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Abstract 
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Aseptic loosening of total hip replacements is always associated with bone defects, either 
due to removal of the existing implant or osteolysis. Bone defects can be handled during 
revision surgery with impaction bone grafting (IBG). Allograft bone is morcellized, washed, 
and impacted into the defects, after which the new implant is cemented upon the grafted bone. 
For succesful incorporation, mechanical stability and load are key factors. Femoral IBG was 
developed for the polished tapered collar-less Exeter stem. 

The hypothesis in paper I was that additional compression of the acetabular bone graft, 
with a titanium shell, would increase stability and render good clinical results. 170 patients 
were systematically reviewed at seven years in mean. Kaplan-Meier analysis showed a ten-year 
prosthetic survival (all causes) at 92%. 

The hypothesis in paper II was that femoral IBG works with the matte cemented Lubinus 
SPII stem. 69 patients were reviewed at a mean time of seven years. With re-operation for any 
reason as endpoint, the Kaplan-Meier analysis showed a prosthetic survival rate of 93%. The 
grafted bone was incorporated in most cases. The rate of periprosthetic fractures was 4% and 
these were all treated with osteosynthesis. 

In paper III we examined if it would be possible to measure bone mineral denisty and 
prosthetic migration simultaneously with CT-examinations. 17 patients were followed for two 
years. The CT-examinations were able to measure prosthetic migration and bone mineral 
density. 

In paper IV the precision of CT-based migration analysis was evaluated. Patients from three 
different clinical trials were analyzed. Analysis was made with and without tantalum markers in 
the bone. Precise prosthetic migration analysis based on CT-scans was possible, even without 
tantalum markers. 

In conclusion, CT-scans can measure prosthetic migration with high precision without 
tantalum markers in the bone. The scans can simultaenously measure bone mineral density. CT-
scans have great diagnostic potential for hip arthroplasty patients. Acetabular IBG, combined 
with a compressive titanium shell, is safe to use and may enhance incorporation due to increased 
stability. Femoral IBG works well also with a matte collared and anatomical cemented stem. 
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Abbrevations  

AAOS American academy of orthophedic surgeons 

BMD bone mineral density  

CT Computed Tomography 

CTMA CT-based micromotion analysis 

DXA dual energy X-ray absorptiometry 

FNF femoral neck fracture 

IBG impaction bone grafting  

PFF periprosthetic femoral fracture 

PJI periprosthetic joint infection 

PMMA polymethylmethacrylate (bone cement) 

RSA Radiosterometric Analysis  

THA total hip arthroplasty 

UHMWPE ultra high molecular weight polyethylene 
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Introduction 

The Lancet proclaimed total hip arthroplasty (THA) “the operation of the cen-

tury” in 2007 (1), because of its high impact on human health and wellbeing. 

Its introduction in the early sixties revolutionized care of elderly people, crip-

pled by hip arthritis. For the first time, pain-free mobility was possible for 

these patients and the need for painkillers and walking aids typically become 

unnecessary.  

 

THA is an outstanding contribution in the relief of human suffering. A THA 

can function in daily life as good as a normal hip and the result is durable and 

long-lasting (2, 3). Sir John Charnley introduced the modern cemented “low-

friction total hip arthroplasty” (4) in 1961, although cement had been used 

earlier to fixate hip prostheses (5). Today THA is one of the most common 

surgical procedures in the world. In 2010 the worldwide THA-rate was 

959,000 (6). Based on data from 2000-2014, the number of THA procedures 

is expected to grow to 635,000 per year in the U.S. In Sweden, 18,629 primary 

and 2129 revision THAs were performed in 2018 (3).  

 

Many efforts have been made to improve clinical outcome and surveillance 

after total hip replacement. New prosthetic designs, fixation methods (cement-

less fixation), new bearing materials, coatings, hip resurfacing and short stems 

have been introduced. At best they show some improvement in clinical out-

come but frequently worsen it (7). One cannot stop wondering if Charnley 

knew how accurate his design actually was with reported 25-year prosthetic 

survival rates 81% and 77% twenty years after his death (8, 9).  

 

However, the long-term limitations of prosthesis life-time are wear and oste-

olysis. Inevitably the hip implant will fail with an adjacent bone defect. One 

way to address bone defects in revision total hip arthroplasty is impaction bone 

grafting (IBG). Generally, this means transplantation of dead, fresh-frozen 

bone from one patient to another to fill the void. Donated bone is usually fem-

oral heads from patients undergoing primary hip replacement. After serologi-

cal testing for contagious disease and microbiological testing for bacteria, the 

femoral head is thawed, morcellized, defatted and impacted in the bone defect 

with special instruments. The new implant, cemented or not, is then placed on 

a variable surface area of grafted bone, depending on the size of the defect and 

technique used. The transplanted bone graft is, after the treatment mentioned 
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above, without living cells, so immunological reactions in the host are limited 

if any.  

 

One might expect this method to fail, with collapse and resorption of the dead 

allograft. A large volume of necrotic bone is supposed to incorporate and an-

chor the new implant to the patient’s skeleton during high mechanical stress. 

Remarkably it works very well and IBG is a well-documented surgical proce-

dure for revision arthroplasty of both femoral and acetabular components. The 

bone graft works mainly as a scaffold for ingrowth of living bone in the host. 

This process of incorporation resembles fracture healing.  

 

Impaction bone grafting was first described for the acetabulum, in a small se-

ries of patients by Hastings and Parker in 1975 (10). A more rigorous evalua-

tion of acetabular impaction bone grafting was published by Slooff et al. in 

1984 (11)—a starting point for this surgical procedure—with a complete 2-

year follow-up of 43 cases and none being revised. In 1993 a similar surgical 

procedure was published for femoral bone loss (12) with a cemented, tapered, 

and polished femoral component (Exeter). Publications confirm the reliability 

of this procedure in femur and acetabulum (13-19). 

 

Since the introduction of impaction bone grafting, the surgical procedure and 

clinical assessment of patients have remained essentially the same. The end-

points in published reports are usually revision surgery and/or radiographic 

signs of loosening, complemented with clinical scoring and standard radio-

graphs indicating bone graft healing.         

 

Primary stability of an implanted THA, measured as prosthetic micromotion 

within the first two post-operative years, is highly predictive of long-term out-

come in both primary and revision THA (20-22). Radiostereometric analysis 

(RSA) is the established method for measuring prosthetic migration. All new 

implants should have RSA-data before worldwide clinical introduction. Un-

fortunately this is not the case (22) and several implants, with inferior clinical 

outcome, have afflicted patients. RSA  can measure prosthetic migration with 

a very high accuracy and precision. The smallest measureable migration 

should be around 0.2 - 0.3 mm. However, such analysis requires a special ra-

diographic laboratory and implantation of bone markers, which is a limitation. 

Monitoring prosthetic micromotion, polyethylene wear, and periacetabular 

bone quality and remodeling with high resolution methods has, therefore, not 

become standard clinical practice.  

 

In conclusion, management of bone defects, bone quality and fixation of the 

new implant are the most essential issues during revision total hip arthroplasty. 
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Background of cemented total hip arthroplasty 

Although Sir John Charnley is rightly considered the father of the cemented 

THA, attempts were made before his. The first medical record of hip arthro-

plasty is from Germany in 1891 when Professor Glück replaced the femoral 

head with ivory in patients suffering from arthritis caused by tuberculosis. In 

1925 Marius Smith-Pedersen tried to resurface the femoral head with glass, 

bakelite or vitallium with good results reported in 45% of the cases at a two-

year followup (23, 24). In 1966 McKee tried a metal-on-metal articulation 

with a femoral stem. Inspired by Charnley, he started to use poly-methyl-

meth-acrylate (PMMA) to anchor to prosthesis to bone. However, Charnley 

contributed progressively with the acetabular component with ultra-high-mo-

lecular-weight-polyethylene (UHMWPE), the use of bone cement, and the 

first clean-air operating theater. Charnley´s cemented “low-friction arthro-

plasty” outmatched its predecessors in clinical outcome and is considered the 

starting point of the successful THA. 

Bone cement  

There are two principal ways to achieve primary fixation in THA—with or 

without bone cement. In this thesis, cemented fixation was used (Gävle cohort 

paper IV). Bone cement acts as a “grout” and is not inherently adhesive. Bone 

cement entered the medical field in 1943 when Degussa and Kulzer discov-

ered that PMMA polymerized at room temperature if a co-initiator (benzoyl 

peroxide) was with the monomer (methyl-methacrylate). At first PMMA was 

used as a void-filler in cranio-facial defects, then in dentistry from the 1930s. 

Then in 1958, Charnley anchored a femoral head prosthesis with auto-poly-

merizing PMMA at room temperature. That was the starting point of cemented 

fixation in hip arthroplasty. Chemically the process is the same today but ce-

menting technique has developed. The impact of modern cementing to reduce 

the risk of future revisions is substantial (25) and should consist of:  

A) bone bed preparation 

B) pulsatile lavage 

C) distal femoral plug and proximal sealing 

D) vacuum mixing 

E) cement application with a cement gun 
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Ultra-high-molecular-weight polyethylene  

Ultra-high-molecular weight polyethylene (UHMWPE) is the preferred ace-

tabular bearing material since the introduction of the cemented THA, i.e., a 

metal femoral head articulating against UHMWPE plastic. Charnley stumbled 

over this material thanks to his engineer Harry Craven. At first, Charnley used 

polytetrafluoro-ethylene (PTFE) with catastrophic results, but luckily, Craven 

tested high density polyethylene, against Charnley´s advice (26). After the 

very first biomechanical test with UHMWPE, Craven estimated a socket-

would last for 70 years before wearing out (27). In the history of THA, this 

was a crucial moment, and without Harry Craven, plastic may have been ruled 

out as a bearing option. Charnley had not believed in it after his discouraging 

results with PTFE (Figure 1).     

 
Figure 1. A worn-through polytetrafluoro-ethylene socket (reprinted with permission 

from The John Charnley Trust Organisation). 

Interfaces in total hip arthroplasty 

For a cemented THA there are four interfaces where two different surfaces 

interact. All of them can generate particles. The most important interface in 

THA is the articulation between the femoral head and the bearing in the ace-

tabular component. Most wear particles are generated in this interface. Differ-

ent variants have been tried for decreasing wear and hence aseptic loosening. 

The common variations of the articulation in THA are metal-on-poly (MoP), 

metal-on-metal (MoM), ceramic-on-ceramic (CoC), and ceramic-on-poly 
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(CoP) There are, however, four interactive interfaces between different sur-

faces in a cemented THA; see below. All interfaces (A-D) can generate parti-

cles, but less commonly so with interface A. 

 

A) The bone–cement interface  

This is where the cemented implant usually fails and especially 

on the acetabular side. Proper cement penetration into the cancel-

lous bone improves stability and longevity of the implant (28). 

Modern cementing technique aim to strengthen this interface with 

the use of pulsatile lavage, cement pressurization and distal plug-

ging. 

 

B) The cement–implant interface (stem or cup)   

This interface differs depending upon stem design. The matte Lu-

binus SPII stem has a surface roughness of 1.5 µm. This design 

strengthens the interface more than a polished tapered stem with 

a roughness less than 0.05 µm. Debonding of polished stems is 

the rule when the stems slips inside the mantle and subsides with 

little wear due to its even surface. However, loosening between 

stem and cement also occurs even for matte stems, especially the 

smaller-sized ones. Debonding in these usually results in polish-

ing of the matte stem and particle production, although the cement 

mantle typically remains macroscopically intact. However, this 

type of loosening is difficult to diagnose because bone defects or 

radiolucent lines are not seen between cement and bone. 

 

In a recent large registry study, the thinnest stem size of the Lu-

binus SPII has a revision rate ten times higher than a medium-

sized stem, most likely attributed to debonding in the cement-

stem interface (29).  When subsidence of a primary polished ta-

pered stem occurs at this interface, it may be asymptomatic and—

unlike with a matte stem—there is no need for intervention. Abra-

sive wear increases with surface roughness—a fact that may ex-

plain this difference in clinical presentation. A prosthetic stem 

fracture may occur when this interface has debonded proximally, 

but distal fixation remains intact, causing a fatigue failure of the 

stem at the border of fixation (30, 31). Migration and electron mi-

croscopy studies reveal that all stems migrate and abrasive dam-

age in the interface correlates with surface roughness (32, 33). 

Attempts have been made to strengthen this interface with pre-

coated PMMA-stems, but this technique has been abandoned due 

to poor clinical results. When precoated Lubinus SPII stems man-

ufactured only for study purpose were compared with standard 
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SPII stems, the migration was similar for both (34). If clinical out-

come differ between IBG with a polished or matte stem remains 

unknown. This topic is approached in paper II.  

 

C) The stem neck–prosthetic head interface   

The stem neck is usually a Morse taper that locks the head after a 

steady blow. The risk for corrosion and instability between head 

and taper increases with a high head–neck ratio, use of different 

alloys interfacing each other, and different tolerances between 

producers in cases of “mix and match”. Such instability and cor-

rosion may result in adverse local tissue reactions (35).  

 

D) The articulation interface 

A prosthetic metal head articulating against UHMWPE (MoP) 

has historically been the most commonly used articulation. This 

articulation produces various amount of wear particles, some-

times with substantial biological effects resulting in osteolysis 

and loosening. The introduction of highly cross-linked polyeth-

ylene and, to a certain extent also ceramic heads, reduces this 

problem (29, 36, 37).  

Wear, fluid pressure, and retro-acetabular osteolysis 

Historically periprosthetic osteolysis due to wear has been denied, underre-

ported, and misunderstood (38). Already in 1968 Charnley reported osteolytic 

scalloping, but interpreted the finding as a sign of infection (39). The reasons 

for osteolysis are multifactorial and involve implant stability, particles, fluid 

pressure, and stress shielding. The initiation of loosening is poorly understood. 

Post-mortem retrievals of cemented stems in asymptomatic patients, show 

loosening in the stem-cement interface (40).  RSA migration data show a sta-

ble cement mantle over time but stem subsidence. This suggests that the initial 

loosening of the stem is at the stem-cement interface (34).  

 

For some stem designs, debonding of the stem-cement interface may generate 

particles responsible for the subsequent abrasive wear of the UHMWPE. Re-

gardless, wear debris particles create an inflammatory cellular response adja-

cent to the implant. Macrophages will be activated and differentiate to osteo-

clasts. Cytokines will be released and recruit new macrophages and stimulate 

adjacent cells. Any type of particle of the appropriate size will initiate this 

cascade—hence this phenomenon is called particle disease (41).  
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Revision THA is almost always associated with bone defects due to osteolysis, 

stress-shielding, and unavoidable further bone loss by removing the failed im-

plant (figure 2). The acetabular component is more likely to fail than the fem-

oral component (42). The magnitude of polyethylene wear and osteolysis cor-

relate with each other (43). Bone morphology underneath loose acetabular 

components differs between cemented and uncemented fixations.  

 

Figure 2. A Lubinus SPII THA post-op (left); 15 years post-op with cup-loosening 
and a large acetabular bone defect (middle). After revision with IBG in femur and 
acetabulum (right). Patients was revised due to a hematogenous periprosthetic joint 
infection.  

Loose cemented implants usually rest on a fibrous membrane with underlying 

sclerotic bone, while cementless cups are more often associated with large 

osteolytic cavitary cysts (44, 45). This observation is in line with bone mineral 

density (BMD) changes reported after cemented and cementless fixation of 

the acetabular component in primary THA. Unlike with cemented cups, bone 

mass density decreases around cementless cups (stress-shielding) (46, 47). So, 

particle disease is not the only reason for of periprosthetic loosening with os-

teolysis—synovial fluid flow fluctuations, primary stability, bone quality, and 

stress-shielding also contribute (48). The early prosthetic micromotion, meas-

ured by RSA or by CT-based micromotion analysis (CTMA), is most likely 

not caused by wear. Whether the outcome of a first-time cup revision depends 

on the method of fixation of the primary cup remains to be investigated.     

 

The articulating surfaces are usually the most significant site where wear par-

ticles are produced. Therefore, alternative bearings have been investigated. 
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Metal-on-metal articulations turned out to be associated with inherent prob-

lems, above all adverse and severe reactions to metal debris (49). They have 

therefore been abandoned by most centers. Ceramic-on-ceramic reduces wear, 

but has only minor, if any, advantages compared to metal or ceramic-on-

highly cross-linked polyethylene bearings (36, 37).   

Design of cemented femoral stems and IBG 

Design features of cemented femoral stems and their importance to clinical 

outcome is a complex issue (25). Surface roughness, geometric shape, and 

stem material are three aspects in which designs differ. However, differences 

in clinical outcome and specific complications are correlated to design fea-

tures. In paper II, we present a long-term follow-up of femoral revisions that 

used IBG and the cemented Lubinus SPII stem.  

 

The Lubinus SPII and the Exeter femoral components illustrate two stem de-

sign philosophies with several differences (Table 1; Figure 3) in migration, 

stem shape, and surface finish. Femoral IBG was originally described with the 

cemented Exeter stem (12). , The Exeter-like stem is referred to as “force-

closed” type and the Lubinus type as “composite-beam”. Both Exeter and Lu-

binus SPII designs work very well although they are fundamentally different. 

In the Nordic countries the Lubinus SPII stem performs better than the Exeter 

stem (50), but an Australian follow-up of the two design types showed better 

results for polished stems (51). The Lubinus SPII stem was not included in the 

Australian study, indicating that other factors than surface roughness affect 

the outcome, such as cementing technique and stem geometry. Polished ta-

pered femoral components are wedge-shaped, lose their grip from cement, and 

continuously subside within the cement mantle. When subsiding, the polished 

surface helps avoid abrasive wear against the cement mantle. There is no col-

lar to facilitate subsidence. The Lubinus stem has a rougher surface and ridges 

along the stem to increase the strength of the stem-cement interface. Further-

more, it has a collar for proximal support.     
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Table 1. Design features of polished, tapered anatomical stems versus non-polished 
ones. 

Polished Tapered Stem 

(Exeter Polished,  

Figure 3 left) 

Matte Anatomical 

Stem (Lubinus SPII, 

Figure 3 right) 

Material Stainless Steel CoCr 

Surface Rough-

ness 

<0.05 µm 1.5 µm 

Collar, Ridges No Yes 

Load Transfer Taper-slip Composite-beam 

Stem cement 

debonding 

Yes No (at least less) 

Similar femoral 

components 

C-stem, CPT-stem Charnley, Spectron 

EF, Accolade-C 

 

Properties 
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Figure 3. Photograph of an Exeter (left) and Lubinus SPII (right) stem. 

An example of the importance of surface roughness is the experience with the 

Exeter matte stem. When surface roughness was increased from 0.05 to 1.0 

µm on the Exeter stem, the results were devastating, resulting in its withdrawal 

from the market (52). 

 

For use with IBG, it has been proposed that an Exeter type of stem is prefera-

ble because the tapered shape provides continuous compression during stem 

subsidence and thus promotes graft incorporation, Figure 4 (12).   
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Figure 4. Principle design characteristics of three cemented stems (re-printed with 
permission from Jayasuriya et al (53). 

Case-series studies on femoral IBG with matte non-polished stems are sum-

marized in Table 2. These results depend greatly on pre-op bone defects and 

bone quality, which are factors not accounted for in this summary.  

 

Without doubt, femoral IBG is best documented for the Exeter stem (13, 16, 

54), but graft incorporation will occur with other stem designs. Kärrholm et 

al. reported a subsidence of only 0.32 mm two years after femoral IBG with 

the matte collared Spectron EF stem. Most patients had femoral bone defi-

ciency Gustilio-Pasternak II or III (55). The same paper analyzed bone mass 

density by DEXA. After an initial decrease of density mainly in Gruen zones 

1, 2 and 7, values normalized at two years which indicates incorporation. 

These findings are in agreement with previous reports assessing incorporation 

by PET and histology (56-58). The influence of stem design on clinical out-

come in femoral IBG is not fully known, especially regarding periprosthetic 

femoral fracture (PFF). 
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Table 2. Summary of publications on femoral impaction bone grafting with anatomi-
cal, matte, and collered stem designs. 

 
Authors Femoral stem n Follow-up 

period 
(years) 

Stem-survival:  

mechanical loos-
ening. vs. all re-
operations* 

 

Kärrholm et al. 
(55) 

Spectron EF 24 2 100 vs. 100 %** 

     

Zhang et al. (59) Lubinus SPII 112 10.2 100 vs. 92 % ** 

     

Leopold et al. (60) Harris Precoated 29 5.3 92 vs. 88 % 

     

Krupp et al. (61) Osteonics 1010 and 
Restoration C*** 

52 6.5 96 vs. 79 % 

     

Ullmark et al. (62) Charnley Elite*** (n=30) 

Lubinus SPII (n=27) 

57 5.3 96.5 vs. 84 % 

     

Stigbrand et al. 
(63) 

Lubinus SPII 69 7 95.5 vs. 88 % 

*All re-operations including dislocations, post-operative fractures and infection 
**Study includes RSA and bone density measurements.                                        
***Osteonics Restoration C is collarless; Charnley Elite has a small collar. 
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Exeter-like stems and periprosthetic femoral fractures 

Periprosthetic fractures (PPF) are classified according to the Vancouver clas-

sification depending on fracture localization in reference to the stem. Vancou-

ver type A fractures are located in the trochanteric area, type B around the 

stem, and type C distal to the stem (64). Several reports describe a correlation 

between polished tapered stems and a high incidence of periprosthetic femoral 

fractures (65-67). The largest study available on this topic is from the Nordic 

Arthroplasty Registry Association (NARA). In the analysis of 325,730 ce-

mented primary Lubinus SPII or Exeter stems, the authors found a hazard ratio 

5 times higher at two years for a PFF with the Exeter than the Lubinus (68).  

 

The difference in PFF incidence is greatest for fractures around the stem (Van-

couver type B). In a registry study, Chatziagorou et al. reported ten times more 

re-operations due to Vancouver B fractures with the Exeter stem than the Lu-

binus SPII stem (69). In the Lubinus group the majority (74%) of the fractures 

were fractures distal to the stem (type C).  

 

In a multicenter prospective cohort study, Mukka et al reported a hazard ratio 

of 16 (!) for PFF for patients treated with the CPT-stem (70). The study pop-

ulation had femoral neck fractures and age above 80 years. This correlation 

has been confirmed in a Norwegian Registry study (71). A geriatric osteopo-

rotic femur with a fracture of the neck resembles a femur at revision surgery 

after implant removal with respect to bone quality, circumference, and corti-

ces. A high prevalence of PFF has also been reported for polished tapered 

stems in combination with IBG by Ornstein et al. (65).  

 

In conclusion, the polished, tapered, and collarless femoral components ex-

hibit higher rates of PFF for osteoarthritis, femoral neck fractures, and IBG 

revision patients, especially around the stem. Specific implant design features 

definitely affect the incidence of PFF post-operatively. The biological reason 

for this difference is not known. Jayasuriya et al. compared differences in fem-

oral bone remodeling during the first two post-operative years for composite-

beam (Charnley) and sliding-taper (Exeter or C-stem) designs in a randomized 

clinical trial (53). Bone turn-over markers (N-telopeptide of type I collagen 

and osteocalcin) and femoral bone mineral density did not differ during the 

first two years. The tapered shape and subsidence within the cement-mantle 

may explain the increased risk of periprosthetic fracture of polished stems. 

Debonding in the stem cement interface may act as a stress-riser causing a 

“splitting blow” to the femur after a hip contusion. The tapered straight design 

may also contribute to malalignment and decreased thickness of the cement 

mantle around the stem, especially if an anterolateral approach is used (67). 
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Marked subsidence is associated both with loosening and fracture of the ce-

ment mantle (72, 73). It is unknown whether IBG in combination with a dif-

ferent stem design decreases the risk of PFF in the short- and long-term.    
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Prosthetic micro-motion 

Radiostereometric analysis (RSA) 

Measurement of prosthetic micro-motion with radiostereometric analysis 

(RSA) was introduced in 1974 by Göran Selvik in Lund (74). RSA accurately 

and precisely analyzes migration. The prognostic value of early implant mi-

gration is undisputed for cemented THAs and uncemented cups, but more con-

troversial as regards uncemented stems (20, 22). Migration predicts failure 

also in reveision THA patients treated with acetabular IBG (21, 75). There is 

consensus that migration studies should precede market introduction of all 

new prosthetic implants (76).   

 

Stabilization and compression of the graft bed in acetabular IBG may decrease 

migration, enhance incorporation, and improve longevity of the reconstruc-

tion. Measurement of migration and BMD changes in the bone graft is one 

way to approach these issues.   

 

RSAs require the following setup: 

 

A) A specialized radiographic laboratory with two X-ray sources de-

signed for simultaneous exposure. 

 

B) Tantalum markers to create two three-dimensional rigid bodies in 

space—one for the skeletal reference and one for the implant. (Instead 

of implant markers, the implant surface could also be measured.) 

These data are thereafter used to fit a three-dimensional model of the 

specific implant. This technique, model-based RSA, has become 

standard to avoid any implant modifications caused by the marking 

procedure. The relationship in space between the two rigid bodies, the 

bone and the implant, is studied over time.  

 
C) Calibration cages to allow reconstruction of the position of the rigid 

body. 

 
D) Computer software e.g. UmRSA and RSAcore. 
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The precision of the method varies between 0.15 to 0.6 mm for translations 

(77). Micro-motion within the two post-operative years is highly predictive of 

long term survival of the implant (20, 22, 78). Threshold values for acceptable 

early migration are based on long-term evaluation in RSA studies or by com-

piling short-term observations in RSA studies with long-term results extracted 

from registry data or other cohort studies using revision as outcome (20, 75, 

79). A proximal migration less than 0.2 mm of an acetabular component or 

distal migration less than 0.15 mm of a cemented composite-beam stem seems 

safe (20, 80). Proximal migration of a primary acetabular component more 

than 1 mm at two years equals prosthetic survival below the benchmark 95% 

at 10 years (20). The predictive value of migration within the first two post-

operative years is very well-documented for many types of implants by hun-

dreds of RSA-studies (81).  

Computed tomography motion analysis  

Migration analysis based on computed tomography scans is an interesting al-

ternative to RSA measurements. Computed tomography (CT) can determine 

the 3-D position of an object using rotating tubes and multiple beam direc-

tions. Software for CT-based Micromotion Analysis (CTMA) of orthopedic 

implants has been developed by Olivecrona et al. (82, 83) at Karolinska Insti-

tute. The precision and accuracy of CT-based migration analysis, in vivo and 

in vitro, shows encouraging results (82-85). Measurement of prosthetic micro-

motion with a standard CT examination would facilitate diagnosis of pros-

thetic loosening.    
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Revision total hip arthroplasty 

Reasons for revision 

Revision THA is defined in Sweden as subsequent surgery where the implant, 

in part or total, is exchanged. Mechanical loosening is the major cause of re-

vision hip arthroplasty. Aseptic loosening accounts for approximately 50% of 

first time revisions. Several factors affect the risk of revision. Co-morbidity, 

age, previous surgery, avascular necrosis, high BMI, male gender, diabetes 

mellitus, and rheumatoid arthritis are examples of risk factors for revision af-

ter THA (86-90). Early revisions are usually due to infection and dislocation. 

First-time revisions are also highly predictive for any second revision in the 

same joint, especially for infection. Between 1999 to 2019, the reasons for 

first-time revision THA in Sweden were aseptic loosening (56.0%), infection 

(14.8%), dislocation (13.7%) and periprosthetic fracture (9.2%) (42). How-

ever indications for revision THA differ between countries. Boznic et al. ana-

lyzed 51,345 revision THAs from  the Inpatient Sample Database in the 

United States (91). They found dislocation/instability to be the most common 

indication (22.5%), followed by mechanical loosening (19.7%). In Sweden, 

during the last decade aseptic loosening has decreased and infection increased 

as the cause of first-time revision. This trend is even more pronounced in pa-

tients with multiple previous revisions (Fig. 5). Among patients revised at 

least once before, infection is an increasing problem, accounting for approxi-

mately 40% of cases in 2018. 
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Figure 5. Relative distribution of reasons for revision THA after first revision (left) 
and after multiple revisions (right), reprinted with permission from the Swedish Hip 
Arthroplasty Register.  

Classification of bone defects in femur and acetabulum. 

Several attempts have been made to classify bone defects in revision hip ar-

throplasty both for the acetabulum and the femur (92-96). Regardless of clas-

sification system, acetabulum defects are, divided into:  

 

 segmental 

 cavitary (but contained)   

 combined segmental and cavitary 

 pelvic discontinuity 

 

The different classification systems for acetabular bone loss all give substan-

tial attention to the integrity of the acetabular rim. Classification systems 

should be anchored with a treatment strategy. However, the inter- and intra-

reliability of the frequently used classification systems such as AAOS, Pap-

rosky, and Gross, is poor when based on plain radiography (97). It is the bone 

defect seen after implant removal that is essential.  Human acetabular anatomy 

differs in coverage of the femoral head and acetabular depth—a factor not 

taken into account when classifying acetabular bone loss (98). Consequently, 

some dysplastic hip could be classified as segmental bone defect (98, 99). 

 

The important question during surgery is whether the acetabular rim, after im-

plant removal, needs additional support or not, to assure stability of the new 
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acetabular component. We have used the AAOS classification for acetabular 

defects (93). A defect requiring rim reinforcement would be classified as type 

III (combined). Such reinforcement can be provided by metal meshes, plates, 

structural allografts, or tantalum augments (100-102).   

 

There are several classification systems for femoral bone loss. The three most 

commonly used are: a) Endo-Klinik, b) Paprosky, and c) AAOS (96, 103, 

104). The classifications describe localization (metaphyseal and/or diaph-

yseal) and extent of the bone loss. The systems are aimed to guide the recon-

structive procedure.  

 

A crucial aspect, regardless of femoral classification system, is whether there 

is a remaining intact bone stock in the diaphysis to support the new implant.  

 

Reliability and validity of these classification systems need improvement be-

cause inter- and intra-observer Kappa-values are low (105, 106).   

 

In this thesis the AAOS-classification was used for acetabular bone defects 

and the Endo-Klinik classification for femoral bone defects.     
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Bone and bone grafting 

Bone tissue is composed of bone matrix and four types of cells. By weight, 

bone consists of 10% cells, 60% minerals and 30% organic matrix. Bone can 

be grafted from animals to humans (xenograft), from one site to another within 

the same human (autograft),and from one human to another (allograft). The 

latter is the most commonly used in revision THA. Bone donation includes 

fresh-freezing of the donor bone, and washing and defatting before implanta-

tion. Bone transplantation between humans is not associated with severe im-

munological rejections that require immunosuppression. The morcellized and 

impacted graft is, if loaded, gradually remodeled into living bone. In most 

other tissues this process leaves fibrosis, but not in bone. Bone can regenerate 

(107).  

Human allograft—structural vs. morcellized 

When transplanting bone from one human to another (allograft), the bone tis-

sue is either structural or morcellized. Structural allograft consists of a large 

piece of bone with inherent stability. Morcellized allograft usually consists of 

fresh-frozen particulated femoral heads donated from patients operated with 

THA due to osteoarthritis. The biological response in the recipient to the allo-

graft is remarkably different depending on preparation, i.e. whether structural 

or morcellized (58, 102, 108). In a structural allograft, the host bone and per-

iosteum will bridge onto the graft but not fully incorporate it, unlike in a mor-

cellized allograft. It is surprising that a 1-cm thick layer of fresh-frozen ne-

crotic morcellized allogenic bone can tolerate high mechanical stress and still 

heal with only 1-2 mm of migration after 2 years.  Biopsy studies show that a 

morcellized graft bed can be completely incorporated, remodeled and viable 

(12, 15, 109, 110). The reason for this great difference in response in the re-

cipient body is not fully known. A morcellized allograft bed merely works as 

a scaffold for bone regeneration, without living cells from the donor. Struc-

tural allografts in revision THA can provide initial stability. However in the 

long-term aseptic failure of structural allograft may unpredictably occur (102). 
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Incorporation of morcellized bone allograft 

Bone graft incorporation is a prerequisite for clinical success for the IBG 

method. The bone graft incorporation can be evaluated clinically in various 

ways. using histology, radiography, post-mortem retrieval analysis, PET-im-

aging, bone mineral density measurements, and electron microscopy.  

 

The very first publication in 1975 on IBG, with only four patients, did not 

address bone incorporation (10). In 1984, Slooff et al. reported very good re-

sults with combined autogenous and allogenic bone transplantation for ace-

tabular protrusion or prosthetic loosening. Incorporation was assumed if the 

sclerotic border between host and graft decreased, there was no progression 

of radiolucent lines, and radiographic homogeneity increased. In the first pub-

lication on femoral IBG in 1993, patients were divided into eight subgroups 

of healing appearance on the basis of cortical repair, trabecular remodeling, 

trabecular incorporation, etc. (12).  

 

There is no standardized protocol to assess incorporation. Histology from 

transplanted allograft bone is more a trustworthy and informative method than 

radiography. The healing process starts with a hematoma, vasodilatation, in-

flammation, and a fibrotic stroma around the graft chips. Eventually stem cells 

are recruited, proliferate, and form woven bone formation. Histology studies 

of impacted morcellized allografts in acetabulum and femur show:  

 

 fibrotic stroma surrounding the necrotic bone graft 

 adherence of new osteoids to necrotic bone grafts generating stability 

 increasing bone formation over time 

 final remodeling of bone tissue into a cortical or trabecular structure 

 

All of these histological appearances exist to varying degrees, even years after 

implantation and with stable implants (57, 58, 111). Bone formation includes 

primary union between new, living woven bone and the necrotic bone graft; 

this is clearly seen as the presence or absence of a cell nucleus within the os-

teocyte lacunae. Woven bone is gradually remodeled, with resorption of graft 

and trabecular formation in accordance with Wolf´s law. With time, new tra-

becular bone will form, the volume of woven bone will decrease, and the ne-

crotic bone graft will become sparser. Bone formation, estimated by [18F]-

PET-analysis, shows increasing activity during the first four postoperative 

months (110). Both histological studies and PET-data show a bone healing 

“frontier” (56, 111). It is unknown to what degree donor trabeculae is “re-

used”, or merely functions as a temporary support in this process. An impres-

sive multiscale analysis of incorporation of morcellized allograft was pub-

lished by Butscheidt et al. in 2021 (112). Twenty-three postmortem retrivals 
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were analyzed by histology, electron microscopy and high-resolution quanti-

tative computed tomography ten years after surgery in mean.  91% of the sur-

face contact area between host and allograft bone showed ingrowth. However, 

larger acetabular defects were associated with larger amount of fibrous in-

growth, though still with stable implants. 

 

In contrast, a structural allograft will seldom be completely incorporated and 

bone formation will mainly bridge onto the structural graft 2-3 mm from the 

periosteum of living bone (108, 113). Histology studies show proliferation of 

recipient’s periosteum onto the structural graft. The reasons for this pro-

nounced difference in biological response for structural and morcellized hu-

man allografts is not known.  

Stability of bone grafts 

Efforts to facilitate incorporation and healing of morcellized human allografts 

can be grouped as follows:  

 

a) Improved mechanical stability 

Stability is a prerequisite for graft incorporation after IBG. Prepara-

tion of the graft effect the stability of the construct. Larger bone graft 

size, washing and defatting of the bone graft has been shown to in-

crease stability in experimental models (114-116). Dedicated impac-

tion instruments have been developed to fit the corresponding im-

plant. Segmental acetabular bone defects should be contained to sup-

port the impaction and the load applied to it. In vitro, mixing trical-

cium-phosphate with the graft have been shown to improve stability 

(117). Paper I in this thesis aims at improving stability with a com-

pressing titanium shell. 

 

b) Decreased resorption with bisphosphonate 

To reduce bone graft resorption by osteoclasts during ingrowth, soak-

ing the morcellised graft in a bisphosphonate solution has been stud-

ied. Kesteris et al. soaked washed and defatted graft in 600 mg iband-

ronate (Bonefos) for three minutes. BMD, measured at the tip of the 

stem, decreased less compared to the control group at all four time 

points studied (118). These results have not been reproduced. In a ran-

domized clinical trial, proximal migration of the cup decreased in a 

cemented revision THA using impaction bone grafting. Here the graft 

was soaked with 600 mg clodronate for 10 minutes prior to implanta-

tion (119). However, there were no differences in BMD for the groups 

in the trial. The follow-up period was two years; whether this finding 
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entails a longer implant survival remains to be seen. Risedronate ad-

ministered orally post-operatively did not affect prosthetic migration 

or bone mineral density after revision surgery with uncemented or ce-

mented acetabular components (120). The same conclusion has been 

drawn also regarding primary THA (121). Studies with locally admin-

istered clodronate have produced contradictory results.  

 

c) Stimulated incorporation with growth factors 

The growth factor BMP-7 has been added to morcellized bone graft 

both in femoral and acetabular revision. Implant migration was simi-

lar for both groups (122). Possibly BMP-7 locally disrupts the balance 

between bone resorption and formation.  

Antibiotic-impregnated bone grafts  

Deep periprosthetic joint infection (PJI) is the most feared complication after 

joint replacement. Unfortunately PJI is increasing after primary THA and the 

increase is even more pronounced for revision THA (Figure 6, blue bar). The 

infection is characterized by formation of biofilm, which is difficult to pene-

trate with antibiotics. Therefore revision surgery with implant removal is ad-

vocated. Every measure should be taken to avoid infection and adding antibi-

otics to the bone graft is one of them. Staphylococci are a major causative 

agent in PJI, therefore vancomycin is usually the initial drug of choice (123). 

Several centers add vancomycin to morcellized bone graft, either as prophy-

laxis or as a treatment strategy for PJI (124-127).    

 

Dead morcellized bone impacted in a potentially infected environment may 

seem inappropriate, but it works better than expected. 14 patients in paper I, 

15 in paper II and 1 in paper III were revised due to deep periprosthetic infec-

tion. Generally, a dosage of 1 gram vancomycin per morcellized femoral head 

was given intra-op. For gram-negative species, liquid tobramycin, 400 mg per 

femoral head was added. Concerns have been raised regarding the drug’s ef-

fects on graft incorporation, local toxicity, and nephrotoxicity with such high 

local levels, but no side effects have been reported, to the best of my 

knowledge (124, 128). Few reports exist on local effects of high levels of to-

bramycin. McLaren et al. added tobramycin and vancomycin to human bone 

grafts and found extremely high concentrations in drain fluid, sub-toxic serum 

levels 12 h post-op, and persisting levels in the urine 3 weeks post-op (129). 

At two years follow-up there were no recurrent infections. These data suggest 

clinical safety of adding tobramycin and vancomycin to bone allograft in dos-

age above.  
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The drug is added to the graft by soaking or as a powder. Elution profiles of 

several antibiotics have been reported (130, 131).   Lindsay et al. studied bone 

healing with and without locally administrated tobramycin in an animal frac-

ture model. Follow-up included biomechanical testing, radiographs, bone den-

sity, histology and autograft incorporation. No difference in any measurement 

was seen and the contralateral femur was the control. A similar study, but with 

vancomycin, also showed no difference in outcome, (132).  

 

Thus, bone graft can work as a drug carrier, providing very high concentra-

tions for a long time period. Unlike elution from bone graft, intravenous ad-

ministration renders low concentrations at the infected site. Micro-dialysis 

analysis in osteomyelitis models reveals very low concentrations in bone and 

in implant cavities (133). Vancomycin bone concentration is delayed and in-

complete and does not mirror plasma concentrations. A mean MIC-value of 4 

mg/l could not be reached in cortical bone after administration of 1000 mg of 

vancomycin in total knee arthroplasty patients (134). In contrast, Buttaro et al. 

reported joint concentrations of over 300 mg/l the first post-operative day in 

septic revisions in humans (124).  

 

Systemic treatment with vancomycin or tobramycin can therefore definitely 

be questioned—it requires continuous monitoring, occupies staff for admin-

istration, prolongs length of hospital stay, renders low concentrations at the 

infected site, and includes a risk of systemic complications from different or-

gans. Local treatment gives up to 300 times higher effective dose at the in-

fected site without any side effects.  

  

Taken together, the initial intravenous part of the antibiotic treatment for PJI 

could probably be replaced with antibiotics added to bone grafts. To reduce 

the risk of PJI, most patients in this thesis have received antibiotics to the bone 

graft. 

Acetabular impaction bone grafting—surgical options 

Although the results in the first large publication, presented by Slooff et al., 

were impressive, attempts have been made to improve acetabular reconstruc-

tion with impaction bone grafting. It should be mentioned that Slooff et al., 

used autogenous bone graft in 21 of 43 cases, and mixed (autogenous/al-

logenous) in another 11 cases. So in 32 of 43 cases, living bone cells with 

osteogenic properties were included in the graft, probably contributing to the 

good result. However, the results with acetabular IBG and a cemented cup 

have been reproduced in several centers (135-137), in long-term follow-ups 

(138, 139), for un-contained acetabular bone defects (140, 141), and for septic 

loosening (124, 142).  
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Even after a failed revision with IBG, re-revision with another IBG procedure 

is a functional option with standard primary implants (143).  

IBG and cemented fixation in combination with Burch-

Schneider and Mueller reinforcement rings 

Marx et al. stabilized the graft bed with a Burch-Schneider ring in 74 patients 

with combined cavitary and segmental bone defects. After 5.5 years, nine 

(12%) of the reconstructions failed, four of which were due to aseptic loosen-

ing (144). Similarly Schlegel et al, reinforced the acetabular reconstruction 

with a Mueller reinforcement ring (145).  They used morcellized, structural 

allografts or combinations thereof. If all causes of revision were taken into 

account, the prosthetic survival rate at 8 years was, with 90%. 

 

Favorable results with the Mueller ring have been reproduced with and with-

out bone graft by Brüggeman et al (146). The Burch-Schneider ring is rigid, 

solid, and has flanges with a screw-holes design to rest on the pelvic surface, 

thereby potentially unloading the graft. 

IBG and cementless fixation 

Cementless fixation on top of impacted morcellized allograft has also been 

studied. Recently Perlbach et al. published an impressive material of 370 pa-

tients operated with cementless fixation in combination with IBG. Prosthetic 

survival for aseptic loosening at 10 years was 96.3%. Reversed reaming was 

used as impaction technique and 164 patients had combined acetabular bone 

defects according to AAOS (19).  

 

Trabecular metal augments have been used to contain segmental defects in 

combination with IBG and cemented cup fixation, with favorable results in 

the short term (100, 147). 

IBG and structural allografts 

Containment of combined acetabular defects can also be achieved with struc-

tural allografts. Gross et al. have published several reports using structural 

allografts sometimes in combination with morcellized graft. Resorption of the 

structural graft and subsequent failure of the implant was reported to be a 

problem (148, 149). 
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Surgical options without IBG 

A thorough review of other surgical options is beyond the scope of this thesis. 

However, it should be noted that competing strategies exists. For simple bone 

defects, both cementless porous coated or trabecular metal cups as well as 

cemented cups without any bone grafting can be used (150, 151). Tantalum 

augments have also been used with encouraging results to contain a segmental 

defect and restore the acetabular rim (152, 153). A promising method for re-

ally challenging combined acetabular bone defects are custom-made 3D-im-

plants. Custom-made 3D implants will cover indications unsuitable for IBG 

(154, 155). However, the number of patients in published studies is small and 

follow-up short.   
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Bone densitometry 

An artificial joint alters load transmission through the skeleton and causes re-

modeling and osteolysis by stress-shielding. Unloaded bone will deteriorate 

and eventually fracture. Measurement of bone mineral density around im-

plants is a proxy measure for the quality of the surrounding bone that stabilize 

the implant. The optimal prosthetic implant would cause little alterations in 

load-transmission and hence little bone resorption due to unloading. 

 

Standard radiographs are neither sensitive nor accurate to determine bone 

loss—bone mineral content must decrease by 50% before being visible on 

standard radiograms. Dual energy X-ray absorptiometry (DXA) is currently 

the most widely used method for clinical measurement of bone mineral den-

sity in orthopedics (156). The unit of measurement for bone densitometry is 

bone-mineral content, expressed in grams per area unit (136). DXA screens 

are mainly two-dimensional, whereas quantitative computed tomography 

(QCT), can study the bone mineral density three-dimensionally but is less 

available (157). QCT has a higher detection rate for osteoporosis and better 

predicts vertebral fractures (158).  

Periacteabular osteodensitometry 

Periprosthetic bone loss and BMD changes near prosthetic components con-

stitute a research field of their own (159-161). No standardized method of per-

iacetabular BMD measurements exists. Load transmission in the acetabulum 

is altered after a total hip replacement. Due to stress-shielding, BMD de-

creases proximal to a cementless socket, a phenomenon not seen after ce-

mented fixation (46, 47, 162). Differences in fixation method, with or without 

cement, reflects differences in peri-acetabular osteolysis patterns during revi-

sion surgery. 

 

To our knowledge, there are only two studies about BMD changes in bone 

graft after acetabular IBG and their results diverge from each other (119, 163). 

DXA was used to study bone mineral density changes in both studies. To this 

date no one has studied BMD changes specifically and volumetrically in bone 

graft during incorporation, nor specifically in neighboring cancellous bone. 

CT-scans could make this possible.   
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Aims 

To summarize, the following aspects are of paramount importance in revision 

THA with IBG: 

 

1. stability of the new acetabular reconstruction. 

2. solid containment of segmental acetabular defects. 

3. avoidance of complications such as as deep periprosthetic infection 

and periprosthetic femoral fractures, both intra- and post-operatively.  

4. measurement of prosthetic micromotion. 

5. assessment of bone quality.  

6. post-operative surveillance of the new implant. 

 

Efforts to improve treatment of revision THA patients should focus on the 

above.   
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Hypotheses 

1. Bone graft compression with titanium shells and rim plates create sta-

bility and good results in cemented acetabular revision with impaction 

bone grafting. 

2. Standard low-dose CT-scans can measure prosthetic migration with 

high accuracy.  

3. Bone mineral density increases in bone graft during incorporation 

when measured with low-dose CT-scans.  

4. IBG in femur with a collared, anatomical non-polished cemented stem 

render bone graft incorporation and good clinical outcome in the long-

term. 
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Materials & methods 

Paper I: 

Study Design 

Paper I is a retrospective clinical follow-up study (case series) of 170 cases 

treated with impaction bone grafting in the acetabulum at Gävle or Sunderby 

Hospitals. Patients were identified from clinical records sent to the Swedish 

National Hip Arthroplasty Registry. All patients in paper I were treated with 

IBG and a bone graft-compressing titanium shell.  

Patient demographics  

Between 1998 and 2012, 170 cases were identified as having undergone an 

acetabular revision at Gävle or Sunderby Hospitals. Table 3 displays the pa-

tient demographics. 

Table 3. Patient demographics in Paper I. 

Classification of bone defects  

Based on pre-operative X-rays and intra-operative findings, acetabular bone 

defects were classified according to the AAOS classification (93). 

 

103 patients had combined acetabular defects.   
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Surgical technique 

In brief, a posterolateral approach was used. After adequate soft tissue release, 

curved revision chisels were used to carefully remove the loose implant and 

cement. Remaining bone was thoroughly cleaned with reamers and bone cu-

rettes. Containment of segmental defects was performed using a 0.8-mm tita-

nium rim plate (Figure 6).  

 

Figure 6. Combined segmental and cavitary acetabular bone defect (left). Contain-
ment with a titanium rim plate (right). 

Femoral perforations were sealed with a titanium mesh and cerclages. Mor-

cellized, fresh-frozen, washed and defatted bone graft was firmly impacted 

into the bone defects in the acetabulum to achieve a correction of the center 

of rotation fitting that specific patient (Figures 7 and 8). After impaction the 

titanium shell was settled and fixed with screws to further compress the allo-

graft. Additional impaction in the segmental defect was then possible (Figure 

9). Weight-bearing with crutches was allowed post-operatively.    
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Figure 7. Combined acetabular bone defect after implant removal. Proximal right 
direction. Assessment of needed correction of the center of rotation with an im-
pactor. 

 
Figure 8. After containment of the segmental defect with the titanium rim plate, 
bone graft is impacted firmly. 

Figure 9. The titanium shell is screwed on top of the graft bed for further compres-
sion making additional impaction in the segmental defect possible. 
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Clinical follow-up 

Clinical follow-up of hip revision patients in remote, sparsely populated areas 

of northern Sweden is challenging. Traveling distances to hospitals are long. 

At follow-up, the mean age was 76 (range 30-96) years. To include as many 

patients as possible in the follow-up we divided them in four groups. The fol-

low-ups were performed at hospitals in Gävle Sunderbyn, and Gällivare. See 

Figure 10. 

 

The four subgroups were: 

1. Outpatient visit with clinical score and X-ray 

2. X-ray and telephone interview   

3. X-ray only; the patient declined both visit and telephone interview 

4. Patient deceased. Medical records including last X-ray were exam-

ined and any re-operations or symptoms were noted. 

 

Patients seen at the outpatient department were examined with X-ray and 

scored according to Merle, D`Aubigne and Postel (164).  

 
Figure 10. Flow chart of the follow-ups in Paper I 

Radiographic follow-up center of hip rotation 

An inter-teardrop line or a bi-ischial line, and a line from the symphysis to the 

sacrum center were drawn digitally on calibrated X-rays. The re-positioning 

of the center of the prosthetic head was calculated vertically and horizontally 

by comparing pre- and post-op radiographs, with reference to the center of the 

prosthetic head. The accuracy of this measurement is highly dependent on 

high-quality X-rays, which explains why there were 57 drop-outs in this anal-

ysis.   
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Radiographic follow-up: bone graft incorporation 

Bone graft incorporation cannot be seen on plain radiographs. There is no val-

idated standardized method to assess incorporation of bone graft or bone sub-

stitutes. In this context, the work of Gie et al. can be regarded as descriptive 

(12). However, cortical repair and trabecular incorporation—with newly 

formed trabeculae in the same direction as the expected load transfer—are 

likely to reflect true incorporation. This is especially so if the implant is stable, 

cemented, and without progressive radiolucent lines in the long-term. In ce-

mentless fixation, load transfer is different between implant and bone. Parts 

of the graft bed will be unloaded by stress shielding. Therefore, evaluation of 

incorporation is even harder in these cases.  

 

Plain radiographs were used to evaluate bone graft incorporation. as described 

by Gie et al. (12). The following signs indicate healing: 

a) disappearance of the sclerotic border between the osteolytic cavity 

and the new bone graft in the acetabulum 

b) remodeling of the graft 

c) new trabecular formation 

d) cortical repair 

 

Statistical analysis 

The follow-up period started on the day of THA implantation and ended on 

the day of revision, death, or last available follow-up measurement. The 

Kaplan-Meier method was used for estimating survival rates with 95% confi-

dence intervals. Endpoints were revision, mechanical loosening, or re-opera-

tion for any cause. Numerical values are presented as mean values (standard 

deviation) unless otherwise stated. 

Ethical considerations 

Regional Ethical Review Board in Uppsala, Sweden (Dnr 2013/189). 
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Paper II 

Paper II is also a retrospective clinical follow-up resembling that in Paper I in 

design, but with focus on the femoral component. Patients treated with femo-

ral IBG and the cemented Lubinus SPII stem at the Orthopedic Department, 

Gävle Hospital, were retrospectively reviewed. Patients were followed for a 

mean of 7 (SD 3.2) years (Figure 11). 

 

Figure 11.  Demographics of cases included in paper II. 

Classification of bone defects  

Classification of femoral bone defects was based on pre-operative X-rays and 

intra-operative findings, according to the Endo-Klinik classification (96). 

62 femoral defects were classified as Endo-Klinik class grade III or higher.   

Surgical technique 

Surgical technique is described in detail in paper II and in previous publica-

tions (62, 165).  

Clinical follow-up 

See flow chart (Figure 12).  
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Figure 12. Flow chart of included patients treated with IBG and the cemented Lu-
binus SPII stem. 

Assessment of bone graft incorporation and statistical analysis 

Same as in Paper I. 

Ethical considerations 

Regional Ethical Review Board in Uppsala, Sweden (Dnr 2013/189). 
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Paper III 

Study Design 

Paper III is a prospective cohort study. 

 

It is a methodological study investigating the possibilities with computed to-

mography for prosthetic surveillance with focus on prosthetic migration and 

periprosthetic bone quality.  

 

Translations of the acetabular component were measured in patients treated 

with acetabular IBG and the graft compressing shell. Patients were followed 

for two years.  

 

Prosthetic migration and bone mineral density were analyzed in the same set-

ting for the first time. Furthermore, BMD changes have not been studied spe-

cifically within bone graft with quantitative computed tomography (QCT) be-

fore.  

Study population – Paper III  

17 consecutive patients (9 males) with acetabular bone loss were recruited in 

a prospective manner from July 2015 to November 2016. Mean BMI was 28 

(23-37) and mean age was 73 years (49-87).The inclusion criterion was ace-

tabular bone loss. Patients with rheumatoid disease, dementia, or treatment 

with drugs affecting bone metabolism were excluded.  

 

Radiographic analysis: prosthetic migration, pelvic rigid-body reference, 

BMD-measurements, and volume measurements  

 

Low-dose CT-scans were performed post-operatively at 6 weeks and at 2 

years. Twelve patients were examined twice for precision analysis of the mi-

gration measurement (Figure 12). The CTMA Software from SECTRA was 

used. In brief, migration analysis is performed as follows: 

 

a) The CT volumes are imported to the CTMA software and the attenu-

ating threshold is set to fit either the cortical surface or tantalum beads 

in the skeleton. This serves as a pelvic rigid body reference. A 3D 

reconstruction is made from the combined post-op and follow-up ex-

aminations. These reconstructions will visually overlap, thus assuring 

the consistency of the rigid body over time. A color-coded feedback 

mechanism is available to reveal if the rigid body has changed over 

time, due to bone regeneration or marker migration (Figure 13).  

b) The same procedure is made for the implant but with thresholds more 

suitable for metal visualization (Figure 14). 
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c) The skeletal rigid body is then set as reference and held still. The soft-

ware calculates the motion of the implant that has occurred between 

these two examinations in the CT-based co-ordinate system. 

 
Figure 13. Color-coded visual overlap defines the skeletal rigid body. Two separate 
scans by computer tomography (upper row) are taken. Post-op examination is 
marked green (left image) and follow-up in blue (middle image). The software 
merges these examinations into a single image. Green color in the third image (right) 
indicates a difference less than 0.00 mm, yellow 0.15 mm; red 0.5 mm - between the 
two 3D-reconstructions. Inconsistent areas can be excluded by the software. This 
maneuver ensures consistency in the skeletal rigid body.     
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Figure 14. Color-coded visual overlap of the titanium shell from two different  
examinations. The CTMA software reconstructs the implant over time in an exact 
manner, ensuring the consistency of the rigid body. In Papers III and IV tantalum 
markers in the polyethylene were used for defining the implant rigid body.  

Bone mineral density measurements 

A calibration phantom was placed under the patient to calibrate the CT-scan 

for density measurements. A volume of 0.4-1.0 cm3 was defined within three 

different regions of interest in the acetabulum in: 

 the loaded cranial part of the bone graft  

 native bone cranial to the bone graft (loaded) 

 native bone caudal to the bone graft (less loaded) 

 

Consistency of the sampled volumes over time was ensured by studying base-

line and follow-up studies simultaneously. Distinctive landmarks were viewed 

on screen in each CT in a set of serial exams in the same patient. 

Bone graft volume measurement 

The bone graft volume was defined by viewing coronal, sagittal and transverse 

CT slides simultaneously. The sclerotic bone and the cement/implant were 

marked on every fifth slide, i.e. every 2,5 mm. The intermediate slides were 

approximated by the software. Finally, all slides were scanned in 3D. The 
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software Vitrea (Vital Imaging) was used for the volume calculation (Figure 

15).    

  
Figure 15. 3D-reconstruction of bone graft volume, shown in different rotations.  

Ethical considerations 

Regional Ethical Review Board in Uppsala, Sweden (Dnr 2015/228) 
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Paper IV 

Study design 

Paper IV is a methodological study determining the precision in prosthetic 

migration measurements of acetabular components, based on CT examina-

tions. Three patient cohorts were analyzed, from three different hospitals, ex-

amined by three different CT-scans, with different protocols, from three dif-

ferent manufacturers, with different implants. In addition, the difference in 

precision was studied for the two ways of defining the pelvic rigid body. Either 

tantalum markers in the bone or the cortical surface of the pelvis were used to 

define the pelvic rigid body. 

Study population: Paper III 

24 patients, from three ongoing clinical trials, were included. Two studies in-

cluded patients operated with primary total hip arthroplasty and one study was 

a revision total hip arthroplasty study. 

Radiographic analysis: precision estimate and pelvic rigid body reference 

This analysis was performed as in paper III. 

Measurements were performed on ten double examinations from patients in 

paper III. Migration analysis was performed as described for paper III. Each 

double examination was evaluated twice—first with the tantalum markers and 

then with the pelvic cortical surface defining the pelvic rigid body.     

Statistical analysis  

Precision defines repeatability, i.e., to which degree repeated measurements 

under identical conditions give the same result. Precision is calculated from 

the standard deviation of double measurements, assuming zero migration be-

tween the examinations. The measured migration between these examinations 

therefore reflects the random error and the precision of the method. We mul-

tiplied the standard deviation with a two-sided 5% student’s t-distribution 

chart with n-1 degrees of freedom to calculate the precision estimate.  The 

international standard guidelines for RSA-studies were used (ISO 16087). 

BMD-changes were analyzed by repeated measure ANOVAs.  

 

Linear regression was used to study factors affecting the increase in bone min-

eral density. A confidence interval of 95% was used. Translation values are 

given as mean values. 

Ethical considerations 

Regional Ethical Review Board in Uppsala, Sweden (Dnr 2015/228) 
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Results 

Paper I:  

A 2- to 16-Year Clinical Follow-Up of Revision Total Hip Arthroplasty 

Using a New Acetabular Implant Combined With Impacted Bone Allo-

grafts and a Cemented Cup 

 

Results: 

Kaplan-Meier analysis, with re-operation for aseptic loosening as endpoint, 

revealed a survival rate of 95% (CI 90-99%) at 10 years with use of a graft-

compressing titanium shell. The survival, based on any reason for reoperation 

as outcome, was 92% (CI 87-97%). We found no correlation between the mag-

nitude of the acetabular bone defect and failure in the material. None of the 

titanium plates inserted to repair a defect acetabular rim failed mechanically. 

This finding contradicts previous reports, where the use of rim reinforcement 

with meshes was associated with poorer outcome (135, 138). This may be due 

to mechanical differences between metal meshes and the titanium rim plate.  

Paper II: 

A 3- to 18-Year Follow-Up of Revision Total Hip Arthroplasty with Im-

pacted Bone Allografts and a Cemented Lubinus Stem. Clinical, Radio-

graphic, and Survivorship Analysis with Comparison to the Literature 

      

Results: 

Prosthetic stem survival analysis at 10 years, according to Kaplan-Meier with 

re-operation for any reason used as outcome, was 93% (CI 86-100%). All pa-

tients but one were available for follow-up. Four stems were assessed as fail-

ures at follow-up—three due to aseptic loosening and one due to recurrent 

dislocation. In the case revised due to dislocation, the bone graft was healed 

and a cement-in-cement stem revision was done. Another three cases were re-

operated without stem exchange due to a PFF (type C) below the stem; these 

were treated by osteosynthesis alone. Apart from Zhang et al. (59), this is the 

first long-term follow-up for IBG with the Lubinus SPII stem. There was no 

deterioration of the result in the long term, which is a proof of sustainability 

with this procedure. No stem was revised due to a periprosthetic fracture.  
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Paper III: 

Implant migration and bone mineral density measured simultaneously by 

low-dose CT-scans—a two year prospective study on 17 acetabular revi-

sions with impaction bone grafting   

 

Results: 

Acetabular component migration and bone mineral density can be measured 

simultaneously with low-dose CT-scans. Mean BMD inside the graft bed in-

creased by 14% at 6 weeks and 23% at 2 years. At two years proximal migra-

tion was 1.52 mm (SD 1.92). Tantalum beads are unnecessary for the defini-

tion of the pelvic rigid body when using the CTMA software.  

Paper IV: 

Low-dose CT-based implant motion analysis is a precise tool for early 

migration measurements of hip cups: a clinical study of 24 patients  

 

Results: 

CT-based migration analysis of the acetabular component was studied with 

the CTMA software in three hospitals. Taken together, the precision of trans-

lations of the acetabular component ranged between 0.07-0.31 mm when the 

pelvic cortical surface was used as pelvic reference. When pelvic tantalum 

beads were used, the precision ranged between 0.08-0.20 mm. 
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Discussion and summary 

Impaction bone grafting in revision hip arthroplasty 

The overall aim of this thesis is to improve the clinical care and surveillance 

of revision hip arthroplasty patients. In paper I bone graft compression with a 

new shell is evaluated in detail, as well as containment of segmental acetabular 

bone defects with a titanium rim plate. The material is substantial with 170 

patients; follow-up is long (7 years in mean); lost patients are few; and the 

clinical results are good with few failures. However, it is not a randomized 

study comparing this treatment with other surgical options for acetabular bone 

loss — such studies are very difficult to conduct. Conclusions therefore need 

to be modest. The surgical method works very well at the two institutions in-

cluded and in the hands of nine different revision surgeons, suggesting a good 

external validity.  

 

Compression of the bone graft is important for achieving ingrowth. The mi-

cro-architecture of the skeletal trabeculae changes with an altered load pattern. 

Trabecular bone dynamically adjusts and realigns itself in a very precise rela-

tion to changes in the direction of peak loads (166). For instance, suppose an 

archaeologist were to find a femur in the Kalahari Desert and wonder whether 

it was from a chimpanzee or a hominid. The trabecular orientation in the fem-

oral head would show if the bone was loaded in an human-like, up-right ori-

entation or not. Adaptations indicative of habitual bipedalism are present in 

the earliest recognized hominids (167). These ancient biological responses in 

bone are valid still, for instance when bone graft adjacent to a femoral stem is 

incorporated over time. The trabecular alignment after incorporation indicates 

that load has been directed through the graft during healing (12). Prenatal de-

velopment of the acetabulum seems to be highly related to mechanical stimuli 

and gluteal muscles (168). A lack of contact between proximal femur and the 

acetabulum will result in developmental dysplasia of the hip (169). In other 

words, bone tissue is aware of, and responds to, load and compression during 

development, use, and healing.   

  

The limitations of IBG are often discussed. How much bone graft can be im-

pacted before the biological healing halts and is altered to resorption, instabil-

ity and loosening? There is no certain answer, but crucial factors seem to be a 
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certain degree of implant stability and balance between bone resorption and 

bone formation. 

 

Several methods have been used to increase stability in acetabular reconstruc-

tion. These include tantalum augments, structural allografts, stainless steel 

metal meshes (X-change Revision Mesh, Stryker) and, in this thesis, a tita-

nium rim plate (Waldemar LINK, Hamburg). 

 

In paper I, 103 patients had combined defects. Failures were not related to the 

severity of the acetabular bone defect. This is supported by the fact that with 

the linear regression model in paper III, we did not see any significant associ-

ation between bone graft volume and proximal migration. Furthermore, no 

titanium rim plate failed mechanically. This is contradicted by other reports 

where stainless steel meshes have been used. Containment of combined ace-

tabular bone defects with stainless steel meshes is associated with increased 

risk of subsequent revision in several publications (101, 138, 170). In a large 

follow-up from Exeter Hospital (304 cases), Gilbody et al. noted that the only 

factor associated with re-revision was the use of a metal mesh, especially a 

lateral wall mesh, with a hazard ratio of 5 (138).  

 

It should be underlined that a stainless steel metal mesh (X-change Revision 

Mesh, Stryker) and the titanium rim plate (Waldemar LINK, Hamburg) are 

different and not comparable mechanically. However, Waddell et al. reported 

no failure when using stainless steel meshes, at 4 years for Paprosky 3B de-

fects in 21 patients (18).  

 

Even if an acetabular reconstruction with IBG fails in the longer perspective, 

it may facilitate future surgery thanks to bone regeneration. IBG in the ace-

tabulum works without the titanium compressive shell, but the shell has the 

following theoretical advantages: 

1. The surgical procedure has two stages: one reconstructive and one ce-

menting. The reconstructive part focuses on rim re-inforcement, im-

paction and bone graft compression.  

2. After graft impaction and insertion of the shell, additional bone graft-

ing is possible within the segmental defect.  

3. Cement perforation into the graft bed will be controlled and limited. 

4. Stability and compression of the graft bed is increased and hence in-

corporation should be facilitated (not shown in thesis).  

5. Use of a compressive shell could make the procedure more reproduc-

ible by facilitating visual inspection of the compressed graft and as-

suring maintained graft compression throughout the cementing pro-

cedure; however, this remains a speculation. 
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There are also potential disadvantages using the titanium shell: 

1. hardware removal is more difficult if revision is needed 

2. longer surgical time 

 

Our experience is that the shell and the screws are not hard to remove. Com-

pression of dead frozen allograft has been shown to excrete BMP-7 in vitro, 

and thus the shell might increase osteoinductive properties of the graft (171). 

The stability of the reconstruction is, as shown in paper III, good with a prox-

imal migration of only 1.52 mm in mean despite combined bone defects in 6 

of 17 patients.  

 

In paper II (femoral IBG with a Lubinus SPII stem), we report healing of the 

bone graft in most patients and a low rate of aseptic loosening and of PFF. As 

mentioned, “force-closed” and “composite-beam” stems vary in several as-

pects and have two different stem design philosophies. The SPII stem has a 

larger surface compared to the Exeter. A larger surface contributes to stability. 

Load transmission from the stem to the bone differs as well as the stem/cement 

interface. A polished tapered stem is not a prerequisite for a successful femo-

ral IBG. Furthermore, there were no stem revisions due to a Vancouver type 

B PPF in our material, a fracture type over-represented for the Exeter stem in 

general. Whether the incidence of Vancouver type B PFF is higher for IBG in 

combination with Exeter remains to be seen, since published case series sel-

dom use the Vancouver classification for PFF. 

 

Several types of intraoperative fractures—trochanteric fracture, femoral per-

forations, calcar cracks, shaft fractures, etc.,—have been reported in femoral 

IBG studies (65, 172-174). For the patient, such an intra-op incident has minor 

significance as long as it is discovered and treated properly during the surgical 

procedure. The late PFF requiring stem revision or plate osteosyntesis is clin-

ically worse. This is shown by Farfalli et al. (175). They reported 22.4% PFF 

in a cohort of 285 femoral revisions with IBG. However, only 8% occurred 

after the first post-operative year.  

 

The largest follow-up of femoral IBG is from the originating center with the 

Exeter stem. It consists of 705 patients with a follow-up of 15 years. There 

were intra-op femur fractures of different sorts in 16.6 %. At follow-up there 

were another 23 post-operative PFF (3.3%) (172). In another large follow-up 

of 540 cases, Lamberton reported 19.8% intra-operative femoral fractures and 

7-2% post-operative at 7 years, also with the Exeter stem. Of 39 post-operative 

PFF, 10 were considered technical failures, and of the remaining 29, only two 

required stem-revision. Lamberton's large material, with no patient lost to fol-

low-up, reports a total of 27% intra- and post-operative femoral fractures with 

the Exeter stem.  
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In a review of femoral IBG, Scanelli et al. reported post-operative PFF ranging 

from 5.4 – 9.0% with the Exeter stem (176). Others have raised regarding the 

high incidence of early post-op PFF with the Exeter stem in combination with 

IBG (65). The IBG technique with the Exeter stem has been further developed 

to reduce the rate of PFF. The risk of post-operative PFF was decreased by 

bypassing osteolysis at the tip of the loose explanted stem (177, 178). Garcia-

Rey reported a decrease in incidence of PFF after introducing instruments for 

inserting a longer stem (179). Sierra et al. reported only 4.7% post-operative 

PFF if a long (>220 mm) Exeter stem was used.  

 

Apart from our study, only one long-term follow-up exists with IBG in com-

bination with the Lubinus SPII stem, that from Zhang et al. They reviewed 

112 cases followed for 10 years. There were five intra-op femoral fractures 

and no post-operative PFF (59).  

 

In our material intra-operative fractures were uncommon and never missed. In 

cases with substantial bone loss, prophylactic cerclages were occasionally set 

to decrease the risk of a calcar crack during impaction. The patients who had 

to have early revisions due to stem perforations, subsidence etc. with the Ex-

eter stem, were not seen in our or Zhang´s material. This could be a co-inci-

dence since these are only two studies. 

 

Based on the publications above, intra-operative fractures are common with 

the Exeter stem. Perforation and cracks seem to be easily missed during the 

procedure. There are few orthopedic surgeons who have solid clinical experi-

ence with IBG in combination with both Exeter and Lubinus SPII, making it 

hard to draw conclusions or to conduct a randomized study. Another observa-

tion is that post-operative PFF after femoral IBG with the Exeter stem is often 

treated with osteosyntesis alone.  

 

Papers III and IV study the value of CT-scans. Plain radiography is, in many 

ways, a blunt tool to assess the status of a prosthetic implant. Implant migra-

tion less than 5 mm is certainly not see seen as well as bone loss up to 50%.  

 

After publication of papers III and IV in this thesis, several centers have re-

peated precision estimates with the CTMA software, by comparing traditional 

RSA with CTMA (180-182). The precision between the two methods is equal. 

In a study from Vasilieos et al., double examinations of 20 patients were per-

formed with a precision of 0.06-0.20 mm for RSA and 0.06-0.30 for CTMA 

(181). Similar results have been published by Broden et al. (182) comparing 

precision estimates from 10 double examinations with both RSA and CTMA. 

Our reported precision from double examinations with CTMA in papers III 

and IV is similar. Another valuable aspect is that CT-based migration analysis 

does not require tantalum markers in the pelvis bone nor in the implant. Parts 
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of the cortical bone can function as the skeletal reference body with equally 

high precision of the measurements, as shown in paper IV.    

 

Computed tomography will, by a huge margin, increase the sensitivity in 

measuring prosthetic migration and bone mineral density. The threshold for 

detectable migration (95% confidence interval) is 0.14 mm in paper III, and 

0.31 mm in paper IV (without markers). In paper IV, CT-images were ob-

tained from three different scanners (Toshiba, GE Healthcare and Somatom). 

This precision is comparable to conventional RSA measurements (182). The 

mean effective radiation dose ranged from 0.2 to 2.3 mSv. It was highest in 

the Gävle cohort of patients. Unlike traditional RSA measurements, CTMA 

images do not require tantalum markers in the bone. The pelvis cortical sur-

face can be used as the skeletal rigid body and the fitting of the skeletal part 

of interest can easily be checked at the follow-up examination. Solid cortical 

bone surfaces away from the implant render the best conditions for accurate 

measurements. In other words, the CTMA software can measure prosthetic 

migration based on a standard low-dose CT-scan for a standard THA patient 

without additional markers in the skeleton or adaptations of the implant. At-

tempts have been made to decrease the radiation dose further (at the price of 

image quality of the skeletal reference), and the effective dose in several re-

cent publications is below 1 mSv.  

 

BMD could be simultaneously measured with high accuracy and in specific 

regions of interest. To the best of our knowledge, this is the first time BMD 

changes in human allograft bone have been analyzed with QCT. Increase in 

BMD is a proxy for ingrowth and the only clinical failure in paper III had a 

decrease in BMD from 358 mg/cm³ to 265 mg/cm³ at two years. QCT meas-

urements may therefore add valuable clinical information about the remodel-

ing process in allograft bone. In addition to that, implant positioning and pol-

yethylene wear measurements are possible. This information can be obtained 

even with radiation doses less than 1 mSv. Neither paper III or IV had an inter- 

or intra-observer analysis for ensuring measurement accuracy. A control anal-

ysis has been made (but not published) for measurements in paper III. Since 

then, such analyses have been published, confirming a very high inter- and 

intra-observer validity (180). Taken together, CT-scans could replace plain 

radiography for post-operative control of prosthetic implants in general, if 

software for calculations are user-friendly and at reasonable cost. Diagnosing 

prosthetic loosening and evaluating periprosthetic bone quality would be pos-

sible. Migration analysis could then be part of a standard two-year follow-up 

and clinical shortcomings of new implants would be revealed earlier than to-

day. The value of such strategy in clinical practice remains to be studied.      
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Conclusions 

1. A bone graft compressing titanium shell is safe to use in clinical prac-

tice in the long-term. It enables additional bone graft impaction within 

the segmental defect and it may improve clinical outcome by adding 

compression and stability to the acetabular reconstruction. Contain-

ment of combined acetabular bone defects with the titanium plate 

seems beneficial.  

2. Revision hip arthroplasty with femoral impaction bone grafting and a 

cemented matte, collared Lubinus SPII stem gives reliable long-term 

results with a low rate of periprosthetic fractures, especially of the 

Vancouver type B. 

3. Standard computed tomography can be used for precise measurement 

of acetabular component migration in hip arthroplasty patients, with-

out the need for tantalum beads in the skeleton. This finding opens 

possibilities for post-operative surveillance and long-term evaluation 

of hip arthroplasties. There is great potential for further research in 

this field, especially regarding the introduction of new prosthetic im-

plants.  

4. CT-scans offer excellent possibilities to follow changes of peripros-

thetic bone quality in specific regions of interest.  

5. Reconstructions with the rim-plate and compressing shell showed an 

average 23% (95% CI) increase in BMD in the grafted defects at two 

years. The increased bone density is also compatible with revitaliza-

tion of the grafted bone and bone remodeling.  
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Future studies 

This thesis leaves several questions left to answer by clinical research. Some 

possible projects are listed below. 

Bone-graft compression with a titanium shell in acetabular revision 

A randomized clinical trial would be needed to ensure that bone-graft com-

pression with the shell improves clinical outcome and bone-graft incorpora-

tion. A randomized comparison should be made between shell and no shell. 

Many confounders complicate such a study—age, bone defects, bone metab-

olism, surgical technique, impaction quality, drugs, level of physical activity, 

etc. Nonetheless, CT-based analysis of migration and BMD increase in the 

graft would improve sensitivity making the comparison easier. 

 

An interesting finding regarding compression is the work of Board et al., who 

showed release of BMP-7 from fresh-frozen thawed cubes of cancelleous bone 

when compressed (171). How bone graft preparation-methods, including irri-

gation or pasteurization, affect this release is unstudied. Other growth factors 

may also be released. The addition of living cancellous bone chips, from the 

patient, to the graft would also most likely enhance incorporation. 

Femoral impaction bone grafting with “composite beam” type of stems 

The clinical outcome between IBG with Exeter and Lubinus SPII remains un-

clear but available data suggest lower rates of PFF with the Lubinus SPII stem. 

Aseptic loosening is low with the Exeter stem in long-term follow-up studies. 

No patient in paper II required revision surgery due to a PFF. Registration of 

re-operations without stem-exchange is often under-reported to the Swedish 

National Joint Registry. So a valid comparison, including all re-operations, of 

IBG with Exeter versus Lubinus SPII, would require a registry study review-

ing medical records of all the patients or a randomized study. To that end, a 

registry study has been initiated and patient cohorts have been collected from 

different hospitals performing IBG with either Exeter or the Lubinus SPII 

stem.  Preliminary results show that the stem revision rate is not statistically 

different. If re-operations due to PFF differ, this remains to be seen.     
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CT-scans and surveillance of THA patients 

Severe cup loosening can be asymptomatic, especially with cementless im-

plants. When the patients finally develop symptoms, they may already have 

significant acetabular bone defects. The life-time risk for revision after THA 

is 30% for a man under 50 years of age, (87). A post-operative low-dose CT-

scan would increase diagnostic ability if symptoms appear. It could guide the 

physician in assessing if the artificial joint is painful or not. Migration and 

BMD analysis would reveal implants at risk. As young THA patients are likely 

to be revised during their life time, it would be an advantage to follow them 

up with low-dose CT-scans. Exact implant positioning would also be possible 

to evaluate.  

Bone graft and antibiotics 

Deep periprosthetic infection is the last big challenge for arthroplasty in gen-

eral. In this thesis, 30 cases were revised because of a deep periprosthetic in-

fection after IBG in femur or acetabulum. Only one of these patients had a 

recurrent septic failure. To my knowledge, only vancomycin and tobramycin 

are added to bone grafts today. Other agents, for exemple the bio-film-pene-

trating antibiotic rifampicin, should be studied in this regard. The IBG method 

as a one-stage exchange procedure with antibiotics in the graft is promising 

and should be further investigated.   
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Sammanfattning på svenska 

Att byta ut slitna höftleder är en av de mest framgångsrika kirurgiska inter-

ventioner som finns idag. Årligen opereras omkring 1 miljon primära höft-

ledsproteser i världen. I majoriteten av fall fungerar de nästan lika bra som en 

naturlig smärtfri höftled med god rörlighet. Protesens livslängd är ofta lång 

och en majoritet av patienterna behöver aldrig omopereras. Trots detta revide-

ras årligen omkring 2000 höftproteser i Sverige där någon av komponenterna 

byts ut. Den vanligaste orsaken till revision är mekanisk lossning (56%), följt 

av djup infektion (15%), och därefter luxation (14%). Protes-lossning orsakar 

bendefekter (osteolys) och försämrar benkvalitén omkring protesen. Detta 

medför att den sekundära höftprotesen är svårare att fixera till skelettet. En väl 

dokumenterad metod att hantera bendefekter är benpackning. Metoden inne-

bär att dött nedfruset ben ofta i form av ett lårbenshuvud som rutinmässigt tas 

bort vid en primäroperation transplanteras och används till en patient som ut-

vecklat bendefekter. Benet prepareras och mals i en benkvarn innan det packas 

med avsedda instrument i bendefekterna. Den nya protesen fixeras mot det 

packade döda benet. Trots att benbädden av dött ben utsätts för stor mekanisk 

belastning så läker benet in och blir till slut kroppseget. Samtliga patienter i 

denna avhandling är opererade med benpackning i lårbenet eller i bäckenet. I 

lårbenet har denna metod tidigare framför allt använts kring höftprotesen av 

modell Exeter.   

 

“Förankringsstabiliteten” av en ny-insatt protes kan mätas över tid med speci-

ella undersökningar. Micro-rörelser (protesmigration) under de två första 

post-operativa åren förutser protesens livslängd med hög noggrannhet. En led-

skål som t ex förflyttat sig 3 mm i kraniell riktning under två år löper en be-

tydligt högre risk för tidig revision än en som migrerat 0,2 mm. Därför bör 

alla nya protester genomgå kliniska prövningar där protes-migrationen mäts 

innan de saluförs på marknaden – något som tyvärr inte alltid sker. Dessa mät-

ningar kräver ett speciellt radiologiskt laboratorium (RSA-lab) med dedikerad 

utrustning. Metoden används inte rutinmässigt i klinisk praxis – trots dess 

stora värde. 

 

Denna avhandlings övergripande mål är att förbättra omhändertagandet av pa-

tienter som genomgår omoperation av en tidigare utförd höftprotesoperation 

på grund av lossning och uppkomna bendefekter.  
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I flera delarbeten undersöks om kompression av ben-transplantat i acetabulum 

med en titanium-korg förbättrar inläkning, implantatets stabilitet och kliniskt 

resultat. 

 

Vi har studerat om benpackning i lårbenet med en annan protes-design än den 

mest använda Exeter-stammen ger likvärdiga långtidsresultat baserat på jäm-

förelse av redan publicerade data. 

 

I avhandlingen undersöks också om protesens förankringsstabilitet kan mätas 

med hög noggrannhet med användning av datortomografi. 

Metodik: 

Arbete I och II är retrospektiva långtidsuppföljningar.  

 

Arbete I utgörs av 170 patienter opererade med kompressions-korg i Gävle 

och Sunderbyn. 

 

Uppföljningen innehåller klassifikation av bendefekter, klinisk score pre- och 

post-op, radiologisk bedömning av ben-transplantatets inläkning, anatomisk 

korrektion av höftledens rotationscentrum samt förekomst av sekundär ki-

rurgi. Endast en patient är inte uppföljd. 

 

Arbete II är en långtidsuppföljning av benpackning kring Lubinus SPII stam-

men.  

 

Arbete III är en prospektiv studie av benpackning i bäckenet på 17 patienter. 

Förankringsstabiliteten har utvärderats över tid med hjälp av tre post-operativa 

datortomografi-undersökningar. Vidare har, för första gången, bentäthet och 

förankringsstabilitet mätts samtidigt. 

 

Arbete IV utvärderar precisionen vid migrationsanalys som baserats på under-

sökningar med datortomografi.   

Slutsatser: 

Kompression av bentransplantat i acetabulum med en titanium-korg ger goda 

resultat och är en säker metod att använda. I denna stora kohort är endast 11 

patienter reviderade efter uppföljningstid på i medeltal 7 år. I majoriteten av 

operationerna hade det transplanterade benet läkt in och höftledens rotations-

centrum hade korrigerats.  

 

Sannolikt kan större bendefekter behandlas med benpacknings-metoden om 

korg används. En majoritet av patienterna hade kombinerade bendefekter. 
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Ingen kant-förstärkningsplatta lossnade eller gick sönder vilket har rapporte-

rats vid användning av alternativa metoder.  

 

Arbete II visar att benpackning i lårbenet med en Lubinus SPII stam kliniskt 

fungerar mycket väl även vid en längre uppföljning. Det transplanterade benet 

läker in och ingen patient reviderades pga en periprostetisk fraktur omkring 

stammen – en komplikation som rapporterats ofta vid användning av den pro-

tesstam (Exeter) som användes när metoden utvecklades från början. Ben-

packnings-metoden förutsätter inte en viss höftprotes-design. 

 

Vanliga datortomografi-undersökningar kan med hög noggrannhet mäta pro-

tes-migration. Bentätheten ökar, ett fynd som talar för inläkning, redan efter 

6v och även efter 2 år. Trots utmanande fall med stora bendefekter är migrat-

ionen i studie III låg, när titanium-korgen används. 

 

Vi har även visat att datortomografi-undersökningar möjliggör samtidig ana-

lys av migration och bentäthet – något som aldrig analyserats förr i en och 

samma undersökning.  

 

Sannolikt kommer datortomografi på sikt ersätta konventionella röntgenun-

dersökningar i klinisk praxis eftersom benets morfologi, protesens fixation 

och omkringliggande benkvalité kan studeras samtidigt med användning av 

en och samma metod. 
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