38 tickets (BIN, N=19 + ESIN, N=19) were randomized in 620 

sealed envelopes in advance to allow for potential loss to follow-up. However, enrolment was 621 

interrupted when the sample size was exceeded by 20% in both groups (N=16+16), with the 622 

justified expectation that a satisfactory number of cases (N>26) would complete the study. 623 

* Not recruited due to interruption of enrollment. 624 

**Two patients suffered re-fracture without complete re-injury. 625 

***Two patients were excluded because of new high-energy injuries. 626 

 627 

 628 

629 
  630 
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 631 

FIGURE 3 632 

The angulation was determined by drawing the lines align with the axis of both bone fragments 633 

(straight black lines) and the angle between the two lines was then calculated. 634 

 635 

 636 
 637 

  638 
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FIGURE 4 639 

A 9-year-old boy fell from a trampoline, fracturing both forearm bones (A, B). The fractures were 640 

closed and surgically stabilized by means of biodegradable elastic stable intramedullary nailing 641 

(BIN). The nails are invisible in postoperative radiographs (C, D), but the tricalcium phosphate 642 

markers in the tips of the nails can be seen (arrows). After two years the bones were completely 643 

united and in good alignment (E, F). 644 

 645 

  646 
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FIGURE 5 647 

T2-weighted magnetic resonance images with axial projections of a forearm-shaft fracture, treated 648 

by means of BIN demonstrated the biodegrading process of the polylactide-co-glycolide nails. The 649 

nails (white arrows) were sharp-edged and intact at one month of follow-up but edema was seen in 650 

the soft-tissue surroundings (A). The nails were still intact after 3 months (B) and 12 months (C). 651 

Two-year follow-up MRI demonstrated low-signal nails that were irregular and had partly 652 

disappeared (*). No soft-tissue edema remained at two years. 653 

 654 

 655 

  656 
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FIGURE 6 657 

Two patients treated with the study implants (BIN) suffered from sudden implant failure without a 658 

new injury. The first was a boy aged 14 years (A, B) who was appropriately stabilized with two 659 

intramedullary nails (C, D; postoperative radiographs). The patient felt sudden pain and the bones 660 

were found to be angulated at 4 weeks follow-up (E, F).  661 

Another patient, a 13 years old girl, had suffered from an unstable diaphyseal forearm fracture 662 

(G,H). She was appropriately treated by means of BIN (I, J). At 3 months follow-up visit the bones 663 

were found to be angulated  (K,L). Both were stabilized with plate fixation. These patients were not 664 

considered in the two-year follow-up. 665 
 666 

 667 

 668 

 669 

  670 
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FIGURE 7 671 

There were two BIN patients who suffered new injuries during follow-up. The first was a girl aged 672 

10 years (A, B) who was appropriately stabilized with two intramedullary nails (C, D; postoperative 673 

radiographs). At six months, the bones were united in good alignment (E, F). Eight months after the 674 

first injury, the patient fell when riding a scooter and suffered a re-fracture. Another patient, a boy 675 

aged eight, had suffered from an unstable diaphyseal forearm fracture (I, J). He was appropriately 676 

treated by means of BIN (K, L) and bone union was good at the six-month follow-up (M, N). 677 

Unfortunately, the patient fell while trampolining, suffering a new fracture in the radius (O, P). 678 

These patients were not considered in the two-year follow-up. 679 

 680 

 681 

 682 

 683 


