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A b s t r a c t  In a previous ultrastructural study, the benefit 
o f  a single high dose o f  vitamin D 3 on fracture healing in 
a healthy animal model  was demonstrated. This study ex- 
amined the biomechanical  consequences of  applying a 
single high dose of  vitamin D 3 in a healthy rabbit model  
subsequent to femoral  fracture. The fracture load, the val- 
ues of  energy absorbed until fracture and the flexural 
rigidity values of  the vitamin D group were significantly 
higher than the corresponding ones o f  the control group in 
the case of  fracture. On the other hand, for intact bones, 
those values did not differ significantly between the two 
groups. It was concluded that single high-dose vitamin D 3 
application had positive effects on fracture healing in a 
healthy animal model,  as far as the parameters related to 
mechanical  strength are concerned. 

A part of this study was presented at the "3rd Biennial Joint 
Conference on Engineering Systems Design and Analysis (ESDA)" 
in Montpellier, France, July 14 ,  1996. 
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Introduction 

Fracture healing and the factors affecting it have always 
attracted researchers '  curiosity. Fracture healing is a com- 
plex process, and hormones,  local and systemic growth 
factors all play a part at each stage [10, 28, 30]. Al though 
the histopathological process of  fracture healing is now 
almost completely understood, the effects of  most  of  the 
factors on the fracture healing event have not yet been ab- 
solutely verified [5, 7, 13]. 

Vitamin D 3 (cholecalciferol) is known to be one of  the 
hormones promoting fracture healing [5, 7, 13]. In the 
past, many studies on the effects of  vitamin D 3 on fracture 
healing have been undertaken, frequently in vitamin D- 
depleted animal models and with different dose protocols, 
In previous work [25, 26] in which one of  us (H.O.) took 
part, the positive effect of  single high-dose vitamin D 3 ap- 
plication on fracture healing in a healthy animal model  
was pointed out for the first time. The present study was 
undertaken to see whether or not the results o f  that ultra- 
structural study could be biomechanical ly  supported. 

Materials and methods 

Twenty male, healthy (normocalcaemic and normophosphataemic), 
3-month-old New Zealand white rabbits, weighing between 1.6 
and 1.9 kg, were used. They were randomly divided into two 
groups: 'control' and 'vitamin D'. The right femur of each rabbit 
was exposed via a lateral skin incision under ketamine hydrochlo- 
ride and xylazin hydrochloride anaesthesia. Following the skin in- 
cision, a blunt dissection between the lateral vastus and hamstring 
muscles was carried out, and then the midshaft of the femur was 
osteotomized transversally by a Gigli saw. Steinmann pins (3 mm) 
were used for intramedullary fixation. Following haemostasis, the 
muscular and cutaneous layers were closed with interrupted su- 
tures. The rabbits in the vitamin D group were injected intramus- 
cularly with 50 000 IU/kg of vitamin D3, and the ones in the con- 
trol group with 0.9% NaCI [25, 26]. The rabbits were allowed un- 
restricted weight-bearing after recovery from the anaesthesia. Each 
rabbit was caged individually and allowed free access to water and 
a standard pellet diet. Two animals in each group died of unknown 
reasons during follow-up. Moreover, two animals, one from the 
control group and one from the vitamin D group, were excluded 
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from the study because of an infection at the fracture site, leaving 
a total of seven animals in each group. 

The remaining 14 rabbits were killed 6 weeks after surgery. 
The intact and fractured femurs were removed by careful dissec- 
tion, and the intramedullary Steinmann pins were pulled out by ap- 
plying small torsional movements.  The control and vitamin D 
groups were numbered so as to keep the biomechanic measure- 
ments blind. The femurs were kept frozen at - 2 0 ° C  for further 
analysis. Prior to the tests, the femurs were placed in a humid 
medium and kept there for 4 h until they thawed to room tempera- 
ture. The distal and proximal parts of the femurs were cut out to 
obtain a better adjustment to the three-point bending fixture. 

The femurs were placed on the three-point bending configura- 
tion on the Lloyd LS500 material testing machine (Southampton, 
UK). The machine was controlled via a personal computer 
(486DX-50). The 500-N load cell was used for load detection, and 
the sampling rate was 4.0 Hz. The loading speed was 2 mm/min, 
and the load was applied at the mid-span in an anteroposterior di- 
rection, with a span length of 40 mm. Preloads of 1 N for fractured 
femurs and 5 N for intact femurs were applied before loading [1, 
2]. All the bones were kept in a humid medium during the tests 
[31]. 

The load-deflection curves were stored in the computer to be 
processed later to obtain fracture load, deflection at fracture, val- 
ues of energy absorbed until fracture (EAUF) and flexural rigidity 
values. Flexural rigidity was calculated as the product of Young's  
Modulus (E, material property) and the moment  of inertia (I, geo- 
metrical property) of the cross-section. It is known that both the 
cross-sectional area and the material properties change during the 
healing process. The flexural rigidity (El) concept takes both of 
these parameters into account. Flexural rigidity can be obtained 
from the slope of the linear part of the load deflection curve. EAUF 

is defined as the energy absorbed by the bone until fracture and is 
equal to the area under the load-deflection curve. 

Statistical analysis of the data was done with the Mann-Whit-  
ney U-test, and the level of significance was set at P < 0.05. 

Results 

Our results showed that the application of a single high 
dose of vitamin D 3 resulted in an increase in the fracture 
load, EAUF and flexural rigidity values of the fractured 
bone over those of the control group (Table 1, Fig. 1-5). 
There was a statistically significant difference between 
the corresponding fracture load, EAUF and flexural rigid- 
ity values of the control and vitamin D groups (Table 3). 
Deflection at fracture values did not differ significantly 
(Table 3). However, the vitamin D group had a slightly 
smaller deflection than the control, indicating a more min- 
eralized callus (Fig. 3). 

In intact bones, the average values of all parameters 
were similar in the control and in the vitamin D groups, 
and statistically there was no significant difference be- 
tween these two groups (Tables 2, 3, Fig. 1-5). 

Table 1 Mechanical parame- 
ters for fractured femurs of 
control and single high-dose 
vitamin D3 groups 

Maximum load Maximum Energy absorbed Flexural rigidity 
(N) deflection until fracture (EAUF) (El; N. mm 2 × 10 3) 

(mm) (N. mm) 

Vitamin D 208.13 + 68.50 1.77 + 0.54 190.69 + 94.64 195 + 80 
Control 115.60 _+ 26.05 1.96 + 0.89 76.44 + 18.06 69 + 16 
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Fig. 1 Average load-deflection curves of all 
groups 

Fig. 2 Average fracture load values of all 
groups 

Fig. 3 Average maximum deflection values of 
all groups 

Fig. 4 Average energy absorbed until fracture 
(EAUF) values of all groups 

Fig. 5 Average flexural rigidity values of all 
groups 

300" 

250- 
z 
"o 200- 
0 

150- 

4 10o- 

14. 
50- 

O "  

2 

300" 

250- 

E 
E 200- 

z 150" 
LL 

.< 100- 
uJ 

50- 

o- 

4 

Fractured 

Fractured 

Intact 

Intact 

3 . 0 '  

E 
E 2,5. 
t.,- 
o 2 . 0  
'4--' 
0 
O) 
= 1 .5  
(D 

"0  

"~ 1.0' 
E 
"~ 0 . 5  

0 
3 

450- 
O 

400- 
~E 350-  
E 300-  
z 250-  

-2 2oo- 
13 
"6~ 150 - 
L.  

lo0- 
50-  x 

--¢ O- LL 

5 

Fractured 

Fractured 

Intact 

Intact 



Table 2 Mechanical parame- 
ters for intact femurs of control 
and single high-dose vitamin 
D 3 groups 
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Maximum load Maximum Energy absorbed Flexural rigidity 
(N) deflection until fracture (EAUF) (EI; N. ram: x 10 -3) 

(ram) (N. ram) 

Vitamin D 248.25 + 46.64 1.18 + 0.25 162.76 + 71.01 367 + 52 
Control 238.11 + 49.89 1.09 + 0.25 141.17 + 46.81 341 + 86 

Maximum load Maximum Energy absorbed Flexural rigidity 
deflection until fracture (EAUF) (EI) 

Fractured P = 0.034* P = 0.714 P = 0.015" P = 0.004* 
Intact P = 0.948 P = 0.477 P = 0.561 P = 0.434 

* Statistically significant difference 

Table 3 Statistical analysis 
(Mann-Whitney U-test) of the 
mechanical parameters for 
fractured femurs of vitamin D 3 
and control groups 

Discussion 

Previous studies demonstrated that vitamin D 3, its major 
metabolite 1,25-dihydroxycholecalciferol (1,25-(OH)eD3) 
and another of its metabolites 24,25-dihydroxycholecal- 
ciferol (24,25-(OH)2D3) were important in bone metabo- 
lism and fracture repair. 

Lindgren and associates [22] reported that in healthy 
adult rats fracture healing was slightly more advanced by 
the application of 1,25-(OH)2D 3. Dekel and co-workers 
[11] demonstrated in vitamin D-depleted chicks that the 
mechanical strength of the callus was increased by the ap- 
plication of 1,25-(OH)2D 3 plus 24,25-(OH)2D3, cholecal- 
ciferol, 1,25-(OH)2D 3, and 24,25-(OH)2D > in decreasing 
order. Lidor and colleagues [20, 21] studied the increase 
of the levels of vitamin D metabolites in the calluses of 
chicks, and stated that the 1,25-(OH)2D 3 found in the cal- 
lus coincided with remodelling and bone formation, and 
the 24,25-(OH)2D 3 with formation of cartilaginous callus. 
24,25-(OH)2D 3 was also found to promote the maturation 
and mineralization of osteoid [15]. Brumbaugh and asso- 
ciates [6] noted that 1,25-(OH)2D 3 apparently promoted 
normal fracture healing in chicks. 

Clinical studies were also performed to understand the 
correlation between vitamin D 3 and the fracture process. 
There was no agreement on the correlation between the 
risk of  fracture and serum levels of  vitamin D metabolites 
at the time of fracture [14]. Alkalay and associates [3] 
found that the serum level of 1,25-(OH)eD 3 was signifi- 
cantly reduced after fracture, and levels of 1,25-(OH)2D3 
and 24,25-(OH)2D3 were significantly raised in the bone 
around the fracture site. Meller and co-workers recorded a 
significant increase in serum level of  24,25-(OH)2D 3 dur- 
ing fracture healing in normal young adults [23], but this 
increase was not observed in geriatric patients [24]. 

In an ultrastructural study, Omero~lu and colleagues 
[26] concluded that a single high dose of vitamin D 3 given 
intramuscularly accelerated fracture healing in a healthy 
animal model by four mechanisms: advancing the blood 
supply at the fracture site: accelerating the proliferation 
and differentiation of osteoprogenitor cells in the callus; 
increasing the amount of collagen present in the callus 
and stimulating the organization of collagen fibres; acti- 

vating mineralization of the matrix. The outcome of our 
study, that the application of single high-dose vitamin D 3 
positively affects the mechanical strength at the fracture 
site, seems to support the ultrastructural findings of the 
previously mentioned study. 

The present study also showed that, in intact bones, 
single high-dose vitamin D 3 application produced a slight 
increase in EAUF, fracture load and flexural rigidity val- 
ues; however, the differences were not statistically signif- 
icant. 

Another noteworthy finding was that the fracture load 
and EAUF values after single high-dose vitamin D 3 w a s  

applied to fractured bone were nearly as high as the corre- 
sponding ones of the intact contralateral. Moreover, the 
EAUF value of the vitamin D3-treated fractured bone was 
on average higher than that of the intact contralateral. 
This is probably due to the fact that the former is more 
flexible. The presence of interfragmentary callus made the 
deflection capacity of  fractured bones higher compared 
with the intact contralateral. However, the flexural rigidity 
values of intact bones were comparably higher than those 
of fractured bones. 

Systemic and local factors affect fracture healing by 
acting directly or, more frequently, by activating mediator 
mechanisms. Fracture healing failure often coincides with 
malfunctions of these mediator mechanisms [16, 17]. The 
mechanism by which fracture healing is promoted by vit- 
amin D 3 is uncertain. There have been conflicting reports 
concerning the effects of vitamin D 3 and its metabolites 
on alkaline phosphatase activity and collagen synthesis, 
but usually a stimulating effect was accepted [4, 15, 27, 
29]. It has been reported that 1,25-(OH)2D 3 is an impor- 
tant modulator of the growth and differentiation of human 
bone cells [4, 32]. The question of whether the mineral- 
ization effect of  vitamin D 3 and its metabolites was due to 
maintenance of serum calcium and phosphate or to a di- 
rect action of vitamin D or a specific metabolite has not 
been clearly answered [6, 9, 18, 27]. 

Systemic and local growth factors are both mitogenic 
and tissue-specific differentiating [8, 10, 16, 28, 30]. Vit- 
amin D 3 has positive effects on some of them. The blood 
supply was found to be one of the most important factors 
influencing fracture healing, probably mediated by vari- 
ous angiogenic growth factors [16, 19]. Single high-dose 
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v i tamin  D 3 was thought  to act on these angiogenic  growth  
factors during the ear ly  phases  o f  fracture heal ing in a 
heal thy animal  mode l  [26]. Posi t ive  effects of  1,25- 
(OH)2D ~ on the product ion  of  os teocalc in  (bone G L A  pro-  
tein),  have a l ready been demonst ra ted ,  which  appeared  in 
the deve lop ing  bone after the depos i t ion  o f  bone minera l  
and which  m a y  have an effect  on bone minera l iza t ion  [10, 
12, 15, 27, 29]. A n  increase  in receptors  for ep ide rmal  
growth  factor  was also shown in a bone ceil  l ine after ap- 
pl icat ion of  1,25-(OH)2D 3 [29]. 

Al though  the benefi ts  o f  s ingle h igh-dose  v i tamin  D 3 
on fracture heal ing have been demonst ra ted  both ultra- 
s tructural ly and b iomechan ica l ly  in hea l thy  animal  mod-  
els, more  research mus t  be done in higher  an imal  mode l s  
before  its c l inical  appl icat ion.  It is uncer ta in  whether  the 
same results  wil l  be obta ined  in h ighly  evo lved  animals  
and humans.  
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