
418 Acta Orthopaedica 2006; 77 (3:) 418–421

Lipid oxidation may reduce the quality of a fresh-
frozen bone allograft. Is the approved storage tem-
perature too high?
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Background   International standards indicate that bone 
allografts for human use should be stored in a –40°C or 
colder environment and the storage time should be up to 
5 years. Bone allografts contain lipids which oxidate and 
become toxic with time.

Material and methods   We determined lipid oxida-
tion in femoral head bone allografts by headspace gas 
chromatography at different storage temperatures and 
storage times. 

Results   We found that lipid oxidation in fresh-frozen 
bone allograft was influenced by storage temperature 
and storage time. Lipid oxidation was significantly more 
rapid at –30°C than at –70°C. Even at –70°C, however, 
some oxidation occurred but it was quite minimal after 
3 years.

Interpretation   Because of the negative effects of 
lipid oxidation, we recommend a storage temperature of 
–70°C or lower for bone allografts.

■

Fresh-frozen bone includes unnecessary com-
ponents such as fat and blood, which can even 
have some harmful effect on the recipient. Blood 
increases the risk of viral transmission and lipids 
are a known reservoir of oxidation (Aspenberg 
1998, Moreau et al. 2000). In morcelized bone, the 
amounts of fat and blood can be reduced by wash-
ing (Hirn et al. 2001). Washing will not remove the 
organic components present in the cavities, how-
ever, and it is not as effective in structural bone 

blocks. Under these circumstances, lipid oxidation 
may be a problem. 

Oxidation of lipids has long been recognized to 
be a leading measure of deterioration in quality of 
foods, and is often the decisive factor in determin-
ing food product storage life (Frankel 1993). From 
studies in food, it is known that free radicals gen-
erated from hydroperoxides can abstract H-atoms 
from protein. Protein radicals are formed and they, 
in turn, combine with each other, resulting in the 
formation of a protein network. Also, monocar-
bonyl compounds derived from auto-oxidation of 
unsaturated fatty acids readily condense with the 
free amino groups of proteins (Belitz and Grosch 
1999). If a sample contains volatile oxidation 
products derived from the oxidation of lipids, it is 
likely that reactions between these compounds and 
proteins will occur, resulting in destruction of the 
biological functionality of the proteins.

In bone, peroxidated lipids have been reported 
to induce cell apoptosis (Girotti 1998, Hogg and 
Kalyanaram 1999), inhibition of osteoblastic dif-
ferentiation (Parhami et al. 1997, 1999, Jackson 
and Demer 2000), and release of toxic compounds 
for osteoblast-like cells (Moreau et al. 2000). To 
date, there has been no research on the rate of lipid 
oxidation in bone lipids of bone allografts. Thus, 
in the present study we wanted to find out the 
extent of lipid oxidation in fresh-frozen femoral 
head allografts held at different storage tempera-
tures.
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Material and methods

Bone allograft preparation

At our hospital, femoral heads are harvested from 
primary hip arthroplasty operations under aseptic 
conditions. The living donors are selected accord-
ing to EAMST criteria (EATB and EAMST 1997) 
and screened before donation to the bone bank. 
During a 3-month period, we selected 21 femoral 
heads for the study. These were split into 4 pieces 
and washed with low-pressure pulse lavage (Micro-
Air Pulse Lavage 4740) using sterile physiological 
saline, dried and stored as two different groups at 
–30ºC and at –70ºC. The measurements for lipid 
oxidation were done after 1 year and at 3 years.

Measurment of lipid oxidation using head-
space gas chromatography 

Volatile oxidation products were analyzed using 
static headspace gas chromatography. From the 
oxidation products, hexanal was chosen for closer 
documentation. It has been shown to be a rapid and 
reliable tool for measurement of lipid oxidation in 
the food industry (Goodridge et al. 2003). 1,000 
mg of morselized bone sample was placed in a 
headspace vial and sealed with PTFE-coated septa 
and aluminium caps. Samples were injected with 
an automatic sampler (Perkin Elmer HS 40XL). 
Vials were thermostated for 20 min at 80°C. The 
gas chromatograph was equipped with a capillary 
column (Nordion NB-54) and an FID-detector. The 
figures of hexanal peak areas (µVsec) were ana-
lyzed by comparing the results of samples from the 
same donor stored at different temperatures and 
for different times. Student’s t-test was used for the 
statistical analysis. 

Results

When samples were analyzed after 1 year, it was 
apparent that lipid oxidation had proceeded signifi-
cantly faster at –30°C than at –70°C (p < 0.01). At 
1 year, the amount of hexanal produced at –30°C 
was so high that it was quite likely that lipids and 
proteins had already become oxidized at that time. 

Some oxidation could be detected in samples 
stored at –70°C for 1 year and 3 years, but the 
hexanal peak area increased only in 1 sample 

during the study period. In the other 20 samples, 
the amount of hexanal had even diminished during 
the time. All the concentrations of hexanal in 
this group were very low, i.e. close to the detec-
tion limit. However, in samples stored at –30°C, 
very high concentrations of hexanal could also be 
detected after 3 years of storage. In this group, the 
figures increased in every graft from 1 to 3 years. 
This high concentration of secondary oxidation 
products of lipids indicated massive breakdown of 
lipids in the sample. The results are summarized 
in the Table. 

Discussion

There is a large amount of lipid in bone; 60–70% 
of the weight of the femoral head is lipid (Moreau 
et al. 2000). The oxidative deterioration of lipids 
involves auto-oxidative reactions of unsaturated 
fatty acids, accompanied by various secondary 
reactions (Kehrer 1993). Lipids in biological sys-
tems can undergo oxidation through two differ-

Hexanal peak areas (µVsec) × 103 of allograft  samples 
as a function of storage temperature and time

Sample  Absolute hexanal level  Proportional 
number 1 year            3 years  increase between 
   1 and 3 years
 –70°C –30°C –70°C –30°C –70°C –30°C
 
 1 0.2 0.4 0.5 3.7 2.5 9.3
 2 0.8 2.2 0.4 18.4 0.5 8.4
 3 1 0.8 nd 2.9 nd 3.6
 4 0.4 3.3 nd 6.3 nd 1.9
 5 0.7 1 nd 10 nd 10
 6 1 5.7 nd 18.4 nd 3.2
 7 1.9 10.9 nd 17.9 nd 1.6
 8 0.5 1 0.4 5.6 0.8 5.6
 9 0.5 1.3 nd 8.3 nd 6.4
 10 0.2 1.7 nd 2.1 nd 1.2
 11 2.4 18.6 0.3 20.6 0.1 1.1
 12 6.5 6.4 nd 7.2 nd 1.1
 13 0.3 2.2 nd 2.9 nd 1.3
 14 0.4 0.9 nd 7.1 nd 7.9
 15 4.8 7.4 0.4 10 0.1 1.4
 16 2 2.4 nd 3.1 nd 1.3
 17 0.3 5.5 nd 5.8 nd 1.1
 18 0.1 1.2 nd 1.7 nd 1.4
 19 0.6 0.8 nd 3.3 nd 4.1
 20 2.3 8.9 nd 35.9 nd 4.0
 21 2.6 2.5 nd 13.3 nd 5.3

nd: not detected.
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ent pathways: hydrolytic rancidity or oxidative 
rancidity caused by oxygen. In allograft bone, 
both of these chemical processes take place. Once 
oxidized, the by-products of lipids and oxidated 
lipids can interact with proteins and carbohydrates 
to cause changes in biochemical stability (Frankel 
1993, Goodridge et al. 2003). Hexanal is a volatile 
oxidation product originating from linoleic acid. 
Linoleic acid occurs in all fats and oils. In food 
samples, it is well established that hexanal corre-
lates well with other assays that measure the state 
of oxidation, and also with sensory evaluation of 
rancidity in food products (Goodridge et al. 2003).

We found increased oxidation of bone allografts 
at –30°C, which is quite near the European recom-
mendation of –40°C (EATB and EAMST 1997). 
Although there have been no clinical reports of dis-
advantageous effects of grafts stored at –40°C, our 
findings are still alarming because we know that 
the temperature in the freezer can easily rise during 
loading and unloading. 

As expected, the speed of oxidation was higher 
at higher temperature, but oxidation took place at 
the lower temperature also. The concentrations 
at the lower temperature were, however, near the 
detection limit. In bone cells, oxidized lipids may 
inhibit the differentiation and activity of osteogenic 
cells, and also induce bone resorption (Parhami et 
al. 1997). Oxidated lipids have also been reported 
to induce cell apoptosis and inhibited osteogen-
esis, but the exact cellular mechanism is not fully 
understood (Frye et al. 1992, Parhami et al. 1997, 
Moreau et al. 2000). The real actions of the by-
products of oxidation in allograft bone still require 
to be examined, but they may lower the quality of 
bone allografts by inducing bone resorption and 
depressing new bone formation. Could this phe-
nomenon explain part of the problems we so often 
experience with massive allografts? 

The lower the temperature, the slower is the rate 
of lipid oxidation also. But the speed and extent of 
oxidation at each temperature can only be approxi-
mated, based our results. Our findings show clearly 
that –30ºC should not be used even for short-term 
storage, and all temperatures close to –30°C can 
be considered to involve risk of a high oxidation 
rate, as some oxidation was also seen at the lower 
temperature of –70°C. The degree of oxidation was 
low at 1 and 3 years at –70°C. This temperature can 

be recommended for storage of fresh-frozen bone 
allografts for at least 3 years. Allografts stored at 
–40°C have been used without reports of compli-
cations caused by oxidation. However, the higher 
the temperature, the more oxidation we will most 
likely detect. Thus, we do not recommend temper-
atures higher than –70°C. 

Although the exact role of lipid and protein oxi-
dation in fresh-frozen allografts remains unclear, 
the amount of oxidation at –30°C is so high that 
allografts stored for one year at this temperature 
should be regarded as spoiled—at least according 
to the criteria used in the food industry (EC No 
852/2004). Even lower temperatures may involve a 
risk of allograft deterioration if there are long stor-
age times. Extraction of lipid before storage may 
be one solution to avoid oxygenation. In experi-
mental studies, this has been shown to enhance 
bank bone incorporation (Aspenberg and Thoren 
1990). However, the controversy remains because 
there have also been other studies in which chemi-
cal processing has been shown to affect incorpora-
tion, and especially the structural properties of the 
graft (Boyce et al. 1999). 
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