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Abstract 

Most of what is known about fracture healing comes from studies of shaft fractures 

in long bones. In contrast, patients more often have fractures closer to the ends 

(metaphyses). Here most bone tissue has a spongy, cancellous structure different 

from the compact bone of the shaft. There is an increasing awareness that 

metaphyseal fractures heal differently. However, the more easily studied shaft 

healing has usually been considered as good enough representative for fracture 

healing in general. 

My work shows that the biology of metaphyseal healing is more different from shaft 

healing than was previously known and that this has implications on the effect of 

various commonly prescribed drugs. 

First we studied biopsies of healing cancellous bone collected from human donors. 

We found that the most abundant new bone formation occurred freely in the 

marrow rather than on the surface of old trabeculae, as described in most literature. 

There was little cartilage, indicating that the dominant bone formation process is 

mostly membranous in nature. This is a contrast to the ample cartilage formation 

commonly found in the well-characterized shaft fracture models. 

Next we characterized a model that allows for mechanical quantification of 

regenerating cancellous bone. By contrasting this cancellous healing model with the 

standard shaft healing model we could demonstrate that the NSAID indomethacin, 

the glucocorticoid dexamethasone, and the bisphosphonate alendronate all had 

different effects on the mechanical quality of bone regeneration in shaft and 

metaphysis; while anti-inflammatory drugs strongly impaired shaft healing, 

metaphyseal healing was not similarly affected. Alendronate had a positive effect on 

both models, though the effect was strongest in the metaphyseal model. Taken 

together these differences shed some light as to the differences in healing biology. 

The last step (within the boundaries of this thesis) was a characterization of how 

healing in cortical and cancellous bone differs in terms of immune cell involvement. 

We could find little difference between the two bone types day 3. However, day 5 

an increase in the number of granulocytes could be noted in the cancellous bone 

while the cortical bone had a higher number of lymphocytes. 

To conclude, this work furthers our understanding of how metaphyseal healing 

differs from shaft healing. It has clinical implications as it motivates an increased 

attention to the site of fracture while contemplating treatment. I hope this thesis can 

be read as an argument for increased interest in metaphyseal fracture healing. 



Populärvetenskaplig sammanfattning 

Benvävnad kan antingen vara kompakt eller porös och kallas då för kortikal 

respektive spongiös. Kortikal benvävnad utgör det hårda yttre skalet på alla 

skelettdelar, spongiös benvävnad finns bland annat inuti ryggkotorna och i ändarna 

på de långa rörbenen. Så gott som alla studier av frakturläkning görs på frakturer i 

kortikalt ben. Man vet alltså mycket om hur kortikalt ben läker men betydligt mindre 

om hur spongiöst ben läker. Länge har man valt att för enkelhetens skull anta att det 

man vet om läkningen av kortikalt ben gäller även för läkning i spongiöst ben. Vi 

fann dock att läkningsbiologin i spongiöst ben är mer särpräglad än man tidigare 

trott. Frakturer i denna vävnadstyp är dessutom vanligare bland patienter. Därför 

anser vi att ökat fokus bör läggas på att förstå läkning i spongiöst ben. Man bör även 

tydligare än vad som nu sker uppmärksamma skillnaderna mellan läkning i kortikalt 

och spongiöst ben. 

Vi fann att spongiöst ben läker utan brosk (kortikalt ben läker genom en process där 

det först bildas brosk som sedan gradvis ersätts av ben). Vi fann även att vid frakturer 

i spongiös benvävnad bildas nytt ben fritt i märgen, i ett förlopp snabbare än vid 

kortikala skador. En annan egenhet var att benbildningen bara bredde ut sig ett fåtal 

millimeter från det skadade området, mycket mindre än i ett skaft där 

läkningsreaktionen kan täcka ett betydligt större område. Vi drar slutsatsen att 

samma signaler som avgränsar läkningen i spongiösa frakturer inte verkar vara 

verksamma i skaftfrakturer. 

Eftersom det finns skillnader i hur frakturer i kortikalt och spongiöst ben läker 

undersökte vi om de också påverkades olika av läkemedel. Vi testade den relativa 

effekten av tre preparat från vanligt förekommande läkemedelsfamiljer, där även 

varunamn som Voltaren, Ipren, Kortison, och Fosamax ingår. De preparat vi 

undersökte heter indomethacin, dexametason, och alendronat. Tidigare djurförsök 

har visat på effekter på läkningsprocessen (i skaft). Vi fann dock att den relativa 

effekten av indomethacin och dexametason var betydligt mindre i spongiöst ben än 

i kortikalt ben. Alendronat hade en relativt starkare effekt i spongiöst ben än i 

kortikalt ben. Avslutningsvis studerade vi immunförsvarets reaktion på fraktur i 

spongiös och kortikal benvävnad för att på cellnivå försöka förstå mer av vad som 

sker under läkningen i respektive vävnad. Vi fann skillnader, men kan inte avgöra 

om dessa orsakade de skillnader vi såg i läkemedelsrespons.   
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Introduction 

Injury to cancellous bone is common. It may dominate in vertebral compression, 

distal radial fractures, tibial condyle fractures, and other injuries. However, injury to 

the cortical bone of the shaft is more easily studied. Therefore most of our 

understanding of fracture healing is skewed towards cortical healing. 

The process of cortical healing is well characterized [1, 2]. So too is the effect of 

various manipulations thereof. Briefly, the healing cascade starts with hematoma, 

followed by inflammation, formation of cartilage, which then is replaced by bone. 

Thus in shaft healing endochondral ossification dominates, at least in the center of 

unstable fractures. Simultaneously, periosteal membranous bone formation occurs 

further away from the fracture line, gradually closing in on it. 

Compared to cortical bone healing cancellous bone healing is understudied. It is 

dominated by membranous bone formation and can be a fast process: a drill hole in 

cancellous bone in rodents can be filled with new bone tissue in less than a week. If 

a screw is inserted in the hole, its fixation is several fold improved in a similarly short 

time [3]. In contrast, endochondral healing of shaft fractures in similar species can 

take about three times longer to reach comparable mechanical and radiological 

healing.  

 

Figure 1. Photograph of a micro-dissected biopsy taken only 4 weeks after knee arthrodesis 

in a human, comprising the junction between the femur and tibia. Note the spatially limited 

new bone that welds the femur and tibia together. From Charnley and Baker [4] with 

permission. 

Bone formation after injury in cancellous bone is typically strictly localized to the 

injured region and appears not to spread away from it (Fig 1). Therefore, the filling 

of a defect in cancellous bone wider than a few millimeters can be slow or 

incomplete. This is different from shaft fracture healing that can fill up considerable 
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gaps. John Charnley showed already in the 1950s that human knee arthrodeses could 

heal in as little as 4 weeks if the cancellous resection surfaces fitted perfectly together, 

but not at all if there was a small gap. He comments that the cancellous bone 

formation response to trauma rarely extended more than 2 mm from the traumatized 

area (Fig 1) [4]. 

The aim of this thesis 

We perceive a contradiction; while cancellous bone healing has a unique biology and 

fractures in areas of cancellous bone are the most frequent in the emergency ward, 

only a small portion of fracture healing research is spent studying cancellous healing.  

Therefore the aim of this thesis is to further the knowledge of cancellous bone 

healing biology and how it distinguishes itself from its cortical counterpart. By 

contrasting the response of the two in a battery of different clinically relevant drugs, 

we wish to demonstrate the importance of keeping the differences between 

cancellous and cortical in mind. We also aim to further the understanding of the 

nature of that difference. 

In this thesis, I propose that 

 The biology of fracture healing in cortical and cancellous bone is markedly 

different 

 The differences involve histological appearance, immune cell composition after 

trauma, and the response to several different drugs 
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Articles in brief 

Article I, Distal radial fractures heal by direct woven bone formation 

Aim – Describe the histological appearance of early healing in human cancellous 

bone. 

Method – A qualitative histological study of 12 biopsies 5 to 28 days after distal 

radius fracture. 

Results – Osteoid was diffusely spread in the marrow after week 1, with little 

cartilage present. 

Conclusion – Cancellous bone has a distinct healing biology. 

Article II, Experimental models for cancellous bone healing in the rat 

Aim – Characterize how and to what extent the pullout force of a screw inserted in 

the metaphysis reflects bone healing. 

Method – Rats received bilateral drill holes in the metaphysis of the tibia. Some drill 

holes had a metal or plastic screw inserted. Evaluation was done day 1 to 28 with 

mechanical pull-out testing for the metal screws and microCT for the plastic screws 

and empty drill holes.  

Results – Bone volume in the drill hole and around the plastic screws peaked day 7. 

The pullout-force increased sharply from day 1 to day 7 and remained stable into 

day 14 and 28. Removing cancellous bone reduced the pull-out force by half day 7 

and 20% day 28. 

Conclusion – Up to day 7 the increase in pullout-force primarily reflects the increase 

in bone regenerate volume. 

Article III, Different effects of alendronate in metaphyseal versus diaphyseal 

bone healing 

Aim – To determine if bisphosphonates affect metaphyseal and diaphyseal healing 

differently. 

Method – Mice received either a midshaft osteotomy, with relatively unstable 

intramedullar nailing, or bilateral holes drilled in the metaphysis of the tibia with a 

screw inserted in the right hole. They were randomized to receive 200 ug/kg/day of 

alendronate or saline. Healing was evaluated day 14 and 21. Pullout force of the 

screw and radio density of the empty drill hole was measured, as well as three point 

maximum force and callus size and density for the midshaft. A material testing 

machine and a microCT were used. 

Results – Alendronate increased the healing in both models. The effect appeared 

stronger in the metaphyseal model. 
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Conclusion – Differences in healing biology give differences in response to 

bisphosphonates. 

Article IV, Different effects of indomethacin on healing of shaft and 

metaphyseal fractures  

Aim – To determine if NSAIDs affect metaphyseal and diaphyseal healing 

differently. 

Method – The set up and evaluation from article III was used. The treatment group 

received subcutaneous injections of indomethacin 1 mg/kg twice per day. The end 

points were changed to 7 days for the metaphyseal model and 19 days for the 

midshaft.  

Results – In the midshaft model, maximum force and callus size each decreased by 

about 35%. In the metaphyseal model, healing was less affected with no effect on 

pull-out force and a 12% drop in BV of the drill hole. 

Conclusion – Differences in healing biology lead to differences in the response to 

NSAIDs. 

Article V, Glucocorticoids inhibit shaft fracture healing but not metaphyseal 

bone regeneration under stable mechanical conditions 

Aim – To determine if glucocorticoids affect shaft and metaphyseal healing 

differentially; and if so, if stability is a factor. 

Method – Set-up and evaluation protocol was duplicated from article IV, with 

addition of a group with a stable externally fixated midshaft model. After surgery, 

animals were randomized to control injections or 2 mg/kg injections of 

dexamethasone three times per week.  

Results – Maximum force was lowered by half in the shaft, regardless of stability. In 

the metaphysis it was increased by 18%.  

Conclusion – Differences in healing biology lead to differences in the response to 

corticosteroids, regardless of stability.  

Article VI, Macrophage depletion inhibits cancellous bone healing 

Aim – To determine if macrophage depletion inhibits cancellous healing. 

Method – Mice received 0.2 ml clodronate liposome injections IP inducing 

macrophage depletion either day -2 to 1 or day -2 to 5. The metaphyseal model set-

up and evaluation from article IV was duplicated. 

Results – Clodronate injections lowered the pull-out force by half and the BV of the 

drill hole by 70%. There was no additional effect from prolonging the inhibition to 

day 5. 
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Conclusion – Presence of macrophages shortly after trauma is needed for cancellous 

healing. 

Article VII, Leukocytes in cortical and cancellous bone healing 

Aim – To describe the immune cell reaction to fracture and possible differences 

between shaft and metaphyseal injury. 

Method – Mice had a stable bone injury to the metaphysis or shaft. Cells from the 

marrow of the injured regions day 3 and 5 were analyzed by flow cytometry using 

15 different surface markers.  

Results – The profile day 3 was similar in metaphysis and shaft. In the metaphysis, 

granulocyte numbers increased from day 3 to day 5, comprising half of all leukocytes. 

In the shaft, there was instead an increase in lymphocytes numbers. 

Conclusion – The immune system response to injury differs between shaft and 

metaphysis. 
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Discussion 

Healing in cancellous bone is fast and locally constrained  
We found that in murines 7 days of healing is sufficient for a metaphyseal drill hole 

to be filled with mineralized woven bone clearly visible by histology and microCT 

(Fig 2) [3]. In human distal radius fractures, we found osteoid as early as the second 

week after fracture (Fig 3) [5]. Similarly fast ossification in distal radial fractures has 

been reported by others [6, 7] and studies in human vertebrae and animal models 

show similar phenomena [8, 9]. 

The cancellous healing process after trauma starts with a hematoma followed by 

inflammation. In mice, the inflammatory phase seems to peak between day 0 and 

day 3 after a shaft fracture, as measured by inflammatory cytokines TNF-α and IL1B 

levels [10]. Inflammation is followed by mesenchymal cell condensations forming 

osteoid, which becomes woven bone (Fig 4). This is then remodeled into lamellar 

bone [4, 9, 11].  

 

Figure 2. A drill hole in the proximal tibia of a mouse after 7 days. Not the same specimen. 

Figure 3. Human distal radius 16 days after fracture. T indicates old trabeculae. 

T 

T T 
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Figure 4. A schematic of bone formation in the cancellous compartment of the metaphysis. 

Yellow cells represent MSCs turning into bone forming osteoblasts. 

In our experiments osteoid formed simultaneously throughout the traumatized 

marrow volume rather than mostly on the surfaces of old trabeculae, which has 

previously been thought to dominate. This formation throughout the traumatized 

volume can explain the fast response of cancellous fracture healing. Apparently, 

stromal cells residing in the marrow become activated to form bone diffusely spread 

throughout the traumatized marrow. This appears very different from diaphyseal 

fracture healing as we know it from the textbooks. In contrast a recent paper 

reported little cell proliferation in a metaphyseal healing model in mouse and drew 

the conclusion that stem cell proliferation is likely not directly involved in the 

formation of new bone tissue [12]. However as the only time point analyzed was day 

7 after fracture most new bone formation had most likely already occurred. 

Endosteal cells are prone to direct membranous formation 

We have seen that mechanically stable cancellous fractures heal mainly without 

cartilage or external callus, as has also been reported elsewhere [13]. Cells in the 

marrow seem predisposed to respond to trauma with membranous bone formation 

while cells in the periosteum are more inclined to follow the endochondral route 

[14-16]. This was nicely shown in a mouse experiment where cortical autografts were 

inserted in a fracture. When the periosteal side of the graft pointed outwards from 

the fracture it developed endochondral bone formation. When flipped so that the 

periosteal side faced inwards, it still produced bone through the endochondral 

pathway, now in the marrow. Conversely, the endosteal side mainly produced woven 

bone, also regardless of position [15]. 

There are many studies of shaft healing which differentiates between endochondral 

and membranous bone formation. In shaft fracture membranous bone formation 

occurs distal and proximal of the fracture, in the periosteum. For reason described 

above as well as below we do not believe periosteal membranous bone formation 

following shaft fracture is identical to the intra-marrow ossification seen in a 
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metaphyseal fracture. Therefor this discussion focuses on the intra-marrow 

ossification and omits most studies of periosteal membranous bone formation. 

Cartilage was rarely seen in our human biopsies, nor in our murine cancellous healing 

samples. Cartilage formation might be related to low oxygen tension. Instability, or 

rather micromotion, will induce cartilage formation in both cancellous and cortical 

healing [17-24]. However, cancellous fractures are generally stable in the sense that 

repeated cyclic deformation of a considerable magnitude is unlikely to occur. 

Another property that is rather specific for metaphyseal fractures is the relative 

absence of an external callus, to some extent this is due to limited motion. As a side 

note, we therefore interpret the high stability of our screw model as relevant for 

metaphyseal fractures. 

A slight cyclic deformation has been showed to be beneficial for optimal bone 

formation in traumatized cancellous bone both in humans and animals [17, 25, 26]. 

Cancellous and cortical healing have different stem cell availability 

The shaft fracture healing literature is inconclusive as regards the relative 

contribution of cells from marrow, endosteum, periosteum, surrounding tissues, and 

circulation. This is the subject of an ongoing debate that has lasted 200 years [27-

29]. Today it seems that while the periosteal contribution to healing is of major 

importance in shaft healing, other sources can compensate if the periosteal source is 

compromised [30]. Roughly 10% of the regenerate in a diaphyseal mouse fracture 

has been estimated to originate from cells derived from the circulation [31].  

We believe that one of the most important differences between shaft and 

metaphyseal healing is the relative availability of stem cells. Bone formation in the 

metaphyseal marrow has been suggested to likely be less dependent on periosteum, 

circulation, or other tissues, as compared to bone formation in shaft [32]. This is 

partly because the metaphyseal marrow is known to have higher numbers of 

mesenchymal stem cells (MSCs), also more committed towards an osteogenic fate 

[33]. In a metaphyseal drill hole, a cancellous autograft produced more bone 

formation than a bone marrow concentrate enriched to a 3.5 times higher MSC 

content. Other differences aside, this could imply that MSC numbers is usually not 

a rate limiting factor in cancellous bone healing [34]. 

The literature has little to say about the role of MSC recruitment in cancellous 

healing. In a pilot, we administered a stem cell recruitment inhibitor AMD3100 to 

both shaft and metaphyseal healing mice and although there was a trend towards a 

more negative effect on healing in the shaft this was not significant [unpublished 

data]. However it is possible that this was an optimization issue and that further 

T 
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studies could show that metaphyseal healing is significantly less dependent on 

functional off-site MSC recruitment. 

Regeneration after cancellous bone injury leads to systemic effects 

When bone marrow regenerates after trauma this leads to a systemic increase in bone 

formation rate: up to a quadrupling in other cancellous bone sites in the body [35]. 

Interestingly, the systemic response is lost if the traumatized volume is filled up with 

a replacement material, demonstrating that something in the regenerating tissue, and 

not in the trauma itself, lies behind the systemic effect [36]. Experiments using serum 

from fracture patients have shown to upregulate cell proliferation in Vitro [37]. We 

have seen with flow cytometry in cancellous fracture mice that a fracture in one bone 

within one day induces a systemic immune response in both contralateral as well as 

other bone locations [unpublished data]. A conclusion we draw is that it is possible 

that the systemic upregulation of bone formation is partly mediated via interplay 

with the immune system. 

Inflammation plays different roles in cancellous and cortical healing 

The event of a fracture, as well as the healing thereof, will cause reactions in the 

immune cell population. Traumatic injury will induce responses affecting up to 80% 

of the transcriptome in leucocytes [38] and differences in the expression of some 

immune cell markers has been shown to correlate with recovery outcome after hip 

replacement surgery [39]. 

One of the key findings of this thesis is that administration of anti-inflammatory 

drugs seems to have less of an effect in cancellous fractures than in shaft fractures 

[3, 40, 41]. There is evidence of a direct link between dysfunctional inflammatory 

signaling in chondrocytes and unsatisfactory endochondral bone formation [42] 

(important for shaft healing). In contrast to this, membranous healing in a 

metaphyseal drill hole model was unaffected by the disruption of intracellular 

osteoblast glucocorticoid signaling [43].  

We suggest that the apparent difference in the effect of inflammation between 

cancellous and cortical healing might be linked to the differences in MSC availability 

between the shaft and the metaphysis. Inflammation is important for cell 

recruitment in fracture healing [44] and as mentioned above recruitment from 

distant sources might be more crucial in cortical fractures but less so in the 

cancellous fractures of the metaphysis. 

In contrast to our findings, another group found delayed membranous bone 

formation following marrow ablation in mice with permanently reduced pro-

inflammatory cytokine TNF-α receptor expression. Mice receiving a shaft fracture 

also had reduced healing in association with the reduced receptor expression. 
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However, in the shaft fracture model, mRNA levels of osteocalcin and collagen 1a1 

were increased from day 10 while in the membranous marrow ablation model this 

was not so. The paper concludes that cortical and cancellous bone have different 

healing biology [14] something our results are in support of.  

NSAIDs effect is thought to be mediated via blocking the COX-2 pathway. WE 

found no effect of NSAID treatment on membranous bone formation in a 

cancellous drill hole. In contrast membranous bone formation was reduced by 80% 

in a mouse model where COX-2 was knocked out. This model used titanium 

particles surgically implanted onto calvaria [45] and the difference to our findings 

suggests that membranous bone formation in periosteum and intra-marrow space 

might not be directly comparable.  

Turning to our flow cytometry data, our direct comparison of leucocyte numbers 

day 3 and 5 after trauma in shaft and metaphyseal healing revealed a “stronger” 

inflammatory reaction in the metaphysis. If this stronger inflammation in the 

metaphysis is more robust, it might be less impaired by NSAIDs or corticosteroids. 

This could be one possible explanation to the weaker effect of anti-inflammatory 

drugs in cancellous healing. However, the drug doses we used were high, and other 

explanations (see below) appear more likely. 

Although NSAID by their very name are known as anti-inflammatory, experiments 

in our group on tendon healing show little effect on inflammatory cells [unpublished 

data]. It is possible that the effects of NSAIDs and glucocorticoids are exerted 

through other, perhaps mesenchymal cell-derived, channels. 

The role of macrophages in fracture healing is relatively well studied though results 

are somewhat contradictory. They are key players in both the onset and resolution 

of inflammation [46] and are in the broadest of definitions divided into the 

inflammatory M1 subcategory and the anabolic M2 subcategory. In the shaft 

macrophages seem important for collagen deposition and for the conversion of 

cartilage into bone [47]. Their depletion leads to impaired callus formation [48] and 

impaired shaft fracture healing. In contrast, the role of macrophages in cancellous 

bone formation is less clear although the literature has shown close connections 

between macrophages and osteoblasts in healing [46, 49]. “Osteomacs” is a special 

term for these macrophages that are believed to closely interact with osteoblasts. 

Interestingly, macrophage depletion can lead both to increased membranous bone 

formation, in the periosteum [47], and decreased membranous bone formation, in 

the medullary space [49]. The anabolic effect of macrophages has been partly linked 

to Oncostatin M, a cytokine related to IL-6. Mice lacking the receptor for Oncostatin 

M will have a 50% reduction in new formed bone volume in metaphyseal drill holes 

after 7 days of healing [50]. 
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Our results showed a remarkably strong negative effect on cancellous healing when 

phagocytosing macrophages were depleted day -2 to 1. At this time point new 

osteoblasts are probably not yet formed. Our results suggest that whatever the 

crucial task of the macrophages could be, it needs to happen at the day of fracture 

as prolonged treatment had no additional effect. Further experiments are required 

to clarify this. A time sensitive effect was reported also in a shaft model where 

reduced macrophage numbers before the time of fracture had a stronger effect than 

if the reduction occurred 3 days after [51]. Similarly in a water salamander model 

where a foot was resected; regrowth of the limb was blocked permanently if 

clodronate liposomes were delivered before the surgery but not if the liposomes 

were injected at day 10 to 13. After 150 days, the resected foot still had not grown 

back in the animals that were given clodronate before the resection. Most strikingly, 

a resection of the stump 150 days after the first resection, and this time without 

clodronate liposomes, did result in a foot growing back out [52]. 

Cancellous bone healing is sensitive to pharmacological stimulation 

We found a stronger response to the net anabolic effect of bisphosphonates in the 

metaphysis compared to in the shaft. In our metaphyseal models, the robust bone 

formation seen day 5 to 7 started to be resorbed already by day 10 to 14. As a 

consequence, anti-resorptive drugs such as bisphosphonates and denosumab should 

be expected to have a greater effect in these settings compared to the setting of shaft 

healing.  

Some studies report that trabeculae in the vicinity of a cancellous fracture will 

increase in thickness [53-55]. One article reports a fivefold increase in bone 

formation rate, but also in resorption, giving no net increase in bone [56]. It seems 

the coupling between resorption and formation is still functional in the vicinity of 

the fracture but in the fracture itself a single look in the microscope shows how bone 

formation dominates completely, indicating that it is uncoupled from resorption.  

We could see an increase in cancellous healing both with dexamethasone, 

alendronate, and PTH. Many substances that influence bone will have an effect on 

cancellous bone healing, including PTH, bisphosphonates, and antisclerostin 

antibodies. This demonstrates that although the cancellous healing response is 

robust it is still sensitive to manipulation by both anti-resorptive and anabolic drugs 

[3, 40, 57-63]. 

Murine models are useful as proof of concept 

We use the mouse and the rat as proof-of-concept models. There are large 

differences between murines and humans. Regarding drug dosing these differences 

are unlikely to influence basic mechanisms since rather than to try to maximize 

clinical relevance we choose our drug regimens as to maximize the effect we are 



13 

interested in studying. Generelly, murines can be seen as a first, fast, and cheap 

screening model with less ethical concerns connected to its use compared to many 

larger animals.  

The rat and the mouse are the most popular model animals for fracture healing 

research, for good reasons [64]. In studies where gene modification is involved, the 

mouse is unparalleled in terms of ease of use and availability.  

As the skeleton of a species is adapted to the needs of that species, there will 

invariably be important interspecies differences [65]. There can be a large variation 

in bone characteristics and fracture healing ability between different strains within a 

species [66, 67] for example up to ten-fold differences in leucocyte numbers in the 

peripheral circulation of different mouse strains [68]. Membranous bone formation 

volume 21 days after marrow ablation can differ four-fold when comparing different 

strains within the mouse species [69]. 

There are several species whose skeleton more closely resembles the human than 

the murine skeleton does. For murines one often mentioned difference except sheer 

size is, for mice, the lack of the Haversian system. For these reasons and others the 

FDA requires that drug evaluation should be performed in at least one larger animal 

aside from a rodent before human trials can be considered.  

Mice and rats may load fractured bones as normally as possible, in a way no ordinary 

human fracture patients would. This is to be expected as a limping mouse lives a 

dangerous life: if spotted its disability will make it a favored target for predators. This 

means that a rodent model for fracture healing will most likely see a much higher 

loading under the early healing phase than we would see in a human patient.  

Another noteworthy aspect of mice as models for healing is that since male mice 

fight for social supremacy, placing male mice one and one instead of 4 and 4 will 

serve as an unloading model, something not found for female mice (who do not 

fight) [70]. Indeed, looking at the data in our experiments we could see that mice 

that for some reason had been housed 1 and 1 had slower healing [data not shown]. 

Mechanical evaluation of cancellous healing requires special concerns 

One main caveat in this thesis is the use of the fixation of a screw inserted into the 

cancellous bone of the metaphysis as a proxy for cancellous bone regeneration. 

Cancellous bone functions to a large extent by resisting compression. However, tests 

of compressive strength of an osteotomy might be difficult to interpret, because 

fragments that have not united may still cause compression resistance after some 

impaction has occurred. Therefore, most models instead use osteotomies combined 

with different forms of bending tests. We have evaluated the alternative to insert 
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screws in holes drilled into cancellous bone of the metaphysis. After a given period 

of healing the pull-out resistance can be measured. The pull-out force increases 

dramatically over the first weeks and correlates with the amount of new bone formed 

around the screw [71]. Estimations from finite element analysis in combination with 

screw pullout testing on human cadavers suggest that a change in screw positioning 

as small as 0.5 mm could change the pull-out force by up to 28% [72], indicating 

that pull-out force is sensitive to local variation in trabecular geometry.  

The strength of a healing bone will determine when a patient can resume weight-

bearing without pain. Therefore we believe that studies into modulation of bone 

regeneration should have maximum force, or something to that effect, as the main 

outcome variable.  

It is difficult to adequately evaluate cancellous healing mechanically and various 

imaging techniques present an easier option. However, it is difficult to assess the 

mechanical competence of bone (which is our main interest) from its radiological 

appearance [73]. The literature contains a number of models of cancellous bone 

healing that allow for mechanical evaluation, each with its pros and cons (Table I). 

While the screw model primarily tests the quality of the cancellous bone of the 

marrow, the 3-point bending technique employed by most other models by virtue 

of their design put an emphasis on the cortex (Fig 5). 

Table I. Published models for mechanical evaluation in cancellous bone healing 

 

To call any metaphyseal healing model a cancellous healing model is a simplification 

as there is always a cortical shell that is also damaged by the surgery. In our 

characterization of the screw model, we could see that at week 1 about half of the 

resistance to pull-out came directly from the cancellous bone [71]. As cancellous 

Model Authors Animal Evaluation 

method 

Pros Cons 

Osteotomy 

Plate fixation  

Histing [74]  Mouse Torsion No external callus, no 

cartilage  

Few trabeculae, 

large variance 

Osteotomy 

Intramedullar pin 

Tu [42]  Mouse 3 point 

bending 

Simple Few trabeculae, 

external callus, 

cartilage, large 

variance 

Osteotomy 

Plate fixation 

Stuermer [75] Rat 3 point 

bending 

Trabecular rich area, 

small variance 

External callus 

Drill defect  Uusitalo [76] Mouse 3 point 

bending 

Trabecular rich area, 

small variance, no 

external callus, simple 

Cartilage, unloaded 

Osteotomy 

Plate fixation 

Alt [77] Rat 3 point 

bending 

Trabecular rich area External callus, 

large variance 

Partial osteotomy 

External fixation  

Tsiridis [59] Rabbit Torsion 

followed by 

compression 

Small variance, both 

torsion and 

compression 

Large animal, few 

trabeculae, external 

callus 

Drill defect 

Screw insertion 

Skoglund [63] 

Sandberg [3] 

Rat, 

mouse 

Pull-out test Simple, no external 

callus, no cartilage, 

trabecular rich area, 

small variance 

Implant to bone 

interaction, 

unloaded 
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fractures are usually accompanied by a fracture of the cortical shell in patients, we 

do not necessarily see any weakness in the fact that this is reflected also in our model. 

 

Figure 5. The principal mechanical testing methods for cancellous healing used in table I. 

The red color indicates the area of bone contributing most to the maximum force. 

Fracture fixation is a major engineering challenge in the creation of metaphyseal 

healing models. In rodents, the cancellous part of the metaphysis does not extend 

far from the joint. This leaves little space for fixation devices. Moreover, the 

metaphysis is vaguely defined and several experimental models of metaphyseal 

healing use osteotomies at a level where there is little cancellous bone (see table I). 

In addition, rodents grow fast and a fracture induced in a cancellous region might 

after 3-4 weeks find itself in an empty medullary space. All of these factors combined 

contribute to the difficulty of producing a properly fixated metaphyseal fracture in 

rodents. 

We believe that a relevant metaphyseal bone healing model should be situated where 

the marrow cavity contains cancellous bone. At the same time, it should be stable 

enough so that little cartilage and external callus forms. This combined with a 

sufficiently low variation of a relevant mechanical outcome variable. We believe our 

model is reasonable, avoiding many of the pitfalls of others, such as external callus, 

cartilage, and large variance. 

Study design concerns 

The aim of our work was to further our knowledge on cancellous healing, but also 

to contrast it to its cortical counterpart. A direct comparison of metaphyseal and 

shaft healing will by necessity be a comparison of pears and apples. Ironically, this 

might to some readers render it a fruitless comparison. The differences arise in part 

from the sterical differences between shaft and metaphysis, as well as from biological 

differences. This is further complicated by our desire to use the endpoint of 

mechanical strength. In one way the very reasons we are interested in making the 

comparison are the same reasons that make it a difficult comparison to make. 
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It might seem a good idea to use the same time point for all models within an 

experiment (something we did in our bisphosphonate study). However, this might 

not always give the most meaningful results. The cancellous bone in our models can 

be said to heal in 5-7 days, the shaft in 17-21 days. Hence for optimal sensitivity to 

the effects of drugs that delay or speed up healing, the end point should be close to 

the time point were healing occurs in controls.  

Including several time points is one way to increase the robustness of a study. 

However several time points means more data, this requires more complex statistics 

which makes it more difficult for readers to digest. It can increase the risk for false 

positives if a primary hypothesis is not stated beforehand. To reduce this risk our 

studies usually have effect on maximum force at one specific time point as the main 

hypothesis. All other variables are treated as secondary. 

By necessity we need to use different ways to induce a fracture in the shaft and 

metaphysis. This is because currently it seems difficult to create a stable osteotomy 

in the metaphysis of mice. Conversely, a screw inserted into the cortical shell can 

give little interesting information of the healing process, as it will mostly reflect the 

strength of the pre-existing cortex. Intuitively, this difference in model types 

diminishes the value of the comparison we do. At the same time both models 

measure mechanical quality of a bone regenerate. As such we believe they are 

comparable in the aspects that matter most.  
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Summary of discussion points and open questions 

Most of our knowledge of fracture healing is based on studies of cortical midshaft 

fractures. The healing biology of these are known to differ from the more clinically 

relevant metaphyseal fractures, the latter occurring mostly in cancellous bone. 

We found that a cancellous fracture responds with bone formation diffusely spread 

out in the marrow. This is likely one crucial factor in the fast response to metaphyseal 

trauma and indicates local MSCs (which are known to be plenty) as important 

sources for this regenerate. We found an absence of anti-inflammatory drug effects 

in cancellous bone. The absence of an effect can be explained if inflammation is 

important for MSC recruitment, since the well-stocked local reservoir of MSCs in 

cancellous bone makes MSC recruitment less important there, in comparison to 

shaft fractures. This remains a hypothesis which possibly could be studied directly 

via radiation induced destruction of marrow cells followed by injection of GFP-

marked marrow cells, or possibly parasymbiosis to visualize the role of circulation 

derived stem cells.  

We plan to use flow cytometry to further analyze the effect of NSAIDs and 

glucocorticoids in shaft and metaphysis healing. This might help explain why we 

found no inhibitory effect of dexamethasone and indomethacin in metaphyseal 

healing while shaft healing was inhibited. The apparent importance of macrophages 

already the first two days after trauma points to some crucial role of these cells. After 

those first days are over, it might be that the window of opportunity is closed and 

the healing permanently retarded. We now try to reach a deeper understanding of 

the mechanisms in further experiments.  

The bone formation after cancellous trauma is very local, closely following the 

border of the induced trauma. It is therefore interesting that we observed in recent 

studies outside this thesis that in terms of cell numbers the immune response to 

trauma is mostly systemic. This opens up for the question as to what factors exerts 

this seemingly very precise limitation of the regeneration activity. Immuno-

histochemical studies which might answer this are on the way.  

One factor often highlighted in fracture healing, but not in this thesis, is 

angiogenesis. This is likely different in a shaft (where inhibited angiogenesis is known 

to impair healing [78, 79]) and a metaphyseal fracture.  

Another example of an uncharted venue is age; the mice used in this thesis were all 

juvenile. With aging, local stem cell numbers decrease and the immune system 

becomes more pro-inflammatory, it could therefore be interesting to measure also 

the impact of age on the cancellous healing response.   
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