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Abstract

Aseptic loosening is one of the major reasons for re‐revisions of cementless revision

stems. Insufficient primary stability is associated with bone characteristics and the

surgical process. This study aimed to investigate how femur morphology and

preparation methods influence the primary stability of revision stems. The Femur

morphology was described by the upper femoral curvature (UFC) and an individualized

Dorr type classification based on the ratio between the canal‐to‐calcar ratio (CCR*) and

the cortical index (CI*) introduced as the cortical‐canal shape (CCS). Manual and

powered reaming in combination with helical and straight reamers were used to prepare

the bone cavity of 10 cadaveric human femur pairs. Forces during stem impaction were

recorded (Reclaim, Depuy Synthes). Micromotion at the bone–implant interface during

cyclic axial loading and torsional load to failure was determined. The CCS and impaction

forces (R2 = 0.817, p < 0.001) or torsional strength (R2 = 0.577, p < 0.001) are inversely

related. CCS did not correlate with micromotion during axial loading (R2 = 0.001,

p > 0.999), but proximal femoral curvature did (R2 = 0.462, p = 0.015). Powered reaming

and straight reamers led to an improved torsional strength (both: p = 0.043). The

Individualized Dorr classification CCS and UFC allows a good estimation of the primary

stability of revision stems. For severely curved Dorr type‐C femurs, an alternative

anchorage method should be considered clinically.
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1 | INTRODUCTION

Primary total hip arthroplasty (THA) exhibits success rates above 96%

within the first 5 years.1–3 Changing demographics come along with

increasing physical activities among older patients and increased

expectations for life quality. Hence, the worldwide number of primary

THA and revision procedures is also increasing,4 especially in the

elderly.2 With aging and consecutive interventions, the bone quality and

the remaining bone stock decline,5–9 and surgeons can not rely on the

proximal trabecular bone structure.10 Tapered revision stems, anchoring

distally in the diaphysis, become the preferred choice of the

surgeon.11–13 The majority of re‐revisions are caused by aseptic

loosening—potentially introduced by excessive micromotion between

stem and bone.14–17 In particular, stem subsidence occurs frequently
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with cementless revision stems.18,19 Postoperative stem subsidence less

than 2mm20 and micromotions of less than 30µm are considered

harmless,21,22 while micromotions >150µm are considered an

unfavorable condition for osseointegration.23

Patient‐related factors such as femur shape or bone quality but also

upper femoral curvature (UFC) may have an impact on the primary

stability of cementless revision stems. Bone quality and decreased

femoral strength are often age‐related24 and associated with

comorbidities.25 Macroscopically, the femoral morphology is usually

described by the Dorr type.26 Femurs of young, active patients often

have a funnel‐shaped medullary cavity with a thick cortex categorized as

Dorr type A. Femurs with a stove‐piped shaped canal and a thin cortex—

common in the elderly27—are assigned to Dorr type C. Since revision

stems are anchored in the diaphysis, the cortical morphology of the femur

influences the stability. Dorr type C bones with reduced bone strength

often require stems with larger diameters.27 Preoperative determining of

the bone morphology according to the Dorr type is important for

planning but usually is only performed qualitatively. Dorr's classification

either refers to the canal‐to‐calcar ratio (CCR) or the cortical index (CI),

determined at fixed positions without considering body‐specific factors

such as patient height,26,28 and an ideal AP orML view orientation cannot

be guaranteed. Furthermore, using the CCR or the CI does not necessarily

yield the same Dorr type for a specific femur, which makes a unique

classification impossible in some cases. Combined, this can lead to

ambiguous results even for the most experienced surgeons.29,30 A unique

classification to evaluate the morphology of the proximal femur based on

the original work of Dorr is desirable to support surgeons' implant choices

and to elucidate differences in clinical outcomes.

In addition to proximal femur morphology, especially important

for elderly,2 the cavity preparation method bears the potential to

influence the outcome of the procedure. Likewise, in primary THA,

where preparation affects stem seating for low bone mineral density

(BMD),31 broach design influenced the shape of the cavity,31 this

could also apply to the reamer design in revision THA. Furthermore,

manual reaming could cause more variable cavities compared to

powered reaming. However, the effect of these factors on the

primary stability of revision stems has not been fully investigated.

This study aimed to investigate how femur morphology and

preparation methods influence the primary stability of revision stems.

2 | METHODS

Ten femur pairs from human donors (7 female, 3 male, 74.8 ± 6.1

years, range 65–84 years) were excised post‐mortem and stored

below −20°C.32 The Ethics Commission of the Medical Association

Hamburg (WF‐067/18) approved this study.

2.1 | Femur analysis

CT scans (Brilliance 16, Philips) with a calibration phantom (QSA, QRM)

were taken (voxel size: 0.5 × 0.5 × 0.5mm3) and Hounsfield units were

converted to BMD in terms of Calcium‐Hydroxyapatite per milliliter

(Structural Insight 3, University Medical Center Schleswig‐Holstein33).

The BMD of the cortical bone was determined at a 10mm wide ring of

the femur shaft, 100mm below the trochanter minor (threshold: [500,

1500mgHA/cm3]; AVIZOLite 9.7.0, Thermo Fisher Scientific). The

cortical bone and medullary canals were segmented based on thresholds

(cortical bone: 500–1500mgHA/cm3; medullary canal: −250 to

500mgHA/cm3).31 CT data were pre‐aligned based on the homoge-

neously distributed point cloud of the cortical shell using its three main

principal components (Matlab 2020b, The MathWorks).

Percentages of donors' body height (BH) were used as body‐

specific measures for femur classification. The anatomical femur

axis was defined by a best‐fit line through the diaphysis between

2% BH (z2%) and 8% BH (z8%) distally to the trochanter minor

(TM). This femur section was further divided into two equal

sub‐sections (z2% to z5% and z5% to z8%) and used to determine the

UFC (β) as the angle between the respective canal axes of the

sub‐sections (Figure 1A).

Individual body‐height‐specific femur types CCR* and CI*

(* stands for the individualized adapted method) on the bases of

Dorr et al.26 were determined, by replacing the fixed positions of

30 mm (z30mm) and 100 mm (z100mm) below the TM with body‐

specific measures of 1.7% BH (z1.7%) and 5.8% BH (z5.8%).

Positions are the same for an average German body height of

172 cm34 (Figure 1B, Equation 1).

⇒

CI=
D − D

D

= 1 −
D

D
1 −

D

D

BH

cort,100mm im,100mm

cort,100mm

im,100mm

cort,100mm

im,5.8%

cort,5.8%

(1)

AP and ML (Lauenstein) radiographs were replaced by cross‐sectional

areas of the cortical shell (Acort) and the intramedullary canal

(Aim) determined from CT data. Equation (1) refers to the diameter

that is available in the x‐ray projection. In CT images, however, the

cross‐sectional area is available, which is roughly proportional to

the square of the diameter. Hence, the individualized CI* was

determined from the medullary cross‐sectional area Aim,5.8% and the

cortical cross‐sectional area Acort,5.8% (Figure 1B; Equation 2).

A

A
CI* = 1 −

im,5.8%

cort,5.8%
(2)

To describe the conical shape of the intramedullary canal, the

originally fixed positions to determine the canal diameters at 30mm

(Dim,30mm) and 100mm below the TM (Dim,100mm) were expressed as a

percentage of the body height (Equation 3).

⇒
D

D
CCR = =

7

10∙ − 3

7

10∙ − 3
D

D

BH

D

D

im,100mm

im,TM
im,30mm

im,100mm

im,1,7%

im,5.8%

(3)

Inline with the former, the individual CCR* was determined with

cross‐sectional areas instead of diameters (Figure 1B, Equation 4).
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⋅
CCR* =

7

10 − 3
A

A

im,1.7%

im,5.8%

(4)

The ratio between CCR* and CI* (CCR*/CI*) is further referred to

as the cortical‐canal shape (CCS) and is used to evaluate the in‐vitro

experiments.

2.2 | In‐vitro experiment

Revision stems (Reclaim Revision Hip System, stem‐length: 140mm;

Depuy Synthes; Figure 2) were implanted by one experienced

surgeon using different cavity preparation methods. First, the drive

method for reaming was varied, with manual reaming on one femur

(n = 5) and powered reaming on the contralateral femur (n = 5) using

helical reamers. Second, standard helical reamers (n = 5) were used on

one and straight reamers (n = 5) on the contralateral femur both with

powered mode. During cavity preparation, reamer diameters were

stepwise increased (1mm) until the surgeon perceived sufficient

stability. The final depth and position of the reamer were measured

with respect to the greater trochanter by a digitalized caliper.

Afterward, specimens were embedded (Technovit 4004, Kulzer

GmbH) aligned with the reamer axis. Stems were implanted using a

drop tower with subsequently stepwise increasing energy

(10 impactions at 3 J and 5 impactions at 4, 5, 6, and 7 J each) until

the desired stem position (as reamed) was reached (Figure 3A). In

case the intended stem position could not be achieved after this

protocol, implantation was discontinued. Impaction forces (Kistler

9333A) and the implantation depth per impact were recorded.

Specimens were mounted with the implant axis aligned from

joint center to joint center of two Cardan joints (Figure 3B). Primary

(A) (B)

F IGURE 1 (A) Parameters used to determine the upper femur curvature (UFC). The respective curvature was derived as the angel
(β) between the canal axes of a proximal (2%–5% of body height below the trochanter minor) and a further distal section (5%–8% of body height
below the trochanter minor) of the femural canal. (B) Body‐height‐specific parameters used to compute the individual cortical index (CI*) and the
canal‐to‐calcar ratio (CCR*). The intramedullary areas (Aim) are indicated by purple circles at the respective positions (z). The area of the cortical
shell (Acort) is indicated by an orange circle. [Color figure can be viewed at wileyonlinelibrary.com]

F IGURE 2 Representative illustration of the Reclaim stem. In the sectional view, the profile with eight vertical fins is visible.

KONOW ET AL. | 3
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stability was determined during force‐controlled cyclic sinusoidal

axial compression load (1 Hz, 200–2000N, 30min; Bionix II, MTS).

Axial point‐to‐point micromotion between implant and bone is

measured at the proximal head resection area using digital image

correlation (DIC, ARAMIS 3D Camera, GOM) at seven definite time

points (10 cycles at the beginning and 10 cycles every 300 cycles,

25 fps, measuring volume: 100 × 80 × 50mm3, 2752 × 2200 pixels,

marker diameter 0.4 mm, 5 µm measurement noise). The proximal

sections of the distal stems were machined to enable the torsional

machine‐implant load transfer during the torque‐to‐failure tests.

These changes had no effect on the bone–implant interface. Ultimate

torque to failure (angular velocity: 0.5°/s) was determined in

combination with a static axial preload (500N).

2.3 | Statistical analysis

Statistics were performed with a type I error level of 0.05 (SPSS 24.0,

SPSS Inc.). Multiple Pearson correlations were used to identify

relations between the parameters. Wilcoxon sign‐rank analysis was

performed to determine effects within paired femurs.

3 | RESULTS

The cortical BMD (1012.4 ± 67.3 mgHA/cm3) was the same within

femur pairs (p = 0.970, 1−β = 0.011) and in both study groups

(p = 0.462, 1−β = 0.110). A high level of symmetry between femur

sides was found regarding the UFC (p = 0.389, 1−β = 0.066) and the

CCS (p = 0.954, 1−β = 0.022). UFC and CCS were also similar for

specimens of both study groups (4.2 ± 1.3°, p = 0.526, 1−β = 0.094;

1.14 ± 0.18, p = 0.668, 1−β = 0.070). Femur length increased with

increasing body height (R2 = 0.83, p < 0.001).

Body‐specific CCR* yielded results similar to standard Dorr CCR

(p = 0.349, 1−β = 0.148). Differences were seen with regard to CI* for

small patients (<165 cm; p = 0.043) and larger patients (>175 cm;

p = 0.028). In 90% of the observed specimens, the CCR* and the CI*

classification led to different Dorr types—alike CCR and CI. A

negative correlation between CCR* and CI* (R2 = 0.399, p = 0.003;

Figure 4) was found. To differentiate between Dorr types A*, B*, and

C* Dorr's cutoff limits for the CCR and the CI were applied to the

(A) (B)

F IGURE 3 (A) Schematic display of the drop tower used for stem impaction. Dynamic impaction forces were recorded with a dynamic load
cell. (B) Schematic display of the experimental setup in the servo‐hydraulic testing device. A torque‐free load transmission was possible through
the use of two Cardan joints. [Color figure can be viewed at wileyonlinelibrary.com]

F IGURE 4 The canal‐to‐calcar ratio (CCR*) as a function of the
cortical index (CI*) exhibits a negative correlation (f(x) = 1−0.5x; p = 0.
003). The cutoff limits for the Dorr classification according to the
CCR and the CI are indicated in black.26 The cutoff limits for the
modified classification (CCS) are indicated in orange (values are given
in Table 1). [Color figure can be viewed at wileyonlinelibrary.com]

4 | KONOW ET AL.
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ratio CCR/CI and CCS, respectively (Table 126). A linear function from

the origin through those hereby generated points represents the new

cutoff limits (Figure 4). The majority of femurs were assigned to the

Dorr type A* (A* = 12, B* = 4, and C* = 4). Patient's height did not

correlate with the CCS (p = 0.588).

Thirteen implants (65%) were impacted to the desired position

while 7 implants (35%) showed an elevated position (Mean elevation:

6.0 ± 3.0mm). Maximum impaction forces and energies were similar

independent of the reaming method (Forces: 6.5 ± 1.9 kN, p = 0.946,

1−β = 0.068; Energy: 90.6 ± 50.4 J, p = 0.830, 1−β = 0.094). A paired

analysis of the isolated subgroups neither revealed differences. UFC

neither affected impaction forces (R2 = 0.006, p = 0.743, 1−β = 0.061)

nor the required impaction energy (R2 = 0.003, p = 0.805, 1−β = 0.055).

Impaction forces increased with decreasing CCS (R2 = 0.806, p < 0.001;

Figure 5). Higher demand of impaction energy was associated with

decreasing CCS (R2 = 0.721, p < 0.001).

Seven specimens (35%) exhibited small cyclic micromotions of

less than 5 μm (0.5 ± 2.4 μm; five fully seated, two not fully seated),

which is within the noise of the DIC system. Thirteen specimens

exhibited reasonable micromotions of 32.7 ± 30.9 μm. Micromotions

did neither depend on reaming method (p = 0.405, 1−β = 0.229) nor

on cortical BMD (R2 = 0.096, p = 0.183, 1−β = 0.269) nor on the CCS

(R2 = 0.019, p = 0.552, 1−β = 0.089). For specimens exhibiting micro-

motions above 5 µm, a positive correlation was found with increasing

UFC (R2 = 0.453, p = 0.015; Figure 6). Moreover, micromotions came

along with increased stem subsidence (R2 = 0.317, p = 0.010), but

stem subsidence was found to be small (−10.5 ± 22.7 μm). Bone

morphology did not affect stem subsidence (CCS: R2 = 0.004,

p = 0.778, 1−β = 0.057; UFC: R2 = 0.025, p = 0.509, 1−β = 0.102).

Powered reaming resulted in a 21% increased torsional strength

compared to manual reaming (p = 0.043, 1−β = 0.361, Figure 7B).

Straight reamers appeared to be 11% superior compared to helical

reamers in terms of torsional strength (p = 0.043, 1−β = 0.361;

Figure 7B). With a decreasing CCS higher torsional strength was

observed (R2 = 0.579, p < 0.001; Figure 7A).

4 | DISCUSSION

Specimens of the given cohort have been unaffected by primary

implantation and consequently did not have bone defects or losses—

unlike those seen in the clinical situation with revisionTHA. However,

proximal bone defects hardly affect the fixation of the stem in the

diaphysis and thus the findings are regarded to be transferable. No

degenerated bone structures were found with the majority having a

CCS below 1.3 (Dorr type A* or B*). Whether the results would be

different if more Dorr type C* samples with poor bone quality were

included remained unclear. The homogeneity of paired specimens

between study groups concerning BMD and CCS indicates that the

evaluation of the different preparation methods was not recently

influenced by donor‐specific anthropometric characteristics. The

contact area between bone and implant was found to influence the

TABLE 1 Cutoff values for CI, CCR, and CCS to categorize the femurs into Dorr and adjusted Dorr* types26

Dorr type24 CI CCR Dorr type* CCS

A >0.49 <0.58 A* <1.18 (0.58/0.49)

B [0.40, 0.49] [0.58, 0.62] B* [1.18, 1.54]

C <0.40 >0.62 C* >1.54 (0.62/0.40)

Abbreviations: CCR, canal‐to‐calcar ratio; CI, cortical index; CCS, cortical‐canal shape.

F IGURE 5 Statistically sig. negative correlation between
maximum impaction force and the CCS. CCS, cortical‐canal shape.

F IGURE 6 Statistically sig. positive correlation between the
micromotion and the UFC for specimens exhibiting more than 5 μm
of micromotion. UFC, upper femoral curvature.

KONOW ET AL. | 5
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torsional strength.35 Since the tested stems had only a small

difference in stem size (15 ± 1), the contact area was assumed to

be similar since the stem‐length, the number of vertical fins and their

shape was identical. The observed torsional strength within the

bone–implant interface was slightly above the loads occurring during

high‐load activities like jogging.36

The use of body‐height‐specific measures to determine CCR*

and CI* is justified by the correlation of BH and femur length found in

this study alike to previous ones.37,38 The body‐specific normalization

solely results in minor changes for most femurs, but larger or small

patients might benefit from this approach. Percentages of donors'

body heights with decimal places were used to reflect the constant

positions suggested by Dorr and the average BH of the donors'

population. However, simplified percentages, for example, 2% and

6% should work similarly. Threshold‐based CT detection of cortical

and trabecular bone is advantageous compared to 2D projections due

to its reproducible results without positioning errors during image

acquisitions but requires quantitative CT scans. Since CT scans are

recommended before revisions, the patient would not be exposed to

additional radiation.39 The semi‐automatic, numerical determination

of femoral morphology, additionally improves the inter‐ and

intraobserver reliability deplored in literature29,30 and could be

implemented fully automatically in modern preoperative planning

software. The negative correlation between CCR and CI was already

mentioned by Dorr et al. but not pursued further.26 Thus, the Dorr

type is often determined by just one parameter, either by CCR or CI

with potentially contradictory results, limiting the comparability of

different studies. The newly introduced CCS not only describes the

correlation between CCR* and CI*, but also serves as a unique

measure to quantify femoral morphology, which may positively

influence preoperative planning through correct implant selection

and might prevent complications during or after revision surgery.

Standard powered reaming appears to be superior compared to

the manual approach since it is time‐efficient, involves less physical

work and yields to higher torsional strength, presumably due to a

more uniform cavity. It is uncertain whether straight reamers further

improve the junction due to their changed geometry or merely due to

the sharper cutting edges caused by the less previous operating time

of the reamer.

One‐third (35%) of stems exhibited micromotions of less than

5 μm, in the range of the signal noise, and therefore, no

correlations between micromotion and CCS or BMD were

observed. The lower performance observed in curved femurs in

terms of increase in micromotion may be related to a smaller

contact area within the less congruent interface, which is known to

reduce primary stability.35 Mechanically, a low CCS with a high

BMD (R2 = 0.47, p = 0.002), as found in Dorr type A bones,

increases system stiffness leading to higher impaction forces and

energies which improves primary stability. In contrast, the thin

cortex of Dorr type C bones with low BMD, often found in elderly

patients most commonly affected by revision THA,2,27 does not

provide comparable radial pressures at the implant–bone interface

to achieve similar torsional strength. For these specimens, in

particular, the maximum torsional moments are close to loads

projected for activities like jogging.36

Overall, femur morphology appears worthwhile to be considered

during cementless revision THA, because of the exhibited correlation

between impaction force, impaction energy, and bone‐related

parameters (BMD, CCS, and UFC) with primary stability.

5 | CONCLUSION

With the CCS a unique Dorr type* can be determined for any femur.

Including body‐height‐specific measures and a semi‐automatic

computation of the CCR* and the CI* from three‐dimensional CT

data improves the reproducibility and reduces inter‐/intraobserver

variations. The CCS appears to be able to predict the mechanical

relationships between bone and implant, and such may support

adequate prosthesis selection. Apart from the clinical situation, this

(A) (B)

F IGURE 7 (A) Maximum torsional strength regarding the different reaming approaches. Pairwise statistical analysis revealed differences
between manual and powered reaming as well as between helical and straight reamers. (B) Decrease in torsional strength with increasing
CCS. CCS, cortical‐canal shape. [Color figure can be viewed at wileyonlinelibrary.com]
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allows objective body‐specific femoral morphological parameters to

be used for in‐vitro analysis. Since micromotion is affected by UFC

and torsional stability by CCS, it may be worthwhile to consider both

parameters in combination. In contrast to bone morphology, the

preparation method plays a minor role for primary stability. Slight

advantages of powered compared to manual reaming and the reamer

geometry will most likely not decide the revision's success. A

combination of several adverse factors may lead to early implant

failure and re‐revision. In severely curved type C* femurs that have

been manually prepared, primary stability could be critically

compromised, so an alternative anchorage method may be beneficial

for these patients.
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