
JAMES A. ST. VILLE, JOHN A. ECKER, JAMES M. WINGET, AND MERI H. BERGHAUER 

THE ANATOMY OF MIDTHIGH PAIN 
AFTER TOTAL HIP ARTHROPLASTY 

A study was conducted to determine the probable sources of midthigh pain following human total hip joint 
replacement surgery (arthroplasty) using uncemented prostheses. Standard finite-element analysis tech
niques are used to determine the implications of several clinical situations. Stem length, implant material, 
and loading conditions are examined, and the results are correlated to various laboratory and clinical find
ings. A cascade chart, based on changes in the stress and strain environment within the femur after total hip 
arthroplasty, details the physiologic events that result in midthigh pain. 

OVERVIEW 

Midthigh pain is an iatrogenic problem (i .e. , an inad
vertent effect of treatment) that has developed with the 
advent of total hip arthroplasty, the surgical procedure in 
which affected bone of the femur is resected and a 
prosthesis is inserted into the resulting cavity. The im
plant device may be secured with bone cement or, in
creasingly, by using a press-fit without cement (Fig. 1). 
Midthigh pain is more common in uncemented femoral 
components than in cemented implants and can last two 
years or longer. Midthigh pain appears more frequently 
in very active patients; correlative relationships to sex 
and bone quality have not yet been determined. Classic 
midthigh pain is described as a dull, aching sensation, of
ten worsening with such activities as climbing stairs and 
rising from a chair. The etiology of this pain is not ade
quately understood, but it is perceived to be related to the 
stiffness mismatch between the bone and the implant 
material. 

This study closely explores the stress/strain relation
ships in the femoral diaphysis (shaft) at the tip of the 
femoral component under various clinical situations: 
different loading conditions, stem lengths, and implant 
material properties. In addition, this report introduces a 
new scientific method of interactive volumetric render
ing of finite-element data, a display technique that en
ables visualization of three-dimensional spatial location 
and orientation of stress isosurfaces. Interactive manipu
lation of these isosurfaces makes possible easy correla
tion with previous clinical, radiographic, laboratory, and 
nuclear medicine findings. Using this technique, stress 
type (principal stresses, stress intensity, Hencky-von 
Mises stresses), stress magnitude, area of distribution, 
and orientation of stress isosurfaces can be displayed and 
controlled in real time. 

The cortex (outer layer of hard bone responsible for 
strength and stiffness of the femur) and the cancellous 
bone (soft inner core of the femur structure, commonly 
referred to as bone marrow) were mathematically 
modeled. An uncemented, collarless, press-fit femoral 
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component was modeled within the femur under eight 
different clinical situations. The first group consisted of a 
cobalt--chrornium alloy femoral component with three 
different stem lengths: hort (117 mm), standard (132 
mm), and long (147 mm). The second group consisted 
of a standard-length femoral component made of three 
different materials: cobalt--chromium alloy, titanium al
loy, and polysulfone composite. The third group simulat
ed a standard-length cobalt--chrornium stem subjected to 
one-leg stance (normal walking gait) and rnidrise (get
ting out of a chair) loading conditions. 

Increasing stem length tended to increase both stress 
distribution and magnitude in the cancellous bone, just 
proximal to the stem tip on both the axial tension and 
compression sides. All models, regardless of stem 
length, had peak cortical stress isosurfaces at or slightly 
distal to the level of the stem tip. At 90° to the peak corti
cal stress isosurfaces, the cortical stresses approached 
zero, representing the transition point from tensile to 
compressive stresses (neutral stress plane). 

The effects of different material properties demon
strated similar patterns of cortical stress distributions for 
the cobalt--chromium alloy and the titanium alloy. The 
cobalt--chromium alloy had slightly higher endosteal 
(i.e. , located within the cancellous bone) stress magni
tudes, whereas the peak cortical stress magnitudes were 
essentially the same. In comparison with the two metals, 
the polysulfone composite implant had unique endosteal 
and cortical loading distributions and magnitudes. Load
ing distribution appeared to be homogeneous throughout 
the cortical and endosteal layers, without separate areas 
of peak cortical and peak endosteal magnitudes. The 
polysulfone composite implant allows a more uniform 
stress transfer distributed over larger cortical and en
dosteal areas when compared with either of the metal im
plants. 

The variable loading condition study demonstrated 
similar stress patterns in the one-leg stance and midrise. 
Variations between these two loading situations were in 
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the magnitudes of peak Hencky-von Mises stresses and 
the orientation of both the stress isosurfaces and the neu
tral stress plane. Hencky-von Mises stress describes a 
multiaxial stress state using a single value. The associat
ed theory (also referred to as the maximum distortion 
energy theory) presents a criterion for predicting ductile 
yielding using the Hencky-von Mises stress of the com
bined loading. The Hencky-von Mises failure criterion is 
commonly accepted as a plasticity flow rule and is recog
nized for its accurate prediction of ductile failure . In 
midrise, the peak cortical and endosteal magnitudes are 
much greater, reflecting the higher pressures on the fem
oral head that result from the act of getting out of a chair. 
The orientation of midrise peak stress magnitudes is 
about 90° (rotated about the long axis of the femur) to 
the orientation of one-leg-stance peak stresses. This 
study clearly demonstrates that peak cortical stresses mi
grate along the cortex surface and that peak endosteal 
stresses migrate within the cancellous bone, correspond
ing to a concurrent orientation change of the neutral 
stress plane within the femoral component stem. 

Patterns of stress isosurfaces at the femoral stem 
correlate with reported radiographic bone remodeling 
changes of cortical thickening 1 and endosteal consolida-
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Figure 1. Representative anatomy of 
a total hip arthroplasty showing resect
ed femur with a press-fit (uncemented) 
femoral prosthesis and an artificial 
acetabular cup. Terms in red are direc
tional indicators. Anterior (front) and 
posterior (rear) are not shown. 

tion.2 The orientation and magnitudes of these stresses 
are such that both cortical and cancellous bone remodel
ing would be expected?-6 Additionally, the predicted 
stresses are great enough to cause bone microfractures.7

-
9 

The presence of any femoral prosthesis in the medul
lary cavity may increase the effective stiffness of the 
proximal femur (near the hip joint). Stresses generated 
by this stiffness mismatch result in localized areas of 
microfractures, localized stem micromotion, and zones 
of stress-induced bone remodeling in the cortical and 
cancellous bone. The unmyelinated type-C nerve fibers 
accompanying the blood vessels in the osteon (the "liv
ing" organ of the bone) and the trabecular (cancellous) 
bone may be subjected to these localized changes of 
stretch and pressure, resulting in the classic dull, aching 
sensation that is characteristic of midthigh pain. IO

, 11 The 
pain presumably continues until bone remodeling is 
completed and a new bone ultrastructure is formed to ac
commodate this unphysiological stiffness mismatch. 

INTRODUCTION 
Total hip arthroplasty began in 1958, when Sir John 

Charnley implanted the first artificial hip in a human. 12 

Some 120,000 total hip arthroplasties are now performed 
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each year in the United States. Over the past three de
cades, femoral component design rationale has continu
ously changed to address various clinical problems that 
have evolved from the previous generation of total hip 
designs. Initial de igns had relatively short stems with 
small cross-sectional areas, and usually they were ce
mented in the femur (Fig. 2A). Frequent implant fatigue 
failures and loosening at the bone-to-cement interface 
resulted in new pro thesis designs, including longer 
stems with larger cross-sectional areas, un cemented pros
theses, and porous surface coatings (for bone ingrowth) 
(Fig. 2B).13 

Over the past seven years , the incidence of rnidthigh 
pain associated with uncemented femoral total hip re
placements has increased worldwide (T. A. Gruen, per
sonal communication, 1989).14-18 Patients with high ac
tivity levels, namely younger patients and active older 
patients, are most likely to experience problems. It is not 
well understood to what degree midthigh pain correlates 
with the stress/strain relationships at the femoral compo
nent tip that result from unphysiological bone-to-implant 
stress mismatch. Nonetheless, clinical findings of in
creased pain resulting from high loading activities, such 
as stair-climbing and getting out of a chair, indicate that 
an association does in fact exist. 

The pain often resolves over a two-year postoperative 
period but occasionally persists longer. Bone is essential-

A 

B 

Figure 2. Examples of femoral prostheses used in total hip ar
throplasty. A. Earlier Charnley (cemented) implants with charac
teristic short, slender femoral stems. B. Newer implant designs 
(cemented and uncemented) with thicker femoral stems and nov
el fixation techniques. (Reprinted, with permission, from Ref. 13.) 
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ly a natural, living, composite material capable of adapt
ing to changes in its loading environment by remodeling 
its internal structure to produce different mechanical 
properties (stiffness , strength, and orientation of rein
forcing fibers). Engh 1 de cribed three clinical phases as
sociated with bone remodeling and midthigh pain. The 
acute or traumatic phase (0-3 months) results in devel
opment of microfractures and subsequent fracture callus 
formation. During the adaptive phase (3 months to 2 
year ), bone reacts to the new stress fields and undergoes 
bone remodeling in accordance with Wolff's predictions. 
During the stable phase (more than two years), bone 
remodeling is static and the bone/implant structure is in 
dynamic equilibrium. 1 Clinically, midthigh pain appears 
to cease with the beginning of the stable phase. 

This article describes a representative mathematical 
model of an uncemented, collarless, press-fit total hip 
replacement. The predicted stress/strain relationships in 
the cortical and cancellous bone at the tip of the femoral 
component are examined under various clinical situa
tions: three different lengths of stems, three different ma
terial properties, and two different loading conditions 
(one-leg stance and midrise). 

An innovative computer visualization technique was 
developed for interactive volumetric rendering of finite
element data and analytical comparisons. The technique 
correlated the re ults of this study with clinical, radio
graphic, laboratory, and nuclear medicine findings to 
substantiate the cascade chart of physiological changes 
that result in midthigh pain. 

MODEL DESCRIPTION AND LIMITATIONS 

A three-dimensional finite-element model of a total 
hip aJ1hroplasty was developed to understand the rela
tionship of stress distribution, magnitude, and orientation 
to midthigh pain. The usefulne s of uch a model de
pends on its ability to characterize real clinical issues 
while minimizing the number and degree of the mathe
matical approximations. The goal of this project was to 
develop a "representative" mathematical model of an ar
tificial hip replacement that reliably predicts stress trends 
adjacent to the femoral stem. Correlation of the results 
of this study with test re ults is considered later (see 
Discussion). 

A linear finite-element analysis was performed as
suming perfect connectivity (i.e. , a well-bonded inter
face) between nodes at the cortical-to-cancellous bone 
interface and the cancellous-to-implant interface. The 
model consisted of 5207 nodes and 5040 isoparametric 
solid elements. Both hexahedronal and pentahedronal 
elements were used to ensure accurate shape adherence 
with the computed tomography ( CT ) geometry data 
(Fig. 3). The cortical bone was modeled as transversely 
isotropic (elastic modulus [E] = 11.0 to 17.0 Gigapas
cals [GPa], shear modulus [G] = 4.0 to 6.0 GPa, Pois
sons ratio [v] = 0.30 to 0.37, and density [p] = 2.0 g/ 
cm3

). The nonlinear anisotropic cancellous bone has me
chanical properties that depend on the location and quali
ty of bone; therefore, approximate values (E = 0.30 to 
0.60 GPa, G = 0.13 to 0.20 GPa, v = 0.32 to 0.35, and 
p = 0.50 to 0.70 g/cm3

) were determined after reviewing 
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Table 1. Material properties of bone and implants. 

Bone type 

Property Cortical Cancellou 

Elastic 11.0- 17.0 0.30-0.60 
modulus, 
E (GPa) 

Shear 4.0- 6.0 0.13-0.20 
modulus, 
G (GPa) 

Poisson's 0.30- 0.37 0.32-0 .35 
ratio, II 

Density, 2.0 0.50-0.70 
p (g/cm3) 

Note: Co-Cr-Mo is the cobalt-chromium alloy. 

Figure 3. Total hip arthroplasty, fine-mesh model, as generated 
from computed tomography scan data (5207 modes, 5040 ele
ments). 

the works of Amtmann, Cezayirlioglu , Evans, Knauss, 
Lappi, Vichnin, and others (Table 1). J9-27 

To understand the effect of stem length on tip stress, 
three cobalt-chromium alloy stems of different lengths 
(117 mm, 132 mm, 147 mm) were modeled, all with a 
tip diameter of 12.25 mm. Three different implant ma
terials were examined for effects on the stress/strain dis
tribution within the femur. Two metal alloys, cobalt
chromium (E = 214.0 OPa, G = 82.3 OPa, JI = 0.3, 
p = 7.86 g/cm3

) and titanium (E = 110.0 OPa, G = 41.4 
OPa, JI = 0.33 , p = 4.43 g/cm3

) , were modeled as 
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0.30 
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Implant type 

Titanium 
alloy 

110.0 

41.4 

0.33 

4.43 

Polysulfone 
(30% carbon-filled) 

10.5 

4.4 

0.20 

1.37 

isotropic materials. A linear homogeneous polysulfone 
(30% carbon-fiber-filled) composite (E = 10.5 OPa, 
G = 4.4 OPa, JI = 0.20, p = 1.37 glcm3

) was modeled to 
evaluate the effects of substantially reducing the implant 
stiffness (Table 1). Two different pressure loads, 
simulating walking and rising from a chair, were ana
lyzed. Pressure distributions and magnitudes applied to 
the femoral head were based on in vivo studies.28 The 
resultant force of each of these pressures was approxi
mately 2,000 Newtons (N), with an orientation change 
from one-leg stance to midrise loading (Fig. 4 ) .28-33 To 
avoid rigid body motion and to support the applied load, 
the distal end of the femur was subjected to a fixed dis
placement boundary condition. 

This project, like all finite-element studies, introduces 
approximations because it is not po sible to model all the 
nonlinearities and variabilities in biologic tissues.34-38 As 
a result, the reader should be aware of the limitations or 
inaccuracies introduced by these mathematical models. 
In finite-element modeling of biologic tissues, however, 
emphasis should be placed not on absolute results, but on 
the relative trends of magnitudes, distributions, and 
orientations. If more precise values are sought, more 
detailed modeling should be performed using an even 
finer finite-element mesh and redefinition of bound
ary conditions to minimize inaccuracies in the area of 
interest. 

MATERIALS AND METHODS 

Specimen Preparation 
Cadaveric femurs were harvested and debrided of soft 

tissue. The femoral necks were cut in a surgical fashion, 
and uncemented, collarless, press-fit femoral compo
nents were introduced into the medullary cavities. These 
femurs, with implants, were subjected to CT scanning. 
For continuity of modeling and ease of comparison, a 
single femur was used throughout this project. 

Computed Tomography 
The femurs were X-rayed using either a Siemens 

Somatom DR3 or a GE 9800 CT scanner. The scans extended 
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from the isthmus of the femur to the proximal head and 
neck of the implant. The CT examination consisted of 
thirty-five to forty-five overlapping transaxial scans, and 
scanning parameters were characteristic of the scanner 
used. A two-dimensional (cross-sectional) image of each 
of the slices was created after an analog-to-digital con
version. Final signal processing was performed using a 
DEC PDP/l l computer system. Transparent hardcopy films 
were created, and the image data were transferred to 
magnetic tape (Fig. 5). 

Preprocess· ng of Data 
The indi idual image data slices were read from the 

magnetic tape and converted to PDA-PATRA (PDA En
gineering) finite-element preproce ing formats. For the 

Figure 4. Computer representation of 
approximate pressure distribution and 
magnitude. Arrows indicate applied 
pressure locations and correspond to 
approximate in vivo magnitudes. A . 
One-leg stance loading . B. Midrise 
loading. 

Figure 5. Flowchart of hardware 
devices, software, and analytical 
procedures used in this study. 
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Data input 

Device: 
GE 9800 

CT scanner 
Siemens DR-3 

Somatom CT 
scanner 

~ 
Postprocessing 

Hardware: 
Sun 3/280 C 
SGI4D/70G 
Software: 
PDAIPATRAN 

~ Device 
driver 

Slide/prints 

Matrix camera 

two-dimensional image data, PDA-PATRAN software was 
used in the discretization (differentiation) of bone type 
(cortical and cancellous) and implant material. Nodal 
points were created at the boundaries of the different 
structured layers (cortical bone, cancellous bone, and 
implant surface). Forty nodal points were created around 
the circumference of each of the boundaries, similar to 
Saejong et aI. , for continuity of model design and ease of 
comparison. 39

.40 The two-dimensional image data arrays 
were properly oriented to develop a three-dimensional 
arrangement of the nodal points.41 Isoparametric solid 
elements were then created to provide connectivity be
tween the nodes. A standard 32-mm-diameter femoral 
head was modeled at the end of the implant stem to pro
vide an appropriate loading base. 

Preprocessing 
CT/PAT PAT/NAS Analysis 

translator Hardware: translator Hardware: 
Sun 3/280 C 
SGI3130 Sun 3/280 C 

Software: 
Software: 

PDAIPATRAN 
MSC/NASTRAN 

NAS/PAT translator 1 

Device 
Interactive manipulation driver Slide/prints 

PAT/Solid AnalytiC measurements ~ 

Volumetric rendering Matrix camera 
view 

Hardware: r---
translator SGI 40/80 GT 

SGI 40/280 GTX Video recording 

Software: ~ Sony Betacam/ 
SGI/ Solidview Betamax 
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The finite-element model consisted of more than 5000 
isoparametric solid elements. Both hexahedronal (six
face) and pentahedronal (five-face) elements were used 
to ensure accurate shape adherence with the CT scan data. 
All preprocessing and model checkout computations 
were performed using PDA-PATRA software on a Sun 3/ 
280C workstation (Sun Microsystems) and/or an IRIS 

3130 workstation (Silicon Graphics) (Fig. 5). 

Finite-Element Analyses 
Finite-element analyses were performed using the 

general-purpose MSC/NASTRAN (MacNeal-Schwendler 
Corporation) software package on the Sun 3/280C work
station. Input bulk data decks were created from PDA

PATRAN models using the PATNAS (PDA Engineering) 
translator, with some custom modifications. Various ad
vanced capabilities of the MSC/NASTRA software were 
employed to simplify analysis. Internal nodal resequenc
ing and optimization were performed to reduce execution 
time and to retain compatibility among the different 
models. Checkpoint and restart capabilities were used to 
reduce formulation times of stiffness and mass matrices 
when only minor loading or boundary constraint changes 
occurred. Substructure (superelement) analysis tech
niques were used to partition the bone and the implant 
structures so as to conserve computational resources, 
thereby increasing solution efficiency (Fig. 5). 

Postprocessing of Data 
The results were output from the MSC/NASTRA finite

element analyses for display and evaluation using the 
PDA-PATRAN software. Data on element stress and strain 
and nodal force and displacement were translated using 
the NASPAT (PDA Engineering) translator; nodal stress and 
strain results were also output for comparison purposes. 
Data on the color-coded contour and fringe plots of the 
stress and strain results were produced on the finite
element models using PDA-PATRA postprocessing; dis
placement contours and deformed geometry plots were 
also created using this software. Postprocessing wa per
formed on Silicon Graphics 4D!70G and Sun 3/280C 
workstations (Fig. 5). 

Volumetric Rendering 
Nodal stress and displacement data from PDA-PATRAN, 

combined with the original-model coordinate geometry 
and element connectivity, were transformed into formats 
compatible with the SGI/SOLlDVIEW program (Silicon 
Graphics). This software program can perform olid
surface shading (used for stress color-fringe analysis) 
and alpha-blending transparency (used for three-dimen
sional spatial comparison). Use of SGI/SOLJDVIEW enables 
interactive real-time manipulation of three-dimensional 
solid model databases, analytical measurements, and in
stantaneous display of stress distributions (principal 
stresses, stress intensities, and Hencky-von Mises tress
es) . The software also allows interactive highlighting 
of a specific range of magnitudes of the results being 
displayed.42 

Both the model and the cutting plane can be rotated 
using SGI/SOLJDVIEW; the model can also be scaled and 
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translated for more detailed analysis. For ease of com
parison, a multiwindow option was developed to com
pare two or more clinical models simultaneously. This 
feature enables synchronized rotation of the models, in
teractive display of stress distributions, and use of a 
range of magnitudes in each window. Interactive 
manipulation , analytical measurements, and volumetric 
rendering were performed on Silicon Graphics 4D/80 GT 

and 4D/280 GTX workstations using the SGI/ SOLIDVIEW 

software.42 

RESULTS 

Stem Length 
Three different lengths of uncemented, collarless, 

press-fit, cobalt-chromium alloy prostheses were mathe
matically modeled: 117 mm (short), 132 mm (standard), 
and 147 mm (long). The diameter of the implant stem at 
the tip was approximately 12.25 mm. One-leg-stance 
loading conditions were applied to the femoral head, 
with pressure magnitudes and distribution based on the 
in vivo measurements by Hodge et a1.28 The boundary 
conditions at the various interfaces were described in a 
preceding section (Model Descriptions and Limitations). 

Maximum Hencky-von Mises stresses for the short 
stem were 169 megapascals (MPa) cortical, 98.7 MPa 
cancellous, and 98.7 MPa for the implant. Maximum 
stresses for the standard stem were 168.3 MPa cortical, 
127 MPa cancellous, and 127 MPa for the implant. Fi
nally, maximum stresses for the long stem were 154 MPa 
cortical, 164 MPa cancellous, and 164 MPa for the im
plant. The peak cortical stress value for the long stem is 
probably lower than indicated here, because of the prox
imity of the femoral component tip to the constrained 
end of the femur model (Table 2) (Fig. 6). 

The locations of these peak stress isocontours vary. 
Peak cortical stresses appeared at, or slightly distal to, 
the level of the stem tip; peak endosteal stresses appeared 
proximal to the implant tip. Distinct areas of peak corti
cal and peak endosteal stresses on both the lateral and 
medial sides corresponded to the areas of axial tension 
and compression. Approximately 90° (rotated about the 
long axis of the femur) to the peak cortical and endosteal 
stresses is a vertical plane where the stresses approach 

Table 2. Maximum Hencky-von Mises stresses (MPa) with 
different implant materials, load sets, and stem lengths. 

Implant material 

Co-Cr- Mo (cobalt-chromium alloy) 
Load seta 

One-legged stance 
Midstance or midrise 

Stem length (mm) 
Short (117) 
Standard ( 132) 
Long (147) 

Titaniuma 

Polysulfone (30% carbon-filled)a 

aStandard length (132 mm). 

Bone type 

Cancel-
Cortical lous Implant 

168.3 127.0 127.0 
258.0 191.0 19l.0 

169.0 98.7 98.7 
168.3 127.0 127.0 
154.0 164.0 164.0 

168.0 102.0 102.0 

169.0 64.0 29.0 
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Figure 6. Hencky-von Mises stress (MPa) distributions along 
the cortical surface for three different stem lengths. A. Short, 117 
mm. B. Standard, 132 mm. C. Long, 147 mm. Peak stresses for 
the long stem are probably lower than indicated because of the 
proximity of the stem tip to the fixed displacement boundary con
ditions of the distal femur. 

zero (neutral stress plane) (Fig. 7). The neutral stress 
plane constantly rotates about the long axis of the femur 
because of fluctuating femoral head pressure magnitudes 
and pressure distributions under different loading condi
tions (e.g., walking, running, stair-climbing, and getting 
in and out of a chair). This neutral plane may also be 
constantly translating in the anterior/posterior or medial! 
lateral directions as a re ult of the cantilevering phe
nomenon existing within the complex geometry of the 
bone/implant structure. 

Material Propertie 
Standard-length, uncemented, collarless, press-fit 

prostheses were mathematically modeled with three 
different material properties: cobalt-chromium alloy, 
titanium alloy, and polysulfone (30% carbon-fiber
filled) compo ite. Again , one-leg-stance loading condi
tions were applied from in "\ ivo studies.27 The boundary 
conditions for all three models remained unchanged 
from the previou model . 

The maximum Hencky-von Mises stresses for the co
balt-chromium alloy tem were 168.3 MPa cortical , 127 
MPa cancellous, and 127 MPa for the implant. The max
imum stresses for the titanium alloy stem were 168 MPa 
cortical, 102 MPa cancellous, and 102 MPa for the im
plant. Finally, the maximum stresses for the polysulfone 
composite were 169 MPa cortical, 64 MPa cancellous, 
and 29 MPa for the implant (Table 2) (Fig. 8 ). 

The cobalt-chromium alloy and titanium alloy im
plants have nearly identical patterns of stress isosurface 
formations. Both metals have two distinct areas of maxi
mum cortical and maximum endosteal stress concentra
tions on both the medial (axial compression) and lateral 
(axial tension) side. The composite has a unique distri
bution of stres concentrations. A maximum cortical 
concentration seem to exist, and decreasing-magnitude 
stress isosurfaces propagate in a homogeneous fashion 
throughout the cortical and cancellous layers. In addi
tion, for a fixed range of stress magnitudes, the area of 
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Figure 7. Three-dimensional alpha-blending transparency of 
Hencky-von Mises stress distributions. Three lengths of stems 
were modeled: short, 117 mm (left); standard, 132 mm (middle); 
and long, 147 mm (right). A . Internal stress isosurfaces. Note the 
pattern of distinct areas of cortical and cancellous stress concen
trations. Magnitudes range from 0.0 MPa (blue) to 170.0 MPa 
(red) . Highlighted stress isosurface magnitude range displayed is 
100.0 MPa (green/yellow) to 170.0 MPa (red). B. Rotation en
ables visualization of the size and orientation of isosurface stress 
distributions. 

distribution in the poly ulfone i much larger than that in 
the two stiffer metals. This study clearly demonstrates 
the effects of ubstantially reducing material stiffness 
(i.e. , reducing the elastic modulus, the shear modulus, 
the Poisson 's ratio , and the density) (Fig. 9 ). 

Loading Conditions 
Two different loading conditions were applied to a 

standard-length, uncemented, collarless , press-fit cobalt
chromium alloy prosthe is , and the stress/strain relation
ships were mathematically predicted. The pressure mag
nitudes and di tributions for both one-leg stance and 
midrise were based on in vivo measurements by Hodge et 
aI.28 The boundary conditions at the various interfaces 
were unchanged from the previous models. 

The Hencky- von Mises stresses for one-leg stance 
were 168.3 MPa cortical, 127 MPa cancellous and 127 
MPa for the implant. The maximum stress magnitudes 
for midrise were 258 MPa cortical, 191 MPa cancellous, 
and 191 MPa for the implant (Table 2) (Fig. 10). 

Changing loading conditions from one-leg stance to 
midrise created larger Hencky-von Mises stress mag
nitudes and caused reorientation of stress isosurfaces. 
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Figure 8. Color scales (MPa) showing Hencky-von Mises 
stress distributions. A. Cobalt-chromium alloy femoral compo
nent. B. Titanium alloy femoral component. C. Polysulfone (30% 
carbon-filled) . For all three, the length of the implant was 132 
mm. Stress distributions for each are shown at the implant sur
face (left) , cancellous surface (middle), and cortical surface 
(right). 

The nearly 90-MPa increase in peak cortical stress and 
the 64-MPa increase in the peak cancellous stress reflect 
the effects of increased pressure magnitudes applied to 
the femoral head when the patient rises from a chair. Re
orientation of the peak cortical and peak endosteal stress
es (on both the axial tension and compression sides) 
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Figure 9. Hencky-von Mises stress isosurfaces for a 132-mm 
cobalt-chromium alloy stem (left) , titanium alloy stem (middle) , 
and polysulfone stem (right). A. Note the similar stress distribu
tion pattern for the two metals ; the composite has a more homo
geneous stress distribution. Magnitudes range from 0.0 MPa 
(blue) to 170 MPa (red) . Highlighted stress isosurface magnitude 
range displayed is 100 MPa (green/yellow) to 170 MPa (red). B. 
Rotation enables visualization of the size and orientation of the 
stress isosurface distribution for a given magnitude range. 

reflects the different alignment of pressure distributions 
on the femoral head when subjected to midrise loading 
conditions (Fig. 11 ). 

This study clearly demonstrates the significance of 
the theoretical neutral stress plane that exists within the 
femoral stem, representing the transition point from the 
tensile to compressive sides of the implant. The neutral 
plane rotates continuously about the long axis of the fe
mur as a result of pressure distribution changes on the 
femoral head surface (walking, running, stair-climbing, 
and getting out of a chair). As the peak cortical and can
cellous stress concentrations rotate, the orientation of the 
neutral stress plane follows. This factor is very signifi
cant in the design of the prosthesis and the bone/implant 
complex. 

DISCUSSION 
An extensive review of finite-element literature by 

Huiskes and Cha036 emphasized the significance and 
limitations of mathematically modeling biologic tissue. 
Valuable information can be gained from representative 
models, despite known inherent inaccuracies. Previous 
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Figure 10. A. Computer representa
tion of pressure magnitudes (M Pa) and 
distribution for one-leg stance (left) and 
mid rise (right). B. Hencky-von Mises 
stress (MPa) distributions at the corti
cal surface for a 132-mm cobalt-chro
mium alloy femoral component with 
one-leg-stance (left) and midrise (right) 
loading cond itions. Note the change in 
orientation and magnitude of the peak 
cortical stress concentrations. 

studies have focused on the modeling of cemented femo
ral components, whereas more recent analyses examined 
various uncemented clinical conditions and focused 
primarily on the stre s/strain relationships of the prox
imal one-third of the implant, in particular the calcar re
gion.38,43-48 Our study specifically examines the region 
adjacent to the femoral stem tip , because unique adaptive 
bone remodeling has been reported in this area with un
cemented total hip replacements. 
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Advances in both technology and fi nite-element 
mathematics have enhanced our ability to address the 
complexities inherent in biologic tissue modeling. Un
fortunately, such studies can create as many question a 
they answer. Our understanding of the local stress con
centrations at the implant tip is just beginning. Future 
studies employing finer-mesh model generation, extend
ed length, improved cancellous bone modeling, and ad
ditional dynamic loading conditions on the femoral head 
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will provide more detailed information about total hip ar
throplasty biomechanics. 

The presence of a femoral component creates an un
physiological stiffness environment in the femur. The 
bone/implant structure is much stiffer than the original 
bone. As a result, the bone/implant structure undergoes a 
cantilevering phenomenon under physiological loads. 
Local ized bending is well documented in photoelastic 
and strain-gauge studies.49-5 1 Actual surface displace
ments for an implanted femur are much lower than those 
measured in vitro for an intact femur (Fig. 12). 

Many recent strain-gauge and photoelastic studies 
have suggested the presence of a theoretical neutral 
stress plane between the tensile and compressive sides of 
the femur (Fig. 12).49-52 Because those studies provide 
only surface displacement data, without providing much 
internal stress/strain information, three-dimensional map
ping of this neutral plane is difficult. The volumetric ren
dering technique introduced in this study allows instanta
neous scanning of a three-dimensional volume of data. 
Applying that technique to a three-dimensional finite-
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Figure 11. Hencky-von Mises stress 
isosurface distribution for a 132-mm 
cobalt--chromium alloy femoral compo
nent. A. Subjected to one-leg-stance 
loading conditions (left); rotated model 
(middle); blue horizontal neutral stress 
plane within implant (upper right) and 
its relationship to distal stress concen
trations (lower right). B. Subjected to 
midrise loading conditions (left); rotated 
model (middle). Note the rotated blue 
vertical neutral stress plane within the 
implant (upper right) and its relation
ship to distal stress concentrations 
(lower right). Also note the increase in 
magnitude and change in stress orien
tation from A to B. 

element database enables mapping of any stress type, 
magnitude, orientation, or area of distribution.42 

The constantly changing position (rotation and trans
lation) of the neutral stress plane in a normal femur may 
have an important role in future implant designs. If the 
bone/implant complex has a neutral stress plane that be
haves in a manner similar to that of the neutral stress 
plane of an intact femur, then presumably the loads with
in the bone/implant complex will be distributed in a 
near-physiological fashion. 

The apparent absence of midthigh pain reported dur
ing the first twenty-five years of total hip arthroplasty 
surgery suggests that the problem is iatrogenic and 
results from changes in the newer hip designs. Early de
signs had smaller cross-sectional areas and were cement
ed, whereas current designs have larger diameters and 
can be uncemented. Because stiffness increases with 
greater stem diameter, it is possible that the presence of a 
rigid implant in the medullary cavity causes a highly un
usual load distribution in the bone. The presence of mid
thigh pain is well documented after uncemented total hip 
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Figure 12. Strain comparison of in
tact versus implanted femur by photoe
lastic methods. A . Photoelastic strain 
pattern for intact femur (left) and im
planted femur (right). Note that the 
presence of the implant stiffens the 
proximal femur, thereby reducing sur
face strain. B. Comparison of surface 
strains in stiffness of the proximal fe
mur as a result of the presence of an 
implant. Fringe order (N) is a value de
termine through photoelastic studies 
and is directly proportional to the differ
ence between the principal strains. peA 
= porous-coated arthroplasty (un
cemented implants from the Howmedi
ca Company) . (Reprinted, with permis
sion , from Ref. 51 .) 
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replacement. It remains to be seen, however, whether the 
incidence of midthigh pain will increase after cemented 
total hip replacement with the use of larger-diameter 
stems; early clinical and radiographk evidence indicate 
that this will occur (T. A. Gruen , personal communcia
tion, 1989).2 
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The mechanical properties of an intact femur subject
ed to various physiological loading conditions have been 
defined using many different research modalities. Our 
project establishes a correlation between several clinical 
situations and their respective stress/strain effects on an 
implanted femur: the relationship between stem length 
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and load distribution in the cortical and cancellous lay
ers; the relationship between change in the location of 
femoral head pressure distribution and reorientation of 
both the neutral stress plane and the area of peak stress 
concentrations; and, finally, the relationship between in
creased femoral head pressure magnitude and a cor
responding increase in both peak cortical and cancellous 
magnitudes (near the implant tip). 

Further, the cantilevering phenomenon of the bone/ 
implant complex suggests concentrated bending of the 
bone layers adjacent to the implant tip. This bending is 
responsible for reorientation of the stress direction with 
increased radial compression (perpendicular to the long 
axis of the femur) on the axial tension side and increased 
radial tension on the axial compression side. 

The physiological and mechanical responses to un
usual loading conditions at the implant tip include bone 
remodeling, microfractures, and tip micromotion. Evi
dence of increased bone activity can be demonstrated 
with technetium scans (Fig. 13). Radiographic evidence 
shows that bone remodeling changes in this area consist 
of cortical hypertrophy and endosteal consolidation 
(Fig. 14). Studies by Wolff (1884), Roux (1895) , and 
Kummer (1962) indicated that bone is "functionally" 
laid down in gross form, as well as in minute architec
ture, in accordance with the "maximum- minimum law" 
(maximum efficiency with minimum material).3-s 
Fyhrie and Carter noted the relationship of trabecular ar
chitecture to principal stress orientation. Endosteal 
consolidation conceivably is an example of trabecular 
reorientation (trajectory reorientation) in response to 
relatively high unphysiological radial forces. 6,s3 

Although midthigh pain was believed to be related to 
an end-bearing stem within a tight intramedullary canal, 
several detailed radiographic and clinical studies of un
cemented femoral total hip replacements were unable to 
confirm this relationship.1 4,IS,17 It was also postulated 
that midthigh pain may be caused by the transition of the 
stiffened proximal femur, as a result of the presence of an 
implant, to the more flexible femur below the tip of the 
stem.16 A recently completed tri-institutional (Cleveland 
Clinic, Johns Hopkins Medical Institutions, and the Insti
tute for Bone and Joint Disorders) five-year minimum 
radiographic follow-up of proximally porous-coated hip 
prostheses revealed a 51 % incidence of cortical hyper
trophy and a 58% incidence of endosteal consolidation 
(including 12% complete bridging below the tip). In this 
series, midthigh pain was seen in a few patients, usually 
within the first two years after surgery and often resolved 
thereafter. Precise information on the incidence and mag
nitude of midthigh pain was not sufficiently documented, 
because its specific nature was not recognized as a prob
lem until years after the surgery (T. A. Gruen, personal 
communciation, 1989). That lack of precise documenta
tion may account for inconclusive correlations of mid
thigh pain with radiographic bone remodeling changes in 
long-term clinical radiographic follow-up studies. 

Despite the relatively high incidence of both en
dosteal consolidation and cortical hypertrophy, it is diffi
cult to develop a staging or grading system of X-ray 
changes after total hip replacement (T. A. Gruen, per-
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Figure 13. Two views of a technetium bone scan of a patient 
complaining of midthigh pain. Arrows indicate areas of activity in 
the vicinity of high stress concentrations. (Reprinted, with permis
sion, from Ref. 16.) 

sonal communication, 1989). The observation that stress 
isosurfaces are constantly in motion, as a function of 
loading conditions, indicates that bone remodeling must 
occur and is distributed over areas of the cortical and 
cancellous bone layers. The location and size of the areas 
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Figure 14. Radiographic changes in
dicative of bone remodeling . White ar
rows indicate area of classic cortical 
hypertrophy; black arrows delineate 
endosteal consolidation changes. 
(Reprinted, with permission , from Ref. 
16.) 

of stress di tribution are affected by the stem 's length, di
ameter, rotation (anteversion or retroversion), position 
(varus [inward angle], valgus [outward angle], neutral), 
and material properties, and by loadin'g conditions. The 
dynamic biologic response represents a continuum or 
gradient of physiologic changes in the mechanical en
vironment, as dictated by the particular situation in ques
tion. Although it is unlikely that a single staging or grad
ing system can encompass all these clinical scenarios, 
a characteristic pattern of physiological remodeling 
changes probably exists for each clinical situation, sec
ondary to a unique et of tress distributions. 

Occasionally, radiographic evidence of tip motion is 
seen in patients with midthigh pain. A small lucency 
around the implant tip often in the presence of endosteal 
consolidation and cortical hypertrophy, is not uncommon 
in uncemented total hip replacements.2 Our study 
predicts a tendency for the tip to displace radially, sec
ondary to the cantilevering phenomenon that results 
from the presence of the implant. With proximal biologic 
or mechanical fixation , the bone/implant complex may 
remain stable (Fig. 15). 

Under physiological loading, both cortical and can
cellous bone develop microfractures (Fig. 16) and these 
bone layers constantly undergo remodeling. This project 
demonstrates higher than normal peak Hencky- von 
Mises stress distributions in corresponding locations of 
previously described radiographic changes in the cortical 
and cancellous layers. It is conceivable that loads of 
these magnitudes are responsible for increased frequency 
of microfractures. As part of the healing process, an in
crease in trabecular mass occurs through the addition of 
large quantities of callu . This increase in bone mass ef-
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fectivel y stiffens the bone tructure. The process may be 
responsible, in part, for the remodeling of trabecular 
bone in response to stress.7- 9, 54-56 

Because bone is constantly remodeling it elf, and 
structurally it is a compo ite of collagen and hydroxy
apatite, failure does not occur, even in the pre ence of 
microfractures. The ultimate strength of bone is greater 
than either the collagen or hydroxyapatite alone. In bio
mechanics course lecture , Y. C. Fung has indicated that 
the softer (collagen) component prevents the stiffer 
(hydroxyapatite) component from brittle cracking. Con
versely, the stiffer component prevents the soft compo
nent from yielding. 57 This complex architecture resists 
ultimate fatigue failure in the presence of physiological 
microfractures. 

Although to date no clinical or laboratory study has 
attempted to correlate directly the relationship of mid
thigh pain to bone remodeling rnicrofracture, or im
plant tip motion, the presence of midthigh pain is well 
documented. 13-17 Whether the pain results from one, all, 
or a combination of the e physiological changes is prob
ably not clinically important. Its existence indicates that 
nerve fibers in the midthigh area must be activated. Lo
cal area of pressure and stretch secondary to bone 
remodeling or tip motion, in conjunction with direct me
chanical trauma secondary to microfractures (with sub
sequent callus formation), are responsible for activation 
of the unmyelinated type-C afferent nerve fibers of the 
periosteum (the layer of cells at the cortex surface to 
which soft tissue attaches), osteon , or medullary cavity 
(Fig. 1 ) . 10.11 ,58 

Two electron microscopic studies defining osteon 
morphology, supervised by R. A. Robinson (personal 
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Figure 16. Microscopic photographs of microfractures. A. Cor
tical bone microfractures often found under physiological loading 
conditions. B. Trabecular microfractures. (Photos reprinted, with 
permission , from A. Villanueva.) 
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Figure 15. Two serial postoperative 
X rays. A. Six weeks after surgery. B. 
Six months after surgery. These X rays 
show a thin area of lucency at the im
plant tip indicative of tip motion. (Re
printed , with permission, from Ref. 16.) 

communication, 1989), clearly demonstrated the pres
ence of unmyelinated nerve fibers and Schwann cel1s in 
the osteon (Fig. 17). The type-C fibers appeared to ad
here to the basement membrane of the microvasculature. 
Because these nerve fibers are unmyelinated, they have 
slow conduction velocitie (less than 2.0 m/s). The effer
ent function appears to be autonomic, possibly involved 
with vasomotor innervation. On the other hand, the affer
ent conduction pathway senses deep pressure (somatic) 
and is probably responsible for the diffuse, dull , aching 
sensation characteristic of midthigh pain. l o

.
11 

It is not uncommon to see cortical thickening, end
osteal consolidation, and tip lucency after midthigh pain 
has resolved. Presumably, the bone develops a new ultra
structure as an adaptive response to unphysiological 
stresses transmitted to the adjacent bone. Eventually, 
bone reaches a new dynamic equilibrium in response to 
the presence of the implant. As a part of this new steady 
state, the cortical and cancellous layers increase their 
stiffness, thereby increasing resistance to local bending 
and minimizing the potential for local nerve pressure and 
stretch. The gain in ultimate strength increases resistance 
to microfractures, thereby minimizing potential for direct 
mechanical nerve trauma. These various adaptive 
responses could possibly be responsible for the gradual 
disappearance of midthigh pain. 

CONCLUSIONS 

Midthigh pain is an iatrogenic problem of the 1980s 
that evolved from the advent of uncemented stems with 
larger diameters and longer lengths. Many of these stiffer 
stems are currently being cemented, and it remains to be 
seen whether midthigh pain will become a problem in 
this patient population. 
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Figure 17. Osteon morphology. A. Lead citrate stain (x42,OOO) 
of 8chwann cell (8) with multiple unmyelinated nerve fibers (f). 
(bm = ~asement membrane) . B. Lead citrate strain (X4,850) of a 
Haversian canal with single capillary (c) with endothelial lined 
walls . Adjacent to this vessel is an unmyelinated nerve with two 
nerve fibers (arrows). (Reprinted, with permission , from Ref. 11.) 

This study has clearly shown, for the first time, that 
there are definite perturbations in the mechanical stresses 
and strains in the distal cortical and cancellous bone 
related to different lengths of stem, different implant ma
terial properties, and different loading conditions for an 
uncemented femoral prosthesis. The changes in the 
stress/strain environment within the femur after total hip 
arthroplasty have been incorporated into a cascade chart 
that details the physiological events that result in mid
thigh pain (Fig. 18). 

,!,he s?lution to preventing midthigh pain in future hip 
deSIgns IS complex. Simply replacing bone with metals, 
cements, or composite materials is inadequate.59--62 All 
those materials have the potential of creating an un
physiological stress environment within the femur. The 
ideal prosthesis would distribute stresses throughout the 
b.one/lmplant structure so that the tensile and compres
~Ive stress concentrations, along with their correspond
mg neutral stres plane, behave physiologically. 

The domain of orthopedics is rapidly approaching an 
era that will employ advanced synthetic materials. 
Computer technology and improved finite-element tech-
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Total hip 
arthroplasty 
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bone/implant 

stiffness environment 

Unphysiological tip stress 

Higher cortical and endosteal magnitudes 
Unusual stress orientations 
Larger area of stress distribution 
Implant tip motion perpendicular to 

long axis of femur 

Microfractures 

Nuclear scan activity 
Callus formation 
Microvascular rupture 

Tip motion 
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Radiolucency around tip 
Local pressure/stretch 
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Bone remodeling 

Nuclear scan activity 
Cortical thickening 
Endosteal consolidation 
Local pressure/stretch 

Type-C fiber nerve activation 

Unmyelinated 
Slow conduction velocity 
«2 m/s) 

Efferent: autonomic function 
(vasomotor innervation) 

Afferent: deep pressure, diffuse, 
somatic 

Location: microvascular basement 
membrane (osteon, medullary 
cavity, periosteum) 

I Midthigh pain I 

Fi~ur~ 18 . . Cascade chart of physiological events resulting in 
mldthlgh pain after total hip arthroplasty. 

niques bring near the potential for optimized artificial 
hip designs (geometry and material stiffness, for exam
ple). Simply reducing the stiffness of an implant to lev
els similar to cortical bone, however, may still have 
detrimental physiological effects (midthigh pain) be
cause of high peak cortical stresses. Further analysis of 
both the proximal and distal areas is required before 
sufficient data can be generated to develop an optimized 
geometry and an optimized variable stiffness matrix for 
hip replacement components of the future. 
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