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Bo¡se ¡'¡rimes'a} densífiy and arehi.tecôune

years aften spÍnaå cond ån4iury

Ahstuace

Recent advances in neural regeneration and functional electrical

stimulation suggest that the restoration of ambulatory ability in the spinal cord

injured (SCI) population may be foreseeable. However, studies have shown

there is rapid and extensive degeneration of the muscular and skeletal systems

following SCI. Muscle tissue can be rehabilitated using electrical stimulation,

but the corresponding restoration of bone tissue has not yet been demonstrated.

In order to design and implement effective rehabilitation strategies for the

chronic SCI population, the status of the lower limb bones must be determined

in greater detail than is currently available.

In this study, bone mineral density (BMD) was measured by dual energy

x-ray absorptiometry (DEXA) at the lumbar spine, proximal femur, and six sites

in the distal femur and proximal tibia. computed tomographv (cr) was used to

measure cortical area in the tibial shaft, and cortical thickness and area in the

femoral shaft. Nine adult caucasian males (mean + sD age 87.6+ 11. j. years;

mass 84.2 + 13.4 kg) with chronic scl (duration rg.z + z.s years) were recruited

and compared to race, gender, age and weight matched controls (BZ.g + 1L.g

years; mass 84.2+ 13.8 ke). Mean L2-L4 BMD in SCI was identical to controls
(L00.2Vo of controls, p=0.98), while at all lower limb sites, BMD was significantly
lower in SCI. The mean values, expressed as a percentage of controls, were:

femoral neck 72.LVo (p=0.00008), Ward's triangle 7Z.7Vo (p=0.00g), trochanter

7A.íVo (p=0.0006), femur shaft (2 sites) 5g.2Vo (p=0.002), distal femoral

epiphysis 48.IVo (p=0.0001), proximal tibial epiphysis 4g.BVo (p=0.000002),



proximai tibial metaphysis 55.3Vo (p=0.00005) and tibial diaphysis 64.4Vo

(p=0.0003). Tibial cortical area in SCI was B4.8Vo of controls (p=0.009), femoral

cortical area BI.\Vo (p=0.0007), and femoral cortical thickness 78.LVo (p=0.001).

BMD values were not significantly related to injury duration at any site,

consistent with the hypothesis of bone mineral equilibration by 4 years aft,er

injury. However, tibial cortical area, femoral cortical area, and femoral cortical

thickness all showed significant negative linear relationships with injury

duration.

These findings confirm previous BMD results at several sites, and expand

our knowledge to include new regions in the lower limbs. Previous data suggested

that a proximal to distal relative BMD gradient existed, but our results are not

consistent with this hypothesis. The numerous sites assessed in this study

demonstrate that regions of trabecular bone have substantially lower relative

BMD than regions of cortical bone. Combining the CT and DEXA results

suggests that, in cortical bone regions, bone mineralization is affected to a

greater extent than bone volume. Future efforts for bone loss prevention and

restoration should focus primarily on the substantial bone losses in trabecular

regions, and subsequently on the demineralization of cortical bone.
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Ðefir¡itåo¡as:

Acute spinal cord injury: spinal injury sustained less than one year previously

Immobilization: a state in which a person cannot move and ambulate as usual,

such as when restricted to bed

Cortical bone: bone tissue arranged in dense cylindrical haversian systems, such

as in the shafts of long bones

Density: mass divided by volume

Endosteum: the inner surface of a bone, separating the corbex from the

medullary canal

Modeling: the process of building bone tissue where none previously existed

Osteoporosis: a condition of increased bone porosity caused by enlargement of

canals and voids within the tissue

Osteopenia: a condition of decreased bone mass

Periosteum: the outer surface of a bone, separating the cortex from the

surrounding soft tissues

Porosity: the fraction of a bone volume occupied by voids (Haversian canals,

marrow spaces, resorption holes)

Remodeling: the process of removing and rebuilding pre-existing bone tissue

Resilience: the ability to recover normal shape and size following deformation

Stiffness: resistance to deformation under mechanical load

Strength: resistance to failure under mechanical load

Trabecular bone: bone tissue organized in a porous network of plates, such as in

the ends oflong bones

"&bhrevíatío¡as:
BMC: Bone Mineral Content

BMD: Bone Mineral Density

DEXA: DuaI Energy X-ray Absorptiometry

CT: Quantitative Computed Tomography

SCI: Spinal Cord Injured person(s)



Cleapter t¡re - K¡etnoducti.o¡e

L.L ã¡at'roduatåoxa

Every year, almost 1,100 Canadians sustain spinal cord injury (Pyc,

1993), the majority of which result in a loss or reduction of normal ambulatory

ability. Recent developments in the understanding of spinal cord physiology and

in functional electrical stimulation (FES) technology suggest that the

restoration of ambulatory abiiity may be foreseeable. Neural prostheses

(devices designed to restore functions lost due to lesions in the central neryous

system) have been under development for several decades, and are available to

provide SCI persons r¡¡ith assistance in standing, walking and stair climbing, as

well as a variety of other functions (Peckham & Creasey, L992). Advances in

these fields may be directly applicable to those recently injured, but the same

may not be true for those with chronic injury (greater than one year). The

absence of normal loading in the lower limbs during prolonged bedrest

immediately following traumatic SCI, and in subsequent wheelchair use, causes

rapid and extensive musculoskeletal degeneration. Lower limb muscles can be

rehabilitated in 8-10 weeks (Pacy et al, 1988; Phillips et al, L984; Rodgers et al,

l-991), but the corresponding restoration of bone tissue has not yet been

demonstrated. This may represent a major obstacle to restoring locomotor

function. Given the substantial skeletal degeneration reported in the lower limbs

of chronic SCI persons, those who become involved in restorative therapies such

as FES programs will be at greater risk of fracture. Therefore, the lower limb

bones must be rehabilitated to an appropriate level before weight bearing can be

safely resumed.



3..2 Statem.e¡at of 6Ïre Pnoblem

Attempts to reverse bone loss in chronic SCI persons have shown that

the process of restoring bone is much slower than bone loss. Therefore,

preventive programs should be designed to maintain skeletal competence in the

recently injured, while restorative programs will be needed to reverse the

degeneration of bones in those with chronic injury. In order to design and monitor

the effects of such progïams, we must know more about the density distribution

and architectural status of the lower limb bones years after spinal cord injury.

3."3 trurpose of the study

The purpose of this study is to describe the differences in bone status

between chronic spinal cord injured subjects and able bodied controls.

Specifically, this study aims to document the bone mineral density and

architecture in the femur and tibia, the main load bearing bones of the lower

limb.

3."4 E{ypotheses:

L. DEXA results will show that spinal cord injured (SCI) subjects have

BMD values similar to controls in the lumbar spine, but significantly lower BMD

values in each of the following sites in the lower limbs: femoral neck, Ward's

triangle, greater trochanter, femoral shaft, distal femoral epiphysis, proximal

tibial epiphysis, tibial metaphysis and tibial diaphysis.

2. CT results will show that SCI subjects have significantly larger

endosteal diameters than controls, while periosteal diameters will be no

difÏerent. This will result in significantly thinner cortices and lower cortical area

values in SCI subjects.



3. Regions of primarily trabecular bone (epiphyses) will show larger BMD

deficits than regions of primarily cortical bone (diaphyses).

3..5 .4ssumptíoms

1. DEXA is a valid means of measuring bone mineral density.

2. CT is a valid means of measuring cortical area of bone.

3. The established criteria for matching comparable groups of able-bodied

persons (race, gender, age and weight) also apply to the chronic SCI population.

Assumptio¡ls nelated to IIFiKA assessments only:

3. The site of the scan has relatively regular, consistent cross-sectional

shape among those scanned.

4. The same geometry holds for a relatively large region of the bone, since

there is some variation in the exact location of the measurement site.

5. This geometry does not vary systematically with age, gender, or other

relevant variables.

1.6 f,ímiúatío¡rs

1. The samples studied in this project may not be large enough to be truly

representative of their respective populations.

2. The method of subject selection was by recruitment rather than

random selection.

3. DEXA results are somewhat dependent on bone size and shape, so

larger bones can create artificially high BMD results if bone volume is not taken

into account.

4. Results from unilateral scans in the lower limbs may not aeeu-ra-tely

represent both limbs.
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1.7 Siglrifieâyxce øyld scie¡afåfic ao¡ntrihutåo¡¡

This study will heip document the skeletal status of the lower limbs years

after spinal cord injury. The data will provide comparative BMD results from the

lumbar spine, proximal femur, femoral shaft, and proximal tibia, and provide

new BMD results from the proximal tibial metaphysis and tibial diaphysis. It
will also provide the first architectural results (for SCI subjects) from the

following lower limb sites: tibial cortical area, femoral cortical area and femoral

cortical thickness.



Chapter T'wo - Review of l,åûerature

2"3. tsasie ho¡ae súnu.aÉr¡-¡re & ¡m.etabolism

ã¡aÉnoducti.on

Contrary to common assumptions, bone is an active living tissue, and its

ongoing metabolism is supported by an intricate network of blood vessels

distributed throughout its volume (Bourne, 1972; Currey, 1984). Many have

concluded that each bone's structure is intimately related to its function, and

that the skeleton adapts itself in accordance with the internal and external

demands placed on it (Carter,1987; Currey, 1984; Forwood & Burr, 1993; Kahn

et al, L983; Lanyon, 1987; Lanyon & Baggott,Lg76; Parfitt, 1987; Rubin &

Lanyon, 1984; Rubin & Lanyon, 1987).

Biologically, bone is classifi.ed as a connective tissue, and it is highly

specialized to serve several purposes (Bourne, L972). Bone is a relatively dense

material made of an organic matrix which is mineralized by inorganic crystals,

primarily hydroxyapatite (Bourne,1972; Currey, 1984). The organic matrix

gives bone its strength and resilience, whiie the inorganic minerals provide

stiffness and produce bone's piezoelectric properties. The mineralization of the

tissue is also related to bone strength (Alho et al, 1988; Currey, 1g6g; Martin &

Boardman, 1993). There exists only one type of bone tissue, but it is found in

two very different architectural arrangements: cortical and trabecular. Cortical

bone is found throughout the skeleton, forming the shafts of long bones and an

outer shell around all regions of trabecular bone. Cortical bone is very dense,

with great strength and stiffness (Currey, 1984). Conversely, trabecular bone is

a highly porous tissue. In healthy adults, only about L5-25Vo of its volume is

actually osseous tissue (Jensen et al, 1980; Mazess, 1983). The many gaps and

voids in trabecular bone contain the bone marïow (Adams et al, t982; Currey,



1984). Because of its high ratio of surface areato volume, trabecular bone has a

high turnover rate (Parfi.tt, 1981a). It is estimated that in normal

circumstances, 25Vo of the body's trabecular bone is remodeled every year,

versus 4Vo of coúícal bone (Parfitt, 1987).

Total bone mass increases throughout growth and early adulthood, and

peaks around age 30. Thereafter, there is a gradual loss of bone with age,

averaging about 0.3Vo per year in men, and about l%o per year in women

(Parfitt, 1-987), consistent with increased fracture risk in the elderly. Women

also suffer a period of accelerated bone loss after menopause, which puts them

at greater risk of fracture later in life.

T'he bone nemodelíng process

The bone remodeling process continues throughout life. It is initiated by

the resorption of a smali volume of existing bone tissue, which creates a small

cavity in the bone. A-ft,er a short period of quiescence, rebuilding begins in an

attempt to flrll the resorption cavity (Currey, L984; Parfitt, 1987). It is the

balance between the amount of bone resorbed and the amount rebuilt which

determines overall bone gain or loss atthat site. Estimates of the remodeling

period vary between about 4 and I months from initial resorption to the end of

formation (Burr et al, 1989; Parfitt, l-987). However, bone tissue cannot be

fairly characterized as slow to respond; there is evidence that elements of bone

tissue begin responding to applied loads within a few hours of their cessation

(Pead et al, l-988; Skerry et al, 1988). Most research has suggested that the

processes of resorption and formation are tightly coupled such that once

resorption is initiated, some degree of bone formation always follows (Eriksen et

al, 1989; Lanyon, 1-989; Lips et al, 1985;Parfi.tt, 1987). More recently, other

investigators have suggested that in radical circumstances there may be



resorption unaccompanied by subsequent formation (Burr et al, 1989; LeBlanc

& Schneider, 1991).

The body continuously remodels the skeleton to match bone mass and

architecture to the internal forces of muscle contraction and external forces

caused by weight bearing. Increased mechanical demands promote increased

bone mass and a distribution more favorable to load bearing. Decreased

demands lead to massive resorption and deleterious architectural changes such

as thinner cortices and reduced cross-sectional area. Most work has suggested

that a structurally adequate balance can only be maintained in the presence of

sufficient mechanical loading (Martin & McCulloch, 1987;Rubin & Lanyon,

1987). Changes in skeletal status can involve adaptations in bone mass,

density, arrangement or a combination of these factors (Garn, 1981;Jones et al,

!977; Parfitt, 1987; Peris et al, 1992; Ruff & Hayes, 1982; Ruff & Hayes,

1983a; Ruff & Hayes, 1-983b; Ruff & Hayes, 1984; Ruff & Hayes, 1988; Van

Gerven, t973; Woo et al, L981). Studies of the material properties of bone have

shown that while they are robust against changes in loading patterns (Jaworski

& Uhthoff, 1986a;Woo et al, 1981), there are age-related decreases in density

and streneÍh (Atkinson & Weatherell, 1967; Currey, L984;Martin, 199L; Reilly

& Burstein, 1975).

Despite extensive research efforts, the stimulus of bone remodeling is still

unknown. The imporbance of mechanical loading for skeletal competence was

recognized by Galileo and was incorporated into a systematic theory over l-00

years ago. This theory came to be known as Wolffs Law, which states that

bones will change their size or shape to adapt to their loading environment

(IVolff, 1892). However, many other influences are also relevant, including

neuroiogicai, hormonai, nutritionai, circuiatory, and pharmacoiogicai

circumstances (Goodship et aI, L979; Martin & McCulloch, 1987;Parfrtt,1987).
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Several authors have suggested that these influences are hierarchical:

hormonal demands override others, and determine the total amount of bone in

the body, but mechanical requirements control the density, location and

distribution of the tissue (Lanyon, L987; Lanyon, L989; Lanyon et al, 1986;

Parfitt, 1987; Rubin & Lanyon, 1987). Extensive research on mechanical

influences has shown that the greatest osteogenic effect is generated by loads

which are dynamic (Lanyon, 1-989;Rubin & Lanyon, 1987), of high intensity

(Birge & Dalsky, 1989; Lanyon, 1987; Rubin & Lanyon, 1987), and created by a

variety of loading patterns (Birge & Dalsky, 1-989; Rubin & Lanyon, 1987). If
these parameters are satisfied, then remarkably few loading cycles are required

to achieve maximum osteogenic benefit, resulting in increased bone mass and

architectural enhancements (Lanyon, 1987; Rubin & Lanyon, 1987).

Bo¡ee rni¡eera.I densíty

Bone mineral density (BMD) has become a central measurement in

research and clinical practise because it can be measured noninvasively and is a

good indicator of bone strength and fracture risk (Cur:rey, L969; Genant et al,

1991). Results from radiographic projection techniques including DEXA are

routinely reported as BMD values, but none has the capability to measure true

density. The results are "areal density''values, where the area is that projected

from a three-dimensional object onto the horizontal plane. Unfortunately, there

is now considerable confusion surrounding the use of the term bone mineral

density. In this manuscript, the term "bone mineral density' (BMD) shall refer

exclusively tn "areal density'' measures, such as those from DEXA scans. True

density (referred to as "bone density'), in grams per cubic centimeter (g/cm3),

can only be assessed by techniques which measure the volume of the tissue,

such as specific gravity or computed tomography.
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Klerasity of conüiaal bo¡ee

Direct measurements of cortical bone density from autopsy material

show that average density is usually between L.8 glcm3 and 1".9 glcm3 (Blanton

& Biggs, 1968). This value appears to be relatively consistent throughout the

adult age range (Blanton & Biggs, 1968; Hesp et al, 1985; Ruegsegger et al,

1991; Ruff & Hayes, 1984), in both genders (Exner et al, 1979). However, the

findings seem to depend on the size of the sample taken. If a sufficiently small

volume of bone is studied, the density appears constant, while if larger regions or

slices of bones are measured, cortical density appears to decrease with age

(Atkinson & Weatherell, 1967;Atkinson et al, L962; Meema & Meema, 1969).

But other studies directly contradict those studies by showing increases in

density with age (Lindahl & Lindgren,lg67; Simmons et al, 1991). Simmons and

associates suggested that certain regions of cortical bone become inaccessible

to the remodeling process and therefore maintain or increase their density with

age, but did not clearly elucidate the mechanism by which density increases

could be achieved.

Density of trabecular hone

Similar measurements of trabecular bone density from autopsy material

show that the average density is usually between 1.0 g/cm3 and 1.40 dcms

(Blanton & Biggs, 1968). This large range may be due to the selection of sites

from which the bone was extracted, the presence of marrow fat within the bone,

or the specific technique used. Radiographic measures, which can be

significantly influenced by the presence of marrow fat, have demonstrated

trabecular density values from 0.3 to L.2 g/cm3 (Adams et al, 1g82; Alhava,

1-991; Bohr & Schaadt, 1985; Bohr & Schaadt, 1987; Cann & Genant, 1_gB0;

Checovich et al, 1989; Hangartner & Overton,IgS2; Hesp et al, 1g85; Hvid et

al, 1987; Liliequist et al, 1979; Ruegsegger et al, 1981; Ruegsegger et al, lggl_).



10

Clwmges í¡l the onganic maúrix of bo¡ae

There has been extensive research into changes in bone mineral density,

but changes also take place in the organic matrix. A study of bone unloading via

elbow disarticulation in adult dogs has shown that collagen, the main component

of the organic matrix, is lost in equal proporüion to bone mineral (Klein et al,

1-968). Studies in SCI humans have also shown signs of the breakdown of

organic matrix, causing elevated hydroxyproline excretion (Leeds et al, 1990).

2.2 Measuring skeletal status: ¡lon ínvasíve teck¡¡dques

Assessing skeletal status in vivo has become relatively common, driven

by the increasing incidence and prevaience ofosteoporosis, the result ofan agrng

population and other factors (Mariin et al, 1991). The primary objective of non-

invasive bone measurement is to assess bone strength and fracture risk in order

to predict and avoid fractures (Genant et al, 1991). These measurements also

have an important role in monitoring the effects of therapeutic intervention

programs designed to enhance skeletal status.

While bone strength is determined by many factors, studies have shown

that the most important properties are bone structure and bone mineral

content or density (Currey, 1969; Martin & Boardman, 1993). Studies using

vertebral and femoral samples have demonstrated that BMC and BMD are

strongly related to bone strength and fracture risk (Alho et al, 1989; Alho et al,

1988; Currey, 1969). Since they are readily assessed by non-invasive

techniques, BMC and BMD have become the standard measures of skeletal

status in normals and in patients with senile, postmenopausal or idiopathic

osteoporosis (Faulkner et al, 1991).

Dual energy x-ray a-bsorptiometry (DEXA) and computed tomography

(CT) are the prevalent techniques currently used for in vivo bone assessment.
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They offer significant advantages over their predecessors, which included direct

radiography, single photon absorptiometry (sPA) and dual photon

absorptiometry (DPA). These techniques are all based on the principle of the

absorption of radiation by bone. The attenuation of a signal of known strength is

related to the amount and density of tissues between the source and the

detector (Carter et al, 1992). These technologies differ, however, in many

respects, including normal scan sites, Scan time, precision, accuracy' radiation

dose, and mode of acquisition (Faulkner et al, 1991).

Ðual Energy X-nay .&bsoxptiome@r (IIEXA)

DEXA systems incorporate several significant advantages over the DPA

systems they replaced. In place of the isotope source' DEXA uses an x-ray

source which is safer and more convenient to operate. The x-ray tube provides

photons at a greater radiation flux, resulting in faster scans with improved short

and long term precision of I-2Vo (Faulkner et al, 1991; Genant et al, 1991), and

slightly better accuracy of 4-8Vo (Genant et al, 1991). These improvements

make DEXA more sensitive in monitoring changes in skeletal status. Common

measurement sites include the lumbar spine, proximal femur, and total body.

The effective dose equivalent for a lumbar spine or proximal femur DEXA scan

is less than 2 pSv. These values are lower than previous DPA systems, and

much lower than CT systems (60-150 pSv for a lumbar spine scan).

However, DEXA systems have disadvantages as well. DEXA values

systematically underestimate bone mineral density in trabecular regions, due to

the presence of fat in the bone marrow (Mazess et al, 1989). Since the fat

content in the mafrow increases with age (Mazess & Vetter, 1985), DEXA

results tend to overestimate bone loss with age. However, at least one study has

shown that this elror is relatively small: from 0 to 2Vo, depending on the
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particular device used (Wahner et al, l-988). Precision of DEXA has also been

shown to be compromised when analyzing regions of low bone mineral content

and/or density (Johnson & Dawson-Hughes, 1991). Finally, DEXA systems

cannot accurately account for differences in bone size or shape. BMD results

are expressed in units of g/cm2, reflecting the fact that these values represent

areal density, not true density. Because DEXA creates a planar projecbion of a

three-dimensional object, changes in bone size and orientation witl influence

BMD measurements, even though the true density of the tissue is constant.

Persons with large bones will present artificially high bone mineral density

values, because the increased bone mass is disproportionately larger than the

increased bone breadth (Carter et al, t992; Ruff& Hayes, 1984). The inability

of DEXA to discern cross-sectional properties is inherent to its design, and

cannot be overcome. To acquire this type of information requires a more

sophisticated technolog¡r, such as computed tomography.

Computed Tomography (AT)

CT uses a series of measurements obtained by rotating the source and

detector around the region of interest. This novel method of acquisition provides

gteater detail of information than other techniques, but also involves

substantially more radiation exposure. It is the only technique which allows

measurement of true bone volume, density and architectural arrangement

(Faulkner et al, 1991; Genant et al, 1991;Reich et al, 1976). CT scanners can

operate in single or dual energy modes. The precision of single energ)¡ CT in vivo

is very high, within L-47o (Alhava, 1991; Genant et al,lggL), but accuracy is

poorer, 5-'l-0vo (Alhava, 1991). The opposite is true for dual energy CT, which

uses photons at two energy levels to provides better accuracy (2-5Vo), but lower

precision (4-8Vo) (Genant et al, 1991). The effective dose equivalent for a dual
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energy CT scan of the lumbar spine is about 90 pSv, compared to 60 pSv for

single energy CT. Results of CT scans are reported in Hounsfi.eld Units (HU)

which differ slightly among machines, due to differences in the calibration

constant used (Cann, 1988). Because of this variability, a standard calibration

phantom should be used to relate HU values to BMD equivalent (Cann &

Genant, 1980; Genant et al, 1991).

CT has been shown to be a valid means of measuring the skeleton

(Orphanoudakis et al, L979; Posner & Griffiths,1977). Results correlate well

with calcium content (Adams et al, L982; Cann, 1988;Jensen et al, 1980;

Laval-Jeantet et al, L986; Posner & Griffiths, L977; Reich et al, L976) and bone

ash values (Cann, 1988; Laval-Jeantet et al, 1986; Posner & Griffiths, 1977), as

correlation coefficients are above 0.95 for both. Bone mineral analysis using CT

has been performed primarily in the lumbar vertebrae (Faulkner et a1,1991;

Genant et al, 1991), where the main advantage of CT (its representation of

transverse sections) allows separation of the trabecular and cortical bone

components (Genant et al, 1991). However, several investigators have also used

CT at peripheral sites in the radius and proximal femur (Faulkner et al, 1-991;

Genant et al, 1991; Schneider et al, 1988).

The presence of fat in bone marrow can cause inaccuracies in CT results,

especially when single energ'y CT is used. Studies have shown bone mineral

errors up to LSVo in normal vertebrae (Cann, 1988; Laval-Jeantet et al, 1986;

Mazess, 1983; Orphanoudakis et al, 1979), while results from highly

demineralized vertebrae may be underestimated by more than 20Vo (Cann,

1988; Mazess, 1-983; Mazess & Vetter, 1985; Orphanoudakis et al, 1979). The

fat content of marrow increases with age and is elevated following

immobilization (Mazess & Vetter, 1985). A study designed to assess this change

in SCI subjects found a 20Vo increase in marrow fat shortly afber SCI, but a
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return to normal values after about 52 weeks (Minaire et al, 1984b). Accuracy

of CT results can also be compromised by volume averaging: as the slice

thickness is increased, the size of the voxel becomes larger, and this entire

volume may not be filled with osseous tissue (Cann, 1988). This problem is

particularly acute in trabecular bone regions, which include voids in the tissue,

but can be controlled by limiting the slice thickness used in the scans.

Typical values from CT scans of normal cortical bone range from 900 to

1600 HU (Jensen et al, 1980; Orphanoudakis et al, 1979; Sumner et al, 1989),

while values between 150 and 500 HU are more characteristic of trabecular

bone volumes (Alho et al, 1989; Alho et al, 1g88; Jensen et al, L980;

Orphanoudakis et al, L979). Values around 500 HU have been used to separate

cortical from trabecular regions in several studies (Alho et al, 1989;Alho et al,

1988; Sumner et al, 1989), though lower values have been reported in

osteoporotics (Orphanoudakis et al, 1979).

2.3 Lower limb skeletal status ín ¡romal adulús

The long bones of the lower limb are accustomed to carrying large loads

(Birge & Dalsky, 1989). Many studies have described the geometric and

mechanical properties of the lower limb bones, and their changes with age

(Atkinson et al, !962; Lindahl & Lindgren, L967;Martin & Atkinson, LSZZ;Ruff

& Hayes, L982; Ruff & Hayes, 1983b; Simmons et al, 1gg1; Smith & Walker,

1964; Van Gerven, L973). Those studies which measured total periosteal area or

diameter found increases with age in both men and women (Lindahl & Lindgren,

1967; Martin & Atkinson, Lg77; Ruff & Hayes, L9BZ; Ruff & Hayes, lg83b;

Ruff & Hayes, 1-988; Simmons et al, 1gg1). However, the area and d.iameter of

the endosteum also increased with age, usually growing rnuch faster than the

periosteum, resulting in cortical thinning and reduced cross-sectional area
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(Atkinson et al, L962; Lindahl & Lindgren, 1967;Martin & Atkinson, 1977;Ruff

& Hayes, L9B2; Ruff & Hayes, 1983b; Ruff & Hayes, 1988; Simmons et al,

1991). Vtrhile periosúeal expansion apparently continues slowly throughout

adulthood, endosteal erosion may be accelerated after about age 50 (Atkinson et

aI,19621' Simmons et al, 1991). The net result is an overall drift outward: long

bones become cylinders of larger diameter but thinner cortex and decreased

cross-sectional area. Surprisingly, this decrease in bone mass may not always

cause a proportional decrease in overall strength of the femur due to intricate

patterns of density loss (Atkinson & Weatherell, 1967), and architectural

changes, at least in males (Martin & Atkinson,1977). The larger outer diameter

enhances the bone's strength in bending and torsion, which at least partially

compensates for the lost area (Ruff & Hayes, 1982). However, the higher

fracture rate seen in the elderly (Martin et al, 1991) suggests that this

mechanical compensation mechanism does not keep up 
"¡¡ith 

bone losses

indefiniteiy.

Tlte Femwr

The femur is the largest bone in the body. The shaft is primarily cortical

bone, while the distal condyles are primarily trabecular bone (Nilsson, 1966).

Alho and associates studied serial sections along the femur, and found a trend of

increasing total mass from proximal to distal sites (Alho et al, 1989). Since the

shafts of long bones are primarily cortical bone, they lend themselves to

measurements of cortical width, thickness and atea. Studies have shown that

the cross-sectional area of cortical bone in the male femur varies from about 3.5

cm2 in the midshaft to about 2.5 cmzjust proximal to the condyles (Ruff &

Hayes, 1984). Atkinson and associates sampled femoral cortices of cadavers,

and found that femoral cortical thickness decreased in a roughly linear trend
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from age 20 to 90 in both sexes (Atkinson et al, 1962), but their data did not

allow calculation of the rate of loss. Bohr & Schaadt measured the BMC of the

femoral shaft by DPA, and found that it is stable until about age 60, after which

it loses about lVo per year (Bohr & Schaadt, 1985).

Bone density of the femoral cortex apparently follows a non-linear trend,

showing evidence of accelerated loss after about age 50 (Atkinson et al, 1962),

and this loss of density is most pronounced in regions with greater trabecular

content (Atkinson et al, 1962; Bohr & Schaadt, 1985). Typical bone mineral

density values in the femur shaft measured by DPA and DEXA range from 1.6

glcrn2 to 2.4 g/cmZ, with averages near 2.0 g/cmz (Ruff & Hayes, 1984;

Simmons et aI,1991; Slosman et al, 1990). Tofts and associates performed a

CT study of femoral shaft bone in patients with clinical osteoporosis (vertebral

fracture) and showed that cortical area alone explained virtually all of the

variation in attenuation values from the femoral shaft (Tofts et al, 1982). In

trabecular regions, the average mineral density was the most useful

measurement (Tofts et al, 1-982). Other investigators have pointed out that in

assessing trabecular bone, a region of at least 2.0 cm3 should be used, as

trabecular bone values show substantial variation (Ruegsegger et al, 1981).

Th.e Ti,biø

The tibia is the primary weight bearing bone below the knee. Miller

showed that the cross-sectional area values of the proximal tibial metaphysis

are similar to those found in the distal femoral metaphysis, around 4 cm2 (Miller

& Purkey, 1980). In the shaft, cortical area ranges from 1.5 to 4 cmz,with the

midshaft values around 2.5 cm2 to 3 cm2 (Mitler & Purkey, 1980; Minns et al,

1õntr. D--ff p_ [r^--^^ rôoÐ^\LJ I úr rì,Llll rù¿ rraJçÞ, LJA¿A).
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Several DPA and CT studies have published results from the proximal

tibia region (Alho & Hoiseth, L991; Bohr & Schaadt,1987; Checovich et al,

1989;Hvid et al, 1987;Ruegsegger et al, 1-981). Because the proximal tibia has

relatively uniform mineral distribution between subjects, this site is highly

reproducible (Bohr & Schaadt, 1987;Hvid et al, 1987;Ruegsegger et al, L9B1)

and reliabie (Checovich et al, 1989). The DPA study by Checovich and

associates was the only one to document the use of plexiglas as soft tissue

equivalent to help attain acsurate results around the knee, where total body

thickness is well below the optimal range for DPA and DEXA scans (see

Appendix A for description of our pilot study). They measured bone mineral

density in the proximal tibial epiphysis of 44 women ranging from 23-87 years

by defining a rectangular region which was 2 cm tall and slightly wider than the

tibia. Results showed bone mineral density values decreased from about 1.0

g/cmz at age 25 to about 0.65 g/cmz at age 85. Another study in the proximal

tibia (just below the subchondral plates) found losses of 87o of BMC and 9Vo of

BMD per decade in 41 heaithy \ilomen (24-85 years), but no loss in 22healthy

men (17-69 years) (Bohr & Schaadt, 1987).

2"4 Bo¡ee loss í¡l situations of, decreased mechanícal åoadíng

ã¡atroductåo¡¡ a¡rd genenal trends

Many studies have shown that trabecular bone is resorbed sooner and to

a greater extent than cortical bone (Atkinson et al, t962; Bohr & Schaadt,

1985; Donaldson et al, 1970; LeBlanc & Schneider, 1991; LeBlanc et al, 1990;

Mazess & Whedon, 1983;Parfitt, 1981a; Schneider & McDonald, 1984).

Tþabecular bone loss in humans begins within a few weeks of reduced loading,

and proceeds at about lVo Þer week during bedrest or spaceflight (Mazess &

Whedon, 1-983). Trabecular bone losses are the result of trabeculae becoming
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thinner or disappearing altogether (Liliequist et al, I979;Parfttt, Lg87), a

condition which may be irreparable (Eriksen et al, 1989; Parfitt, 1987;Whedon

et al, 7977). Surprisingly, several studies (reviewed more fully in subsequent

sections) of the primarily trabecular calcaneus have shown total recovery, even

after substantial loss of bone mineral (LeBlanc & Schneider, 1-991; LeBlanc et

al, l-990). It is likely that in these studies the trabecular losses were caused

primarily by trabecular thinning, which can be reversed, rather than by

complete trabecular resorption. Evidence of reversal of trabecular bone loss has

also been shown in the spine (Krolner & Toft, 1983) and the distal femur in

males (Nilsson, 1966). Several studies of trabecular bone loss suggest that the

changes are relatively evenly distributed throughout the skeleton (Jensen et al,

l-980; Mazess et al, 1991; Orphanoudakis et al, 1979; Ruegsegger et al, 1981),

while others suggest that there may be faster deterioration in "weight bearing"

bones (Donaldson et al, 1970; LeBlanc & Schneider, 1991; Schneider &

McDonald, 1984), or bones in distal sites (Brewer et al, 1983;Jaworski et al,

1980; LeBlanc & Schneider, 1-991; Uhthoff & Jaworski, 1978;Uhthoff et al,

1979), or both.

In a dramatic display of the difference between the reaction of trabecular

and cortical bone, Ruegsegger and associates used a high resolution CT system

to demonstrate that in women with senile or postmenopausal osteoporosis,

trabecular bone density was 40Vo lower than normals, while cortical bone

density was just I.g7obelow normal (Ruegsegger et al, 1991). This difference is

apparently caused by the higher turnover of trabecular bone, which is probably

due to its higher ratio of surface area to volume (Parfitt, 1981-b; Parfi.tt, 1987).

This makes trabecular bone easier for the body to resorb than cortical bone.

ñnr"fìneJ hnno lnec nân 
^r,nrrr 

vie ondnstpel resnrntinn nr intracnrticalvvr ulvg¡ vv¡¡v ¡vÈù vø¡¡ vvvgr vs¡ ¡ vvvr Ì,

porosis (Garn, 1981; Lanyon, 1989; Liliequist et al, L979; Meema & Meema,
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1-969; Farfitt, 1987; Rubin & Lanyon, l-987). The former reduces the amount of

bone present, while the latter increases the porosity within the cortex. Eriksen

suggests that the increased porosity represents reversible loss ofcorûical bone,

while bone lost via endosteal resorption cannot be replaced (Eriksen et al, l-989).

Pløysi.oÍ.agi,eø1, progressí,orø of d.i,støse bowe Løss

Jaworski & Uhthoffhave outline three stages of disuse osteopenia: (1) an

early rapid loss followed by (2) a slower protracted loss, and finally (3)

stabilization (Jaworski & Uhthoff, 1986a). Their theory is generally

corroborated by other studies in humans during spaceflight or bedrest, but there

is substantial individual variation in results (Donaldson et al, L970; LeBlanc et

al, 1-990; Schneider & McDonald, 1"984;Vico et al, 1987). All data are consistent

with the theory that resorption and formation are coupled, with resorption

proceeding far faster than formation. However, at least one group of authors

has suggested that in radically reduced loading situations, resorption and

formation may not be coupled: there may be resorption but no subsequent

formation (LeBlanc & Schneider, l-991-).

In stage one, which can be as short as 6 weeks, there is rapid, widespread

bone loss as mechanical influences are overpowered by chemical events at the

cellular level (Jaworski & Uhthoff, 1986a). Bone tissue is lost due to an

increased number and depth of resorption cavities, probably the result of

increased osteoclast recruitment. At least two studies have shown that in

addition to increased resorption, there is also decreased formation (Jaworski &

Uhthoft 1986b;Weinreb et al, 1989). In stage two, resorption continues but at

a decneasing rate, and there is evidence of impaired formation. Significant bone

loss continues for up to a year or longer, resulting in the loss of 5û7o-6tVo oithe

original bone mass (Jaworski & Uhthoff 1986a). Most of this bone loss is via
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endosteal resorption, although periosteal resorption may play a role in growing

bones. Stage three is reached when bone resorption and formation rates return

to normal levels.

Bawe l,øss ø.wd, yeeavery i.w l.æbarøtory øre'i,rnøl's

Laboratory rats \ryere used in several studies of disuse osteopenia.

Histomorphometric analysis in adult female Sprague-Dawley rats showed

changes in trabecular and cortical bone resulting from 6 weeks of unilateral

hindlimb immobilization (induced by taping) followed by 6 weeks of

remobilization (Maeda et al, 1993). The number of trabeculae and the total

trabecular bone mass both declined significantly. Cortical bone showed

increased resorption and decreased formation, but neither of these changes was

signifrcant. In the recovery period, trabecular bone mass increased, but

complete recovery was not achieved. No mention was made of any reversal in

cortical bone measures. Lindgren & Mattson studied adult male Sprague-

Dawley rats during 9 weeks of unilateral hindlimb immobilization (induced by

taping) (Lindgren & Mattson,1977). They found indications of reduced mineral

density in the femur and tibia, but no signs of reversal during 10 weeks of

remobilization. \Meinreb and associates used femoral ashing and

histomorphometry of the proximal tibia to study changes in growing male

Sprague-Dawley rats during 6 weeks of unilateral immobilization induced by

tenotomy at the knee or sciatic neurectomy (Weinreb et al, 1989). Femoral bone

mineral content results showed that both groups suffered significant bone losses

from 1l7o to LBVz,whíle losses in tibial trabecular bone volume ranged from 49Vo

to 73Vo. The bone loss was caused by increased bone resorption (the result of an

:- 
-^^^^l ---*L^- ^f ^^+^^^1 ^^+^\ ^*J l^^-^^^^: L^-^ f^-*^¿-:^- ^*JIflü!tr¿1ÞULf IILTIlIlJ(fI UI UÞUEt-rtelaÞUÞ,, arl\l L¡çUrça,ÞçLl tJ\/llç lVltllc¿UIIrl.I 4lILl

mineralization. Jee and associates used growing male TVistar rats to study
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changes in trabecular bone following 1-8.5 days of spaceflight (Jee et al, l-983).

They also found reduced trabecular bone mass and increased marrow fat in the

tibia and humerus. Lower osteoblast number indicated that bone formation may

have been reduced during spaceflight, while constant osteoclast number

suggests that resorption was not altered. Atl parameters returned to normal

during the 29 day recovery period, except tibial bone mass, which showed only

partial recovery.

Other animals have also been used to study bone changes. Geiser &

Trueta used radiographic examination of 82 rabbits 3 to 12 months of age, to

monitor the influence of immobilization (induced by tenotomy or plaster casting)

on trabecular bone (Geiser & Trueta, 1-958). Results of both interventions

showed similar evidence of "gtossly" reduced mineral density, and

hypervascularity in newly resorbed voids. Four animals underwent electrical

muscle stimulation during casting, and showed only slight signs of osteopenia.

Following removal of plaster casts, all animals showed evidence of ongoing bone

repair. A recent study in mdx mice showed that muscle recovery was

accompanied by limited bone mineral recovery near the muscle insertion area

(Anderson et al, 1993). Young and associates studied mechanical and structural

changes in the tibial cortices of adult male monkeys during 3 weeks to 7 months

of semi-reeumbent immobilization (Young et al, 1983). Bone mineral in the

proximal tibia fell by 23Vo to \LVo, which resulted in strength losses from 36Vo to

40Vo. These losses were caused by increased resorption at the endosteal,

periosteal and intracortical surfaces. Bending strength was restored after 8.5

months of recovery, but even 15 months was not always adequate to

completely restore normal bone mineral content. After 40 months of recovery,

all histological indicators \ilere normal.
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Jaworski & Uhthoff have accumulated extensive experience with

immobilization and remobilization of Beagle dogs (Jaworski & Uhthoff, 1986a).

They have documented significant bone loss and recovery in young and old dogs,

and found that young animals showed much gteater capacity for recovery.

Duration of immobilization was a major influence in both yollng and old dogs, as

longer periods of immobilization rryere associated with greater residual bone

deficits. Trabecular bone regions almost always showed a gteater degree of loss

and recovery than cortical bone regions. Based on their research, Jaworski &

Uhthoffhave suggested the possible existence of a "point of no return"

(Jaworski & Uhthoff, 1986a). They propose that such a condition may exist in

older animals whose reduced remodeiing and mineralization rates preclude

recovery from signiñcant bone deficits. However, they and other investigators

believe that there is reason to be optimistic based on available data (Andersson

& Nilsson,7979; Jaworski & Uhthoff, 1986a; LeBlanc & Schneider, 1991;

Martin & McCulloch, 1987).

Bone Lass ø.nd, reeoaerry u:i,th short terrn d.í.st¿se i,w Íøø¿wøø.ws

Several studies have shown BMC or BMD losses from short term

immobilization (less than 12 weeks) in humans, such as during treatment of a

lower limb injury. Nilsson used SPA to measure BMC of the distal femur in 41

men and 49 women who had suffered a fracture of the tibia shaft up to 16 years

previously (Nilsson, 1-966). The injured limbs had an average BMC ZSVolower

than the uninjured limbs, and those with further complications (secondary

surgery or additional injuries) showed even greater osteopenia: averaglng 40%

lower than controls (p<0.05). The deflrcit was almost certainly caused by the

:---^^L.:l:-^¿:^- ^-l ^^^r:----^^) L^ L-^^L ¿L^ ¿iL:^l 4.-^^¿---^ ^-l ¿L^ 
-^^¿^-l^^^lrlurluullrzaLlurr auu uasLurH, Lrlicu tu trcilt, tlle urulilt rr-öuLurc, arru trre B,r'e¿lucr'rusö

in those with further complications suggests that the total osteopenia is related
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to the duration of casting or disability following injury. The absolute level of BMC

was also imporüant, in that patients with higher BMC in the uninjured limb

showed greater mineral loss in the injured limb, which suggests that the bone

loss was roughly proportional to the initial BMC (statistical tests were not

used). fn men, the difference between the fractured and control BMC was found

to decrease significantly (p<0.00L) with time after injury, but females showed no

signiflrcant recovery. Nilsson also found that much of the recovery in males

occurred during the first year after injury, although this was not quantified.

Three years later, Nilsson & Westlin used SPA of the distal femur to

assess bone mineral content in 54 men (0-5 years following meniscectomy) with

ruptured medial semilunar cartilage (Nilsson & Westlin, 1969). The average

mineral content in the injured limb was 9%oIower than the uninjured limb

(p<0.02). There \¡¡as no evidence of any bone recovery up to 5 years after injury.

These results illustrate that bone loss can occur as a result of relatively minor

dysfunction, not just after traumatic fracture or casting.

Another decade later, Andersson & Nilsson measured BMC of the

proximal tibia and fibula by SPA in 44 patients with knee ligament injury

(Andersson & Nilsson, 1979). BMC values measured just 5 weeks after injury

showed that injured limbs had sigaificantly lower BMC than uninjured limbs

(p<0.01). BMC continued to fall even though their bandages and casts \trere

removed at 5 weeks.By 3 months aft,er injury, patients with minor injury

showed an average L}Vo BMC deficit, while those who required surgery and

subsequent casting showed an average ISVI BMC defrcit. One year after injury,

the patients were back to full activity levels but repeat BMC measurements

showed no change from 3 month values. That is, there was no evidence of any

signifrcant BMC recovery in the first year; the difference was still significant

(p<0.01). This is contrary to the findings of Nilsson (above).
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Recently, Kannus and associates used a DEXA scanner to study 42

patients with knee ligament injury suffered 10-11 years earlier (Kannus et al,

!992).In patients with serious injury, the injured limb showed significantly lower

BMD in the distal femur, patella, and proximal femur than the uninjured limb,

but there \Mas no difference in the spine (L2-L4) or calcaneus. In patients with

moderate injuries, BMD values of the injured and uninjured limbs were equal,

and those with higher knee function (relative to the uninjured limb) showed

higher relative BMD. These latter findings suggest that lower limb BMD is

strongly affected by the intensity of the mechanical loading of the limbs.

Unfortunately, the investigators did not perform follow-up measurements to

assess BMD recovery.

I(rolner & Toft, monitored bone loss ín 17 women and 17 men resulting

from short term (11-61 days) immobilization due to hospitalization for

protrusion of a lumbar vertebral disc (Krolner & Toft, 1983). BMC of the lumbar

spine (L2-L4) was performed using DPA, and showed an average bone loss of

0.9Vo per week. Re-ambulation resulted in bone mineral gain, and by 4 months

lumbar spine BMC recovery was nearly complete. Unfortunately, the fact that

these patients were admitted for back trauma makes it diffïcult to compare

these frndings to other studies: the bone loss may have been affected by

complications of the injury. Nonetheless, the results are close to the IVo per

week loss of of trabecular bone estimated from spaceflight studies.

Concern about bone changes resulting from spaceflight have prompted

many studies of calcium and bone metabolism during and after spaceflight and

in voluntary bedrest, which appears to be a good analog of spaceflight (Parfrtt,

19R1n'\Mhprlnn of al 1q77\ lTof*nor,Q' MnMillon ra.-ia.',oÄ +l"o 'loi-o f-^- +l-^
-v . . ,. w ¿i¡v¿t¡¿¿¡sr¡ r v Y ¡v vv vu v¡¡v ugu@ rt v¡l¡ ultci

Gemini series of short space missions, and found that there \ryere abnormal
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losses of calcium and reduced bone mineral density. (Hattner & McMillan,

1968). They concluded that significant skeletal degeneration may occur during

prolonged exposure to a hypogravic environment, citing decreased mechanical

loading as the most likely cause. It was estimated that the rate of skeletal loss

was betw een I7o and ZVo of total bone mass per month, and there was no

evidence of whether that rate would decrease with prolonged exposure. They

recornmended experimentation with in-flight exercises and drug therapy to

attempt to stop the bone loss. The crew of Gemini VII practised isometric

exercises in space and showed less severe bone changes, measured by

quantitative radiodensitometry, than astronauts in previous flights.

A decade later, Whedon and associates published the results from the

extensive mineral balance studies performed during the 28, 60 and 84 day

Skylab missions (Whedon et aI,1977). Dietary intake was controlled, and

continuous urine and fecal collections \Mere taken from 3-4 weeks before flight

through to L7 days after flight. Urinary calcium excretion increased steadily

with time, reaching a plateau similar to that found in bedrest studies (-200

mg/day), and did not abate until return to earlh. In the post-flight period, urinary

calcium excretion quickly returned to normal levels, suggesting that

hypercalciuria is strongly linked to mechanical loads on the skeleton. Both

mineral and muscle losses were incurred despite the implementation of in-flight

exercise programs.

In reviewing these same data, Parfitt suggested that two rival

hypotheses were consistent with the findings: (1) that the bone loss could be

caused simply by increased turnover, and might therefore be reversible, or (2)

the losses may be due to enhanced resorption and./or inhibited formation, and

therefore irreversible (Parfitt, 1981a). Unfortunately, neither hypothesis could

be rejected, and he concluded that the reversibility of mineral loss during short
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term spaceflight is still uncertain. Mazess and Whedon published a brief review

of results from spaceflight, bedrest and SCI studies (Mazess & Whedon, 1983).

They supported the view that voluntary bedrest and spaceflight entail similar

negative calcium balances, equal to a trabecular bone loss of about IVo per

week, and added that SCI subjects suffered even greater losses. They

speculated that cortical bone loss from immobilization or space flight is slower

than the l7o per week found in trabecular bone, but did not quantifu the

difference. They also suggested that although reversibility of bone loss does

occur, the recovery period is several times longer than the period of loss, which is

of particular concern to older persons since there is slower bone turnover with

increased age. These ideas reflect Jaworski's concept of a "point of no returrl,"

but the authors made no reference to that theory. Leblanc & Schneider also

reviewed the spaceflight and bedrest data,looking particularly at the issue of

reversibility (LeBlanc & Schneider, 1991). They analyzed the densitometry

results and suggested that the large losses in the primarily trabecular calcaneus

(l.A%o per month) coupled with the lack of bone loss in the primarily cortical

radius and ulna imply that either the body preferentially resorbs trabecular

bone or "weight bearing" sites are more susceptible, or both. (They also pointed

out that astronauts in space are not immobilized, but are in fact quite active,

with bone loading simply reduced due to the absence of gravity.) They suggest

that continued bone loss after 7 to I months of bedrest shows that the

processes of resorption and formation may be uncoupled, which is contrary to

the dominant theories of bone metabolism (Eriksen et al, 1-989; Lanyon, 1989;

Lips et al, 1985; Parfi.tt, L987). However, this difference may be just semantic:

the data is consistent with the continued coupling of remodeling, but with

resorption substantially higher than formation.
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Bawe Lass ø,nd ree@aery with¿ Lawg tes'tw d,i.sø¿se i,w Føs,tn'i'øvî's

The effects of long term unloading (more than1'2 weeks) on the human

skeleton have been studied in bedrest and spinal cord injury models (which will

be discussed later). Three bedrest studies show very similar results, while two

others present contrary findings. Donaldson and associates performed a

meticulous 30-36 week bedrest study on 3 healthy adult males (Donaldson et al,

1970). Hypercalciuria rose to a maximum level during the seventh week, at

about 707o above baseline values, with an overall average of \IVo. Mean calcium

balance was -22'l- mg/day, resulting in an average 4.2Vo loss of total body

calcium over the entire bedrest period. During the 3 week re-ambulation period,

calcium balance became less negative. An SPA system was used to assess bone

mineral in the calcaneus, and showed bone mass losses of 25Vo,33Vo and 45Vo

during bedrest, with subsequent recovery occurring at a similar rate during re-

ambulation. They concluded that bone losses may occur to a greater extent in

weight bearing bones, and appears to be reversible.

Schneider & McDonald monitored 90 heaithy young men during bedrest

periods ranging from 5 to 36 weeks (Schneider & McDonald, 1984).

Hypercalciuria increased rapidly to a maximum in the sixth week, at about 100

mglday above normal (roughly 50Vo above baseline values reported by

Donaldson and associates). In subsequent weeks, hypercalciuria declined slowly,

but remained negative for the entire duration of bedrest. Calcium balance was

negative by the second week, and averaged -200 mglday for the duration of

bedrest, while calcaneal BMC measured by SPA showed losses of íVo per month.

This study also implemented mechanical and bio-pharmaceutical modalities to

prevent bone loss. Surprisingly, none of the countermeasures was successful in

significantly reducing osteopenia during bedrest. The authors noted a similarity

between the ineffectiveness of their mechanical loading regimes and the
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ineffectiveness of exercise programs used in the Skylab astronauts, but still

insisted that mechanical loading is essential for skeletal maintenance.

Leblanc and associates also studied bone loss and recovery in six normal

men who underwent 17 weeks of bedrest followed by 6 months of re-ambulation

(LeBlanc et al, 1990). BMC of the calcaneus and distal radius \Ã¡ere measured by

SPA, BMD of the hip and lumbar spine (L2-L4) were measured either by DPA or

DEXA, and whole body and proximal tibia scans \ilere acquired by DPA. During

bedrest, total body, lumbar spine, femoral neck, trochanter, proximal tibia and

calcaneus measures all indicated significant bone loss. During re-ambulation,

several regions showed signs of recovery, but only the calcaneus demonstrated a

significant increase, regaining almost I007o of the BMC lost. They noted that

the rate and extent of bone loss and recovery varied widely with site, and

substantial individual variation was seen at ali sites.

Thus, all three of these bedrest studies have shown that significant bone

bone loss occurs and continues until re-ambulation, aft,er which recovery

frequently follows (Donaldson et al, 1970; Schneider & McDonald, 1984; Whedon

et al, f977). The rate and extent of recovery seem to vary greatly among sites,

although the calcaneus consistently shows rapid and almost fult recovery.

TWo studies using extended bedrest failed to find significant bone loss

(Palle et al, L992; Vico et al, 1987). In the first, 20 healthy male volunteers

underwent I20 days of bedrest (Vico et al, 1987). Iliac crest biopsies taken

before and after bedrest indicated that although trabecular bone mass did not

change, the mineralization rate was lower and bone resorption parameters \¡/ere

increased. In the second study, 8 healthy male volunteers similarly underwent

120 days of bedrest (Palle et al, L992). Again, trabecular bone volume was

constant, but so was mean cortical thickness, in contrast to the first study.

There \ryere fewer trabeculae, but a slight increase in their thickness. Bone
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resorption indicators were unchanged in this study. The authors concluded that

their results indicated modified bone architecture, not reduced mass. A¡other

possible explanation is that the trabecular bone of the iliac crest does not

respond to unloading in a manner similar to other regions of the skeleton.

Ad.d,i.ti.owø.1. fr,wd.í.wg s i.w b an e r ec @t) ery

Complete recovery from any significant bone defrcit would almost

certainly require both increased formation and decreased resorption (Jaworski &

Uhthoff, 1986a). Returning to a normal level of functioning has also been shown

to be imporbant for recovery: those who achieved only partial functional

recovery showed reduced bone recovery (Geiser & Trueta, 1958).

Jaworski & Uhthoffperformed a direct comparison of young and old

animals using 6 weeks of immobilization in a shoulder spica, followed by up to 40

weeks of recovery. Young dogs showed, on average, 687obone recovery, while old

dogs showed 50Vo recovery (Jaworski & Uhthoff, 1986a). The difference in

reversibility between the groups suggests that older bone may have lower

metabolism, and therefore lower capacity for recovery (Jaworski & Uhthoff,

1986a). However, the authors did not discuss whether the older dogs would have

shown more complete recovery had they been allowed longer re-mobilization,

which seems reasonable given their suspected lower metabolism. Immature

human skeletons also show a greater capacity for restoring bone loss than

mature skeletons (Nilsson & Westlin, l-971). However, even bone deficits

sustained in childhood are not always completely restored (Nilsson & Westlin,

1971).
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9.5 Sketreta3 sÉatus i¡a the Spina! Cord [qiu¡r'ed populaÛiom

ã¡ets"od.ucbio¡a

Osteopenia secondary to spinal cord injury was established long ago, and

mechanical disuse has long been thought to be the main cause (Abramson,

L948; Minaire et al, L974). The loss of bone mass has been documented

explicitly (Bergmann et al, L978; Betz et al, 1991-; Biering'Sorenson et aI,1988;

Biering-Sorenson et al, 1990; Chantraine, L978; Chantraine et al, 1979;

Chantraine et al, 1986; Finsen et al, L992; Garland et al, L992; Kiratli & Agre,

1990; Kiratli et al, 1989; Leeds et al, 1990; Leslie & Nance, 1993; Minaire et al,

1974;Pacy et al, 1988; Phillips et al, 1984 Rodgers et al, 1991; Saltzstein et al,

Igg2), and recent work has indirectly addressed losses in bone strength as well

(Kiratti et al, 1990). The high incidence of lower limb fractures resulting from

minimal trauma in SCI subjects (Ragnarsson & Sell, L981) confirms the loss of

bone mass and strength. Fractures of the femur and tibia near the knee are

most common (Garland et al, 1992; Ragnarsson & Sell, 1981), and fractures are

more common in paraplegics than quadriplegics, probably due to the higher

general activity and mobility levels of paraplegics (R"ag¡arsson & Sell, 1981).

The incidence of fracture is not affected by gender, ãgQ, time since injury, or

degree of spasticity (Ragnarsson & Sell, 1981). Even though femur is the bone

most commonly fractured (Ragnarsson & Sell, 1981), only a few studies have

been done in SCI femurs (distal to the femoral neck) using radiologic methods

(Biering-Sorenson et al, 1988;Biering-Sorenson et al, L990; Garland et al, 1992;

Pacy et al, 1988; Phillips et al, 1984). Of these, only one attempted even basic

architectural assessments (Chantraine, 1978).
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StE differe¡at fnom hednesÉ and weåghûÏessness

SCI subjects are quite different from able-bodied volunteers in bedrest or

spaceflight studies (Chantraine et al, 19?9;Parfitt, 1-981a). A spinal cord injury

is associated with changes and complications in neurological, mechanical,

pharmacological, hormonal, nutritional, and circulatory systems. In bedrest and

spaceflight, the skeleton becomes unloaded with respect to gravity, but the

subject is not immobilized (LeBIanc & Schneider, 1991; LeBlanc et al, 1990).

That is, subjects in bedrest experiments can and probably do perform isometric

muscle contractions, and astronauts undertake regular exercise regimes,

whereas the only muscle contractions in the lower limbs after complete SCI are

the result of spasms or spasticity. As a result, calcium loss is much faster after

SCI than in bedrest or weightlessness (Mazess & Whedon, l-983), perhaps up to

three times as fast (Claus-Walker et al, 1977). These findings are consistent

with the hypothesis that the rate of bone loss is proportional to the degree of

skeletal unloading.

trlaysiotrogy of bone changes after spinal fuaiulry

Bone resorption in the first six to nine months after SCI is extremely

rapid and extensive (Bergmann et al, 1978; Chantraine et al, 1986; Garland et

al, Lgg2;Kiratli & Agre, 1990; Minaire et al, 1974). Bone changes are detectable

as early as 4 weeks after injury and continue at a rapid pace for about 6 months

(Kiratli & Agre, 1990; Leeds et al, 1990) and much of the adapüation occurs

within the first three months alone (Chantraine et al, 1979). Several

researchers have stated that bone loss after SCI is associated with both

increased resorption and decreased formation (Mazess & Whedon, 1983; Minaire

et ai, 7974). oihers have shown increases in bone formation after scl,

consistent with the theory of increased general turnover aftet SCI, but
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resorption rates are far higher stiil, and the net result is bone loss (Pietschmann

et al, Igg2). One group ofauthors has suggested that bone loss occurs

throughout the entire skeleton except the skull, and that the regions above the

level of the spinal lesion eventualiy regain at least some of the bone lost in the

first few months (Garland et al, 1992). However, there are major limitations in

the precision of their results, as discussed in the following section.

A new steady state level of bone mass is reached when resorption and

formation re-establish equilibrium. In the trabecular bone of the iliac crest, the

steady state may be reached as early as six months after injury, by which time

the trabecular bone volume is just 33Vo of normal (Minaire et al, 1974). In

contrast, the cortical sheli of the iliac crest does not show any evidence of

significant loss until 2 or 3 months after injury (Minaire et al, L974), and cortical

sites such as the femoral shaft have not yet reached their new steady state up

to 4 years afber injury (Biering-Sorenson et al, L990). However, another study of

the lower limbs suggested that significant losses were not sustained beyond 16

months (Garland et al, L992). These conflicting results emphasize the need for

further study. After the new plateau is reached, bone turnover rates may be

sustained at slightly elevated or suppressed levels, but most of the evidence

shows that turnover rates return to normal levels (Chantraine et al, 1986;

Hattner & McMillan, 1-968;Jaworski & Uhthoff, 1986a;Minaire et al, L974). A

complicating factor in analyzing such data is that remodeling rates may

decrease with age, but this change has not been accurately quantiflred (Hattner

& McMillan, 1968; Mazess & Vlhedon, 1983).
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Fneviot¡s studíes of ho¡ae r¡¡ivleral aften SCK

Several studies have documented bone mineral content or density after

spinal cord injury. Three studies provide most of the data (Biering-Sorenson et

al, l-988;Biering-Sorenson et al, 1990; Garland et al, t992), and a few others

contribute some new data and confirm previous results (Finsen et al, !992;

Kiratli & Agre, 1990; Kiratli et al, 1989; Leslie & Nance, 1993; Saltzstein et al,

1992).

In the fi.rst study of its kind, Biering-Sorenson and associates compared

bone mineral content between normal adults and 26 spinal cord injured subjects,

24 of whom \ilere males (Biering-Sorenson et al, 1"988). The SCI subjects had

sustained injuries between 2 and 25 years previously,6 of which were in the

cervical vertebrae. DPA was used to measure bone mineral content at 4 sites.

Average BMC values (relative to normal adults) were: lumbar spine (L2-L4)

IyLVo;femoral neck757o; femoral shaft 7\Vo;proximal tibia 48Vo. They found no

relationship between BMC and spasticity or the hour-long daily use of long leg

braces. Subjects with cervical lesions showed lower femoral shaft BMC than

those with lower level lesions, and those with a history of lower limb fracture

also had lower BMC values. In their discussion, they suggested that the normal

spine BMC values in SCI subjects were probably due to continued loading of the

spine during wheelchair use.

For their pioneering efforüs, choice of appropriate technology, and

selection of skeletal sites, the authors are to be commended. And though the

research seems to have been well conducted, the reporting of the results left

some important questions unanswered. The "arbitraqy''units used to reporb

results were not actual BMC or BMD values, and so cannot be easily compared

to the results of other studies. This unusual practise further limits the utility of

the results by ignoring the influence of bone size. The results for the SCI group,
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instead of being listed along with the normal data, were expressed only as a

percentage of the normal group. Their graphs clearly indicated that some of the

lumbar spine values were artiñcially elevated by Harrington rods in the region of

the scans, but they did not isolate these subjects or list these results separately.

Since women generally show lower BMD results than men, the inclusion of two

women in the SCI group further complicates the matter. For their comparison

group, they used a gïoup of normal adults instead of choosing matched controls.

Unfortunately, the normals included persons who were considerably older than

the SCI subjects. Since the age-related loss of bone is well documented, their

normal group should have excluded the elderly subjects. T\po years after that

first study, the same investigators published results of a two year longitudinal

study. SCI subjects were followed from as early as 9 days after injury to as long

as 53 months after injury (Biering-Sorenson et al, 1990). This study assessed

BMC in the lumbar spine (L2-L4), distal forearm, femoral neck, femoral

midshaft, and proximal tibia in 6 men and 2 \À¡omen. The results showed roughly

exponential bone loss after SCI, the losses in the first months being very rapid.

Consistent with their previous cross-sectional study, spine scans revealed

normal BMC values. Distal forearm BMC was also unchanged in SCI subjects,

contrary to the results of another study reviewed below (Garland et al, 1992). In

the lower limbs, the proximal tibia (just below the subchondral plates) showed

the fastest and most extensive bone loss, the average BMC dropping to

approximately 40-50Vo of normals by 2 years after injury. The femoral neck also

stabilized by 2 years at about 60-707o of normal BMC. In the femoral midshaft,

there was evidence of continued bone loss even up to 4 years after injury, at

which time BMC levels \ryere about B}Vo of normal. This led them to suggest that

in the first year after SCI, trabecular bone loss is gteater than cortical bcne

loss.
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Unfortunately, this second study also had several significant problems,

some of which are the same as affected their first study. The authors presented

BMC in SCI (expressed as a percentage of normal) versus time since injury.

They u/ere able to demonstrate the loss of BMC with time, but again individual

results and even group mean BMC results are not listed. Reliance on BMC again

undermines the utility of the data. Also, the same normative data were used for

comparison. Given the smaller size of this study, it would have been reasonable

to include age and weight-matched controls. The 2 female subjects should have

been listed separately, to isolate the influence of gender. The use of BMC instead

of BMD magnifies the gender problem, as it is well documented that men have

larger and more massive skeletons than women.

Garland and associates used whole body DPA scans to document bone

mineral status after SCI (Garland et al, 1992). They reported total bone mass

values for the head, arms, trunk, pelvis and legs, as well as BMD results for the

distat femur and proximal tibia. The last two sites were chosen because of the

frequency of fractures in these regions in SCI subjects (Ragnarsson & Sell,

1981). Ten age-matched controls \ryere compared to SCI subjects: 25 acute SCI

(13 paraplegic, 12 quadriplegic) an average of 114 days postinjury, 12 of whom

were also measured in follow-up an average of 469 days postinjury; and 20

chronic SCI (9 paraplegic, 11 quadriplegic) at least 5 years postinjury. All

subjects were males under 40 years old. Results for the head and trunk showed

no significant changes in bone mass after SCI. Surprisingly, the total bone mass

in the arms of SCI subjects was just 75Vo of controls. The pelvis and legs

averaged about 50Vo of normal values. BMD values in the distal femur and

proximal tibia averaged 63.3Vo and 64.5Vo of controls, respectively. The results

also showed that bone loss in the lower limbs declines by about l-6 months after

injury, after which time no significant additional bone loss was seen.
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Unfortunately, there was a major methodological flaw in the Garland

study. Mlhole body DPA scans suffer from limited image resolution, as the entire

body is displayed on a small portion of a computer screen. As a result, precision

and accuracy ate likely compromised because of the difficulty in properly

locating and sizing the regions to be analyzed. The use of üotal bone mass is also

unusual: no other investigators regularly use this variable, so their results

cannot be easily compared to other studies.

Three studies have documented BMD in the spine and hip after SCI

(Kiratli & Agre, 1990; Kiratli et al, 1989; Leslie & Nance, 1993). Using a DEXA

system, Leslie & Nance found average BMD in the lumbar spine (L2-L4) of L4

male paraplegics was normal (70L.8Vo of age-matched), while femoral neck BMD

was significantly lower (86.0 Vo of age-matched, p=0.002). Relationships

between bone status and injury duration, injury level and Frankel score were

non-significant, while the association between femoral neck BMD and the

Ashworth spasticity score showed marginal significance (p=0.08). Kiratli and

associates measured proximal femoral BMD by DPA in 19 chronic SCI subjects

(9 paraplegics, 10 quadriplegics). They found femoral neck BMD was 72Vo of

normals, Ward's triangie 68Vo, and trochanter 66Vo (Kiratli et al, 1989). The

relationship between relative BMD and injury duration was not significant, as

was the difference between quadriplegics and paraplegics. In a subsequent

longitudinal study of 30 subjects, proximal femur BMD decreased at about 2Vo

per month for the first 4-5 months, and about lVo per month thereafter, up to

two years after injury (Kiratli & Agre, 1990). Unspecified biochemical assays

indicated that these losses were caused by increased remodeling (presumably

via enhanced resorption). Subjects with chronic SCI (injury duration 1-33 yrs)

showed that remodeiing had stabilized, and in these subjects average femorai

bone mass was727o of normal. Analysis of 2L polio survivors revealed that
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those with normal ambulatory ability had normal BMD at the hip, while those

who used assistive devices or wheelchairs had signifrcantly lower BMD (B4Vo and

BSVo, respectively).

Bone mineral in the distal tibia after SCI has also been studied (Finsen et

aI,1992; Saltzstein et aI,1992). Finsen and associates measured BMD in two

sites in the distal tibia (4 cm and 10 cm proximal to the medial malleolus) by

SPA. Nineteen SCI men, ranging from 7 months to 33 years post-injury, were

compared to age matched controls. The results indicated that the metaphyseal

site had a 45Vo BMD deficit, while the diaphyseal site had a26Vo deficit. They

also found a significant relationship between BMD deficit and time since injury,

which they considered surprising. However, this finding should not be considered

surprising given the broad range of injury durations. Unforbunately, the results

were reported only as percent deficit values, so direct comparison of actual BMD

values to other studies is impossible. Similar techniques \¡¡ere used in a study by

Saltzstein and associates (Saltzstein et al, L992). They compared BMD in 7

partial and 20 complete SCI subjects to 15 controls, using SPA in the distal

tibia (6 cm proximal to the medial malleolus). Results for the complete SCI

group averaged 2.47 glcmz, or 59.87o of the control value of 4.13 g/c 2. Those

with incomplete injury (hemiplegia) showed values lower than normals in the

right limb only, a result of their unilateral dysfunction. They also found a

significant relationship between BMD and time since injury, but the durations

were not given. This resuit was no doubt confounded by the inclusion of the 7

partial SCI subjects who had higher bone mineral density values than those

with complete SCI.
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Revensi¡rg hone Boss i¡a SCI

Six studies have assessed the effect of exercise on bone mineral recovery

in SCI subjects: 5 in adults and one in children. The results of the first study, the

only in adults which found a positive effect on BMD, were published almost 10

years ago (Phillips et al, 1984). Vertical vibrations of the leg were used in an

attempt to induce bone formation in two paraplegic subjects (injury level and

duration unspecified). \trith the subject seated and the knee in 90 degrees of

flexion, a vertical vibration platform applied impact loads to the heel for one

hour per day, three times per week for three months. Bone mineral density of

the distal femur and proximal tibia were measured by CT. The results showed

an average increase of 50Vo in proximal tibia BMD, from about 0.75 glcmS to

about 1-.10 g/cm3 (exact values not specifred), while distal femur values were

unchanged. This differential effect was most likely due to the loading

aïTangement; vertical vibrations of the leg would create compressive loads in

the tibia, but their effect on the distal femur is less cerbain. The positive finding

in this study was of substantial magnitude but the sample size was very small

(n=2).

In 1988, Pacy and associates published the results ofan exercise

program in which the quadriceps muscles were electrically stimulated in four

paraplegic males (three chronic, one l year postinjury) to perform cycling

exercise on a modified Monark exercise bike (Pacy et al, 1988). After an initial

training period, FES cycling was performed for 15 minutes per day, five days per

week, for 32 weeks. Workloads varied up to a maximum of 18.75 watts, a very

low value compared to those used by normals. Bone mineral content measures

were performed in the lumbar spine and right femoral shaft by DPA, and

trabecular bone density in the distal tibia (exact siie unspecified) was measured

by CT. Average BMC in the femoral shaft was2.79 glcm, or just 66Vo of normal
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values (excluding the one subject who was just one year post injury), while

values in the lumbar spine were no different from normals. Distal tibia results

showed evidence of massive bone mineral loss: the average bone density value

was just 0.07 g/cm3, approximately LSVo of the normal value. Results indicated

no effect of exercise on BMC at any site. However, this result cannot be

considered surprising, since the workload was extremely low (as the authors

themselves admitted). The femoral shaft is predominantly cortical bone, and

probably requires a more rigorous and diverse loading pattern over a longer

period to show signifîcant improvement. The substantial variation in results

from the distat tibia scans raises questions about the precision of the methods,

and the intensity of the loading in the distal tibia during such exercise is

unknown.

Leeds and associates also attempted electrically-stimulated quadriceps

exercise using a bicycle ergometer, although the workloads were not quantified

(Leeds et al, 1990). Six chronic quadriplegic men underwent bicycle ergometry

for 30 minutes 3 times per week for 6 months, and BMD was measured by DPA

in the femoral neck,'Ward's triangle and trochanteric region. Results indicated

no effect of exercise on BMD. Scans of three other subjects, who had been

exercising for more than 3 years, showed similarly discouraging results.

However, the choice of measurement sites is questionable: the loading of the

proximal femur during cycling at low power output may be inadequate to

stimulate significant bone formation.

Rodgers and associates also used FES-induced cycling, in an LB week

progïam (Rodgers et al, 1991). Three paraplegics and six quadriplegics (injury

duration unspecified) had CT measurements of trabecular bone density at the

distal tibia. Results indicated no gains in bone density, but the losses, ranging

from 0.0003 to 0.1379 B/cm3 per year, were smaller than expected based on
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predictions from previous data. Unfortunately, the influence of knee extension

exercise on distal tibial trabecular bone density is uncertain.

Kiratli & Agre attempted to assess the effectiveness of two interventions:

assisted standing using a tilt table, and FES of the quadriceps muscles for 50-60

minutes 3 times per week for 32 weeks. No results were available for the

standing experiment, and the FES subjects showed no change in BMD (Kiratli &

Age, 1990). However, the parallel lack of increase in quadriceps muscle

strength suggests that the FES program was of insuffrcient intensity.

Another study used DPA to assess bone mineral changes at the lumbar

spine, femoral neck,'Ward's triangle, trochanter, femoral shaft, and distal femur

in 28 SCI children (age and injury duration unspecified), 6 of whom underwent

FES-induced standing or walking (Betz et al, 1991). While lumbar spine BMD

values in SCI were all more than 2 standard deviations above values from L03

able-bodied children, BMD values at ali lower limb sites were more than2

standard deviations below the normals. SCI children who had sustained

fractures of the lower limb had lower BMD than the other SCI children.

Following 6 months of FE$induced standing or walking in 6 children, only distal

femur BMD showed improvement: the average increase was 31.2Vo + L3.8Vo.

In summary, these studies show only small signs of hope for the

successful recovery of substantial quantities of bone lost after SCI. However, it

may be that none of these studies has implemented loading adequate to achieve

significant bone accretion. Programs designed with higher exercise intensity

sustained for periods longer than one year must be conducted to firmly establish

the effectiveness of FES-induced exercise as a means of skeletal restoration.
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Preventíng h@ne loss after SCã

The discouraging results of restoration attempts have shifted the focus

onto the prevention of bone loss after SCI. If programs could be developed to

maintain bone or decrease the rate of bone loss after SCI, then a major obstacle

might be overcome. Weight bearing has long been thought of as an effective

modality for preventing bone loss in situations of decreased loading (Abramson,

1948; Hattner & McMillan, 1968;Minaire et al, L974; VVhedon et al, 1977). In

1852 the idea was already more than 100 years old, as Ludwig observed, "That

gravity and counter-gravitational muscular efforb are required for maintenance

of normal skeletal volume has been recognized for over a century." (Hattner &

McMillan, 1968). Two studies by Kaplan and associates have shown a positive

effect of weight bearing exercises (Kaplan et al, 1978; Kaplan et al, 1981). The

authors used the term "ambulation," but it does not fit these studies well, since

in their tilt table exercises no dynamic motions or voluntary or induced muscular

contractions were involved. The first study assessed the effects of ambulation

by measuring calcium balance in 8 subjects who recently suffered SCI (some

less than 3 months previously). All subjects had negative calcium balance prior

to ambulation. Ambulation was induced using a tilt table adjusted to at least 45

degrees for at least 20 minutes twice per day, and resulted in significantly

decreased hypercalciuria and improved calcium balance. The second study

employed the same technique in 10 SCI subjects (8 men and 2 women), 6 of

whom ï{¡ere recently injured. This study also found that calcium excretion v¡as

reduced and that calcium balance became positive as a result of the tilting

(Kaplan et al, 1981). The effects were more pronounced in those with recent

injury than in those whose injury was sustained many years previously.

Simultaneous strengthening exercises in the upper limb seemed to have no

^cc^^L ^* L--^-^^l^-:...-:^ --.L:^L l^J +L^ ^.-+L^-^ +^ ^.---^^& +L^+ ---^:-L¿ L^^-:--EIIEUU \rrr rrJPElUaIUlLlttct, YYIIIUII rE(I UIIE o.(IUITUÌÞ ùt ÞL¡Ë,Ë,8ÞL trllaaù YVtrIË,].IL LTEAIIITË,

may be more important than muscular exercise.
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However, not all studies involving weight bearing have shown positive

results. Wyse & Pattee also used a tilt table system, but no skeletal effect was

seen OMyse & Pattee, 1954). Plum & Dunning tried rocking, vigorous physical

therapy, sitting, standing, and crutch-walking in poliomyelitis patients, but no

modality reduced hypercalciuria (Plum & Dunning, 1-958). In other fully

ambulatory subjects, they observed that normal calcium excretion \tras more

related to the muscular ability to walk than walking itself suggesting, contrary

to the Kaplan studies, that muscular function is more important than weight

bearing. The same conclusion was reached by Abramson & Delagi (Abramson &

Delagi, 1961), and Hattner & McMillan (Hattner & McMillan, 1968), who

speculated, "Ambulation and resumption of normal activities will probably

reverse the osteoporosis and negative calcium balance of paralysis and

immobilized fracture, although some disagree on this." (Most contemporary

researchers would probably disag¡ee.) It is not clear exactly what role weight

bearing and muscular activity will play in preserving and restoring bone afber

SCI, but is is almost certain that both are important influences.

Two studies have attempted the use of calcitonin, a known inhibitor of

bone resorption, to prevent bone loss in the early weeks/months aft,er SCI

(Minaire et al, 1984a; Pearson et al, 1992). The first, study administered 100

MRC units of salmon calcitonin (SCT, Armour) three times per week, up to 100

days starting within 10 days of injury in 17 SCI subjects. Iliac bone biopsies

with double tetracycline labeling were taken at the end of the treatment, and

several biochemical tests were performed monthly. Results were compared to a

1-7 person placebo SCI group and age-matched controls, and showed that in

treated subjects there was no increase in bone formation, confirmed by

biochemicai parameters (resorption, serum caicium, urinary calcium, and

hydrox¡rproline) and histomorphometric parameters of resorption. Osteoclast
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number did not increase, and there \¡/as no change in parameters of bone

formation and calcification rate. That is, the calcitonin was apparently

successful in preventing trabecular bone loss following acute SCI. The second

study, reported in abstract form, involved three weekly subcutaneous calcitonin

injections (100 MRC units) initiated within 6 weeks of injury in 3 male SCI

subjects (Pearson et aI, 1992). Unfortunately, the study had to be terminated

prematurely due to adverse side effects. Severe nausea and vomiting were

reported by all subjects, and could not be ameliorated. This is in contrast to the

first study, which documented no side effects, and noted that the dtog was well

tolerated. The conflicting findings of these studies show that further studies

must be done in order to firmly establish the effect of calcitonin in preventing

bone loss after SCI.

A third modality has also been tested for preventing bone loss shortly

after SCI: electrical muscle stimulation. The use of FES-induced exercise

systems in chronic SCI was described earlier, but two other studies reporüed in

abstracts have implemented FES very shortly after SCI in an attempt to

prevent bone mineral losses (Mysiw et al, 1990; Sipski et al, 1990). Sipski and

associates initiated FES on two subjects within two weeks of injury and

assessed bone changes in the proximal femur (technique unspecified, probably

DPA or DEXA). In a 20 year old T9 paraplegic male, several lower limb muscle

groups were stimulated by FES for one hour, five times per week, for weeks 2 to

24 aft,er injury (stimulation parameters unspecified). A l-7 year old C5

quadriplegic received FES from weeks 2 tß 5 after injury, then proceeded on a

REGYS bicycle ergometer for U2 hour 3 times per week for the next l-B weeks.

Pre and post-exercise BMD values were listed, but showed decreased BMD afber

inirrrv Over 24 weeks the nlder sr,'hiecf, refsinerl 94Vo af his RMT)- hut the
- ^ rr vv¡wt

younger subject retained only 757o. Perhaps the system of FES-exercise induced
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in the older subject \Ã/as more effective than the FES-induced cycling used in the

younger subject. Unfortunately, the small sample size prevents any sound

conclusions from being drawn. Mysiw and associates initiated 12 weeks of FES-

induced bicycle ergometry in 5 subjects within 16 weeks of injury. BMD rose

2.7Vo in the lumbar spine and fell in all other sites: femoral nedn-9.7Vo, Ward's

triangle -L2.9Vo, trochanter -L0.íVo, distal femur -7.9Vo and proximal tibia

-L2.BVo. Metabolic assays revealed no changes except that calciuria decreased

dramaüically during the exercise program, and rebounded 6 weeks after

completion of the program. They concluded that while FES-induced exercise was

very successful in reducing hypercalciuria, it was ineffective in preventing bone

mineral losses.

Taken together, these prevention studies show mixed results, and

emphasize the need for further study. Perhaps programs which combine the

positive influences of several modalities will be more successful.
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Chapten T'hree - Methods

S.tr Selectao¡a of Suhjects:

The protocol for this study was approved by the Committee on the Use of

Human Subjects in Research, Faculty of Medicine, Ifniversity of Manitoba.

Subjects were recruited by telephone interviews conducted by the investigator.

All subjects gave written informed consent prior to participation. Global

inclusion criteria specified Caucasian males in good health, moderate activity,

no history of elite participation in any sport, and no more than casual training

with free weights. Complete medication profiles of all subjects were taken, and

no subject was admitted if he was taking any medications known to affeet bone

metabolism.

SCI subjects

Only those with motor complete injury sustained at least one year prior

to the start of the study \ilere asked to participate. This was done to exclude

subjects in the acute period of rapid bone loss seen shortly after SCI (Garland et

al, L992; Minaire et al, 1974). Spasms and spasticity were not used as criteria,

but those with severe spasticity were excluded.

Conûrol su.bjects

Each subject in the control group \tras recruited individually to match a

particular subject in the SCI group based on age and weight. Previous studies

have shown that the important matching criteria for groups of able-bodied

adults were: race (Bauer, 1988; Garn, 1981; Parfitt, L987; Silverman &

Madison, 1988; Tïotter et al, 1-960), gender (Christensen et al, l-981), weight

(Carter et a7, L992; Hannson & Roos, 1980), age (Christensen et al, 1981;
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Hannson & Roos, 1"980), and height (Carter et al, L992; Hannson & Roos, 1980).

Unfortunately, no study has been done to determine the relevant matching

criteria for comparing able-bodied controis to SCI subjects. Therefore, we used

the criteria established for normals (race, gender, age and weight) for matching

controls to SCI subjects. Height was not used as a selection criterion in this

study. Estimates of alcohol and tobacco use were also recorded for all subjects

(Appendix D), but were not used as matching criteria.

S.2 Selectío¡e of measureûrenû technology

Our objective was to describe the differences in lower limb bone mineral

density and architecture between spinal cord injured subjects and controls. Dual

energ'y x-ray absorptiometry (DEXA) is an effective technology for assessing

BMD, but cannot adequately charactertze architectural changes, whereas

computed tomography (CT) is ideally suited to assessing cross-sectional

features such as cortical area. Therefore, both techniques were implemented in

this study.

3.3 Selectio¡¡ of ¡&easureme¡rt sites: general goals

Several objectives were used in selecting measurement sites for this

study. In total, eight sites were included to investigate trends and to allow

measurement of trabecular and cortical bone regions. The femur and tibia were

studied because these are the major bones of the lower limbs and they are

commonly fractured in chronic SCI (Ragnarsson & Sell, l-981). DEXA scans

included the standard clinical sites (lumbar spine and proximal femur) to allow
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comparison of our results with existing data. We also included sites in the distal

appendicular skeleton, as they show poor correlation to with axial measures

(Schneider et al, 19BB). Sites in the femoral and tibial shafts were located such

that results from both CT and DEXA scans would be available from identical

sites, allowing direct comparison of the results. Figure 3-1 illustrates the

locations of the sites analyzed from CT and DEXA scans.

3.4 Measrere¡rae¡et Stahílity

The investigator was present during all DEXA and CT scans to ensure

that identical procedures were used on all subjects. Measurement sessions were

scheduled to minimize the time between DEXA and CT scans. Alt SCI subjects

had CT and DEXA assessments within 1 week, with one exception: in subject

58, 5 months elapsed between measurements. (Since he was 23 years

postinjury, his skeletal status probably did not undergo substantial change over

that period.) For controls, the time between scans was generally longer, but was

less than 3 months in every case.

Ca3cir¡m &{ydroxyapatite F&ranÉom

Calibration of attenuation data to bone mineral density equivalent was

accomplished by the use of a phantom designed for CT scans of the lumbar

spine (Image Analysis Inc, San Fransisco, CA). The object contains 5 cylinders,

(each 2 crnin diameter and 30 cm long) of calcium hydroxyapatite equivalent: 0,

50, 100, and 200 mg/cm3. It was included in all CT scans and all DEXA scans of

the distal femur and tibia. Appendix B contains a fulIreport on stability studies

of DEXA and CT data.
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Subject Posåti.o¡l í r¡ g

A custom holding device was fabricated from acrylic for use in this study,

and was used in all OT scans and DEXA scans in the distal femur and proximal

tibia. It was designed to ensure consistent positioning of subjects and, in

parbicular, to minimize variations in lower limb rotation during DEXA scans

since DEXA results may be affected by bone orientation. Although the relative

orientations of the bones cannot be guaranteed even with the use of this device,

our pilot study (Appendix A) demonstrated that DEXA results in the femur were

robust with respect to femoral rotation up to 20 degrees. Others have shown

that in CT scans, relatively straightforward positioning procedures provide

acceptably accurate and reliable results (Schneider et al, 1988).

l,efû vs Right Límb.Assessment

The design of the study specified measurements on the right lower limb

for DEXA scans, while CT scans included both lower limbs. In DEXA scans,

there were two problematic cases in which the left side was used; the

circumstances surrounding these are described in the section on missing data.

Several studies of bilateral differences in the distal femur and tibia have

failed to demonstrate significant differences in group means (Alho et al, 1988;

Hall et al, 1991; Miller & Purkey, 1"980;Ruff& Hayes, 1983b). However,

significant differences between limbs have been demonstrated within individuals

(Miller & Purkey, 1980; Ruff& Hayes, 1983b), and this possibility cannot be

ruled out in the present study.
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MíssÍleg Ðata

\Mhile all CT data were acquired without problems, some DEXA data

points are missing. Following is a list of these missing data, and a brief

description of the factors which prevented their acquisition.

1) In one subject, there was extensive periarLicular c¿lcification of the right hip

region. Therefore, the left hip, which showed no sign of similar calcification, was

used for the proximal femur scan.

2) In the same subject as (l-), the tibia scan included portions of the fi.bula, and

so this scan was not analyzed.

3) In two other subjects, periodic spasms in the lower limbs prevented proximal

femur scans from being performed. In one of these subjects, the spasms also

prevented measurements in the right femur and tibia, so the left limb was used

for those sites.

4) In one other SCI subject, the distal femur scan did not extend sufficiently

distal to include the end of the femur.

8.5 trnoeedures used í¡a ÐEXA scâtrrs

AIl DEXA assessments were done on a Lunar DPX (Lunar Radiation,

Madison, Wisconsin, DPX sofbware version 3.4) bone densitometer in the

Nuclear Medicine Department of the St. Boniface General Hospital. The DPX

uses a K-edge filter to selectively provide photons at two energy peaks: 38 keV

and 70 keV. All scans were performed by one of two certified nuclear medicine

technologists, both with extensive research experience. The DPX uses a

rectilinear scan path with the source moved by a gantry system. Scans usually

take about 15 minutes, during which time it is important that the subject not

move (thus the rationale for the positioning /stabilizing jig).
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Ðata.&equisitio¡a - F,r¡¡:abar Spine & Fro-ürrnal F emur

Standard clinical DEXA acquisitions were performed for the A-P lumbar

spine and proximal femur. Data from the second to the fourLh lumbar vertebrae

(L2-L4) were used in the analysis, since most other studies of lumbar spine

BMCIBMD report L2-L4 results (Biering-Sorenson et al, 1-988;Biering-Sorenson

et al, 1990; Kannus et al, 1992; Krolner & Toft, 1gBB; LeBlanc et al, 1gg0). In

the proximal femur, results from all3 sites \Mere used: femoral neck, Ward's

triangle, and trochanteric region.

Ðata,A.cqreísitio¡L - Ðista-tr F'e¡nu¡r & trroxíma} Tåbía

Cø.1.í,brs.tion of ÐEX.{for knee regiow

Scans were performed over two adjacent regions around the knee to

document bone mineral deficits in the femur and tibia. Since the DPX is not

optimized for measurements in the appendicular skeleton (Johnson & Dawson-

Hughes, 1-991; Mazess et al, 1989; Slosman et al,1gg0; wahner et al, 1gB8), a

pilot study \tras done to determine the thickness of soft tissue equivalent

required to achieve stable results around the knee (see Appendix A). It was

concluded that including a 10 cm thick block of Lucite (plexiglass) provided

stable results.

Meø.swrem.erut,Sdtes i,w tÍe.e femt"ør ønd, ti,bi.ø

The femur and tibia were assessed by two DEXA regions 20 cm long and

l-B cm wide, which provided a pixel size of 1.2 mm X 1.2 mm. The femur scan

extended from 20 cm proximal to the knee joint to just beyond the knee joint.

The tibia scan started at the knee joint and extended 20 cm into the tibial shaft.

Both scans were acquired in Manual A-P spine mode. The knee joint itself was

included in these scans, and served as a reference landmark for locating regions
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to be analyzed. Radio-opaque markers (approximately 1- cm square lead) rwere

taped to the skin at the proximal and distal ends of the patella, to indicate its

position. No counter-measures were taken to account for marrow fat in the ends

of the femur and tibia, as simulation experiments have shown that the DPX

calibrations accurately account for normal marrow fat content (Mazess et al,

1989; Mazess et al, 1991; Wahner et al, 1988).

Three regions of interest \trere developed in each lower limb bone to allow

examination in regions of cortical bone (diaphysis), trabecular bone (epiphysis),

and a combination of cortical and trabecular (metaphysis). The regions are

shown schematically in Figpre 3-1.
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Femur Shoff

T'ibiq Shoft

L2-L4

Femoral neck
Word's Triongle
Trochonter

Femur Diaphysis I
Femur Diophysis 2

Femur Epiphysis

ïibio Epiphysis

Tibiq Melophysis

ïibio Diophysis

ffitrkg MWWE

Figu-re S-n ÐEXA an.d CT'negiores
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The femur sites included two in the shaft and one in the distal femoral

condyles. The Diaphysis 1 region was just distal to the femoral midshaft, and the

Diaphysis 2 region was slightly more distal, located in the same location as the

coïTesponding CT scan. In the tibia there was one region in the proximal

epiphysis, one in the proximal metaphysis, and one in the diaphysis. Three

separate measurements were made at each region, and the region was redrawn

for each repetition. The results presented are the average ofthe three values.

Each region was 1 cm tall, and drawn to precisely match the projected bone

width at top and bottom.

To locate the regions of interest in the femur, a reference line was drawn

across the bottom of the femoral condyles (condylar line, CL). The Diaphysis 1

region was defined as the 1 cm segaent between 15 and 16 cm proximal to CL.

The Diaphysis 2 region was defi.ned as the 1 cm segment between l-3 and l-4 cm

proximal to CL. The epiphyseal site was defined as the 1 cm segment centered

between the patellar markers, and therefore includes the patella, which has a

negligible influence on the results.

To locate the regions of interest in the tibia, a reference line was drawn

across the top of the two plateau surfaces (plateau line, PL). The epiphyseal site

was defined as the 1 cm segment between 1 and 2 cm distal to PL. The

metaphyseal site was defined as the l- cm segment between 7 and 8 cm distal to

PL. (This definition arose afber direct visual inspection of CT and DEXA scans

and was selected as a region which showed evidence of substantial trabecular

content inside the cortex.) The diaphyseal site was defined as the 1 cm segment

between L3 and l-4 cm distal to PL. In a few cases, the epiphyseal region

included a small portion of the fibular head. Defining a slightly narrower region

excluding the fibular head resulted in a change of less than lVo in the results, so

lhe fi¡lt tibial width was used, thereby providing measurernents which

consistently coincided with the tibial width.
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EIEKA data s"eduaûio¡a

Data for the distal sites were exporLed from the DPX and analyzed using

custom sofbware. The DPX files contain DEXA Values (DV), which are directly

related to the x-ray attenuation (ie. points of high attenuation had high DV). The

custom sofbware uploaded these files and allowed regions of interest to be

defined. Four-sided polygons were used to define all regions, providing reasonable

analysis time with good precision. The vertical sides \¡¡ere defined to follow the

shape of the bone, while the horizontal sides were straight lines located with the

assistance of a screen template. This system ensured the consistent location

and height of all DEXA regions. A height of 1 cm was chosen, identical to the CT

scan slice thickness, to allow direct comparison of CT and DEXA results.

For lumbar spine scans, the vertebral outlines and separations \¡¡ere

defined on a pixel-by-pixel basis using the manual override of the DPX sofbware,

ensuring that the regions analyzed contained only the verbebral bodies. For the

six distal sites in the femur and tibia, the custom software measured the

average DEXA attenuation values, which \Mere subsequently converted into

BMD values using the procedure dessribed in the following secLion.

Co¡everti¡rg Ð\r Mear¡ values into tsMÐ valmes

The custom software provided the mean DEXA attenuation value (DV

Mean, unitless) and the projected area of the region defined. Since BMD results

from DEXA scans are normally expressed in glcmz, the DV Mean values \ryere

converted into BMD values in glcmz.

The calibration phantom was used to converL DV Mean values into BMD

values. To calculate BMD, two parameters are required: the bone mineral

content and the projected area ofthe region analyzed. The area ofeach region

was determined by the diameter of the tubes (2.0 cm) and length of the region
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analyzed. The lenglh of each region was kept small to avoid alignment problems.

Each region was created as a square of 1-7 X 1-7 pixels, corresponding to 2.04 cm

X2.04 cm (4.16 cm?). The volume contained within this region is V = æt21, whe.e

r is the radius of the tube (1 cm), and l is the length of the tube within the region

(2.04 cm). The volume is therefore V = nG)22.04 = 6.4'1. cm3. Total mineral

content for each region, in grams, was calculated as volume (cm3) times density

(g/cm3). BMD is then calculated as mass divided by area. DV Mean values were

then correlated to BMD values. Table 3-l- below contains the values of the

relevant variables.

E-rx)Á.

ï)ensity
(e/cm3)

Volume
ofregion
(cm3)

T'otaI
Mass tsMD
(e) (cm2) (elcmz)

ÐV Mea¡a

VaIue
(unitless)

0.05

0.10

0.20

6.4r
6.4r
6.4r

0.321

0.641

r.282

4.76

4.16

4.16

0.077

0.r54
0.308

6596

6679
6859

Table $"tr ConvertÍng EIV Mea¡a to EMI)

Figure 3-2 below illustrates this relationship by plotting average values obtained

from all DEXA scans.
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Fígure 3-2 IIV Mean vs BMD Data points represent average

values from all DEXA scans of the lower limbs.

Repeated scans were done to ensure consistency of results between

patients and over time (see Appendix B). Linear regression provided the

following relation between DV Mean (DVM) and BMD:

DVM =LI22*BMD+6511

Using this relation, DV Mean values from all regions in the distal femur and

proximal tibia were converted into BMD values.

3.6 trrocedures used for CT scâlrs

All CT scans were done on a GE 9800 scanner (GE Medical Systems,

Madison, Wisconsin) in the Department of Radiolory at the St. Boniface General

Hospital. All scans were performed by the same technician with extensive

clinical and research experience. CT scan parameters were: B0 kVp, 70 mA,2

sec exposure, large field of view (DFOV). The sc¿n field is 512 N5I2 pixels, and

each pixel is 0.9375 mm square. The phantom was centered beneath the
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subject's legs. A scout view was used to locate the knee joints, and confirm

positioning of the phantom. Thirty one (31) contiguous slices were scanned; each

slice was one centimeter thick, producing a voxel (volume element) size of 8.79

mm3 (0.9375*0.9375*10). The first slice started l-5 cm proximal to the knee

joints, and the last ended at 15 cm distal to the knee joints.

CT Ðaúa neductio¡a

The GE 9800 CT scanner records data onto B inch magnetic tape.These

data tapes \ryere mounted onto the University of Manitoba mainframe computer

and the files were downloaded. The data were then loaded onto an IBM-PC based

system, and stored on removable data cartridges. Another custom software

program was used to convert the L2 bit CT raw data to an 8 bit gray-scale. The

resulting files were then loaded into a commercial graphics package (Corel

Photo-Paint, Version 4.0, Corel Systems, ottawa, Ontario). For our analysis,

only the regions including the femoral and tibial shaft, were required. Using the

zoom function of the program, the femur and tibia shafts vyere isolated and

copied into B bit PCX files.

Ðefi,wi.ng Cortie ø1. B owe

Since only cortical bone parameters \rvere to be measured, it was

necessary to filter out soft tissues and trabecular bone volumes. The threshold

value of 500 Hounsfield Units was used as the lower limit: all regions with

greater values were taken to represent cortical bone (Alho & Hoiseth, 1991-;

Alho et al, L989; Sumner et al, 1989). This corresponded to a value of g5 on the

I bit grey-scale, and 300 mg/cm3 of bone equivalent. All pixels of lower intensity

were bianked, leaving only cortical bone. The images v¡ere then printed on a

laser printer. Quantitative and qualitative analyses \trere performed on the
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printed images. Bone diameters and areas were calculated by counting the

pixels in the slice. All measures were repeated on at least two separate

occasions. If the results of the two counts were not identica"l, a third count was

done. In every case, the third count agreed with one of the two previous counts.

The result of the two identical counts was taken as the correct value.

It was possible to estimate periosteal and endosteal diameters of the

femoral shaft by counting pixels in perpendicular planes and averaging the

results (see Figure 3-3, following page). Measurements were performed in the

planes coffesponding roughly to the Anterior - Posterior (A-P) and Medial -

Lateral (M-L) planes.
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Fågnare S-3 Typical femoral shaft, CT images.

Subject C8 above, subject 58 below
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Results from CT scans were collected via pixel counts, which \¡¡ere

converbed into linear or areal values as appropriate. Cortical area

measurements were made in the femur and tibia. They were converted tn cm2

using the formula: Cortical area (cmz¡ = (# of pixels) * 0.00879 cm2 /pixel.

In the femoral shaft, average diameter and cortical thickness values rvere

derived from endosteal and periosteal diameter measurements made in the

anterior-posterior and medial-lateral planes, using the formulae:

Periosteal diameter = âv€râgê of A-P and M-L periosteal diameters

Endosteal diameter = âvêrâge ofA-P and M-L endosteal diameters

Cortical thickness = (periosteal diameter - endosteal diameter) / 2

3.7 Statistical .Ananysís Techreíques

Most of the analyses required for this study involved comparing the

results of two groups: control vs SCI. Therefore, t-tests were the main

statistical tool used. Since the control subjects were recruited individually to

match SCI subjects, paired t-tests were used in all cases. In comparisons where

previous studies or other information suggested that we might be able to

anticipate a difference in a given direction, one-tailed paired t-tests were used.

Linear regression analysis was used to perform post-hoc tests of the

relationships between injury duration values and relative bone results in the

SCI group. For all comparisons, p values are reported at their calculated value;

0.05 was selected as the significance level. All statistical calculations \¡¡ere

performed with Statview SE+ Graphics (version 1.3, Abacus Concepts,

Berkeley, California) except the outlier analysis for section 4.4 (deüails in

Appendix E), which was performed using the Number Cruncher Statistical

System (version 5.03, NCSS Ltd, Kaysville, Utah).
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Chapter F'ou-r: Resu-lËs

All tables list the individual results from all subjects. The group mean and

the standard error of the mean (SE) are listed at the bottom of each table. SCI

subjects are listed in order ofinjury duration; control subjects are listed beside

their SCI match.

4.X. Subjecús

Nine SCI subjects were included in the study: eight paraplegics and one

quadriplegic. All SCI subjects were at least 4 years post-injury, so the transient

increase in marrow fat which follows SCI should not affect our results (Minaire

et al, 1984b). Each of the nine able-bodied controls was chosen individually to

match a parüicular SCI subject. Basic information on all subjects is listed below.

Co¡etrols:
ID Age Mass Height
# (yr) (ke) (cm)

SCI Subjects:
ID Age Mass Height
# (vr) (ke) (cm)

Injury
Vert Dur
Lvl (vr)

c1 37 r.04.3

c2 27 70.3

c3 29 83.9

c4 27 96.1

c5 35 93.0

c6 66 85.3

c7 36 88.4

c8 36 59.0

c9 42 77.1

180

L78
185

t78
180

L83

185

773
173

s1 36 99.8

s2 28 68.0

s3 28 81.6

s4 27 90.7

s5 34 95.2

s6 63 86.2

s7 37 95.2

sB 39 59.0

s9 42 81.6

183

178

180

180

L78
183

183

165

1,73

C4 4.L

c6 5.0

T5 9.1

T5 10.3

c6 L't.2

T7 74.0

c7 18.3

T3 23.3

c5 24.0

Meørø 37 84.2

sE 4.0 4.60

w9
1.58

37 84.2

3.7 4.48

n.78

L.96

L3.2

2.43

T'able 4"3. llescriptíve data f'on Confron a¡ed SCI suhjecÉs
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Overall, there were no significant differences in age (p=Q.93), weight

(p=1.0), or height (p=0.25) between the groups. Individual matching of control

subjects to SCI subjects was quite close: on average, each control subject was

within 1-.14 years, 3.2 kilograms, and 2.2 centímeters of his SCI pair. The

maximum differences \Mere 3.75 years (CB), 6.8 kilograms (C7), and B

centimeters (CB). SCI subjects reported higher alcohol and tobacco use, but it is

unlikely that these differences had a significant influence on our results (see

Appendix D). The mean injury duration in SCI was 13.2 years, and there was an

even distribution from 4to 24 years, even though SCI subjects were not

recmited or blocked by injury duration. This fortuitous distribution allowed post-

hoc analysis of bone results with injury duration values (Section 4.4).

4.2 Results f,rom ÐEXA Sca¡rs

For all of the DEXA results reported in this section, the most imporüant

set of values are those which express BMD in SCI subjects relative to controls

(Vo Conftol). They provide direct information about the relative condition of bone

in SCI subjects.

l,¡¡¡nbar Spilee

Mean lumbar spine results for L2-L4 in all subjects are shown in Table

4-2 below. Since results of previous studies in SCI subjects indicated BMD

values similar to normal adults (Biering-Sorenson et al, 1988; Biering-Sorenson

et aL,1990; Garland et al, 1992), two-tailed t-tests were used.
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Comfuols:

ID BMD
# (g/cmz)

SCI subjecús:

ID BMD
# (s/cmz) Vo Control

C1

C2

C3

C4

C5

C6

C7

C8

C9

1.31

I.29
L.34

L.43

1.60

1.51

1.31

l_.06

1.50

S1

S2

S3

S4

S5

S6

S7

S8

S9

1..40

1.18

1.15

1.37

L.L2

L.70

1.18

L.44

1.85

r"07.09

91.30

85.29

95.77

69.91

LLz.28

90.40

135.91

L23.05

Meøw 1Å7A

sE .053
n.40.22

T'able 4-2 Lu¡nban Spine Results Similar
BMD results for controls and SCI subjects.

BMD in the lumbar spine of SCI subjects was the same as controls (p=0.98),

fnoximal F e¡nur

Since previous studies in SCI subjects indicated that BMD values in the

proximal femur were significantly lower than normals (Biering-Sorenson et al,

L988; Biering-Sorenson et al, 1990), one-tailed t-tests \trere used to determine

whether our SCI results were lower than controls. Table 4-3 below lists the

results from the femoral neck for all subjects. Since results from Ward's triangle

and the trochanteric region were very similar to those from the femoral neck,

they are presented in summary form after the table.

1.875

.085
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Co¡etroÏ:s:

ID BMD
SCI Subjeaús:

ID BMD

# G/cmz¡ # (g/cmz) Vo Control

c1_

C2

C3

C4

c5
C6

C7

C8

C9

r.20
r".08

( 1. t_5)

1_.10

1.13

t.04
1.07

0.85

L.04

S1

S2

S3

S4

S5

S6

S7

S8

S9

0.86

0.92

0.82

0.66

0.84

0.75

0.67

0.61

7L.47

84.69

74.29

57.86

80.58

70.28

78.96

58.59

Meø,w n.AT

s,E .033

72.49

Table 4-S F'e¡noral F{eck Results Lower

femoral neck BMD values in SCI subjects.
(C3) not included in calcuiations.

The average femoral neck BMD in SCI subjects was 72.09Vo of control

values, and the difference was significant (p-0.000079). At Ward's triangle,

controls had a mean BMD of 0.96 g/" Z,while SCI subjects had a mean of 0.69

glcmz or 72.68Vo of controls (p = 0.0083). In the trochanteric region, controls had

a mean BMD of 0.96 g/cm?, while SCI subjects had a mean of 0.67 glcm2 or

70.54Vo of controls (p = 0.00064).

Sites i¡n the ÐisûaÏ Femun a¡nd Froxümal T'ibia

Previous studies in SCI subjects indicated that BMD values were

significantly lower than controls in distal sites of the lower limbs (Biering-

Sorenson et al, 1988; Biering-Sorenson et al, 1990; Garland et al, L992).

Therefore, one-tailed t-tests \ryere used to determine whether SCI results were

0.73

.039
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because the lmee joint was not within the scan region, and in another (56), the

tibia cou-ld not be separated from the fibula. The value of the corresponding

control subject (listed in parentheses) was not included in the calculations or

further analyses.

HlistaÏ Femur

Conte"ol,s:

BMD
(s/cmz) # (s/cmz) 7o Control

scr:
ID BMDID

4
tf

C1

C2

C3

C4

C5

C6

C7

C8

C9

3.222

2.22r
1.836

2.7r1
4.355
2.277
(2.577)

L.763

2.200

S1

S2

S3

S4

S5

S6

S7

S8

S9

T.322

r.753
1.104

1.408

1.563

r.434

0.850

1.655

4L.04

78.92

60.13

5L.96

35.88

62.99

48.21

7 5.22

Meø.rø 2.573
sE 0.268

56"79

Table 44 Femur lliaphysis tr Resu-l.ts l-ower BMD
values for femur diaphysis in SCI subjects. (C7) not
included in calculations.

Mean BMD in SCI was significantly lower than controls (p=0.002).

x."386

0.105
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Co¡atro3s:

ID
#

BMD
(g/cmz)

BMD
(slcmz) Vo Control

scr:
ID
#

C1

C2

C3

C4

C5

C6

C7

C8

C9

r.972
L.447

L.697

1.508

2.4I3
L.462
(1.807)

t.572
1,.446

52.75

94.75

57.47

6r.44
40.52

77.05

36.51

72.24

S1

S2

S3

S4

DÐ

S6

S7

S8

S9

1.040

1.371.

0.975
0.927

0.978

7.\26

0.574
r.045

fufeørø L.690
s.ø 0.107

61..59

Tahle 4-5 F'emun Ïliaphysís 2 Results Lower BMD
values for femur diaphysis in SCI subjects.

Mean BMD in scl was significantly lower than controls (p=0.0014).

1.0M
0.079
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Co¡sfuons:
ID BMD
# (s/cmz)

scr:
ID
#

BMD
G/cmz) Vo Control

C1

C2

C3

C4

C5

C6

C7

CB

C9

t.479
1.354

r_.580

L.487

L.842
1_.305

(r.326)

0.982
1.310

sr_

S2

S3

S4

S5

S6

S7

S8

S9

0.743

1.002

0.699

0.754
0.460

0.628

0.332

0.769

50.22

73.99

44.23

50.74

24.96

48.1.6

33.85

58.69

Meørø L,4L7
s,E 0.078

48"X.t

Tahle 4.6 Femun Ðpiphysis Results Lower
BMD values for femur epiphysis in SCI subjects.

Mean BMD in SCI was significantly lower than controls (p=0.00011).

0.673

0.072
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tra'oxi¡maã Tibåa

Confu"ons:
ID BMD
# (g/cmz)

scr:
ID
#

BMD
(e/cmz) Vo Control

C1

C2

C3

C4

C5

C6

C7

C8

C9

0.923

0.891

0.917

0.906

0.945
(1.054)

0.935

0.636

0.821

S1

S2

S3

S4

S5

S6

S7

S8

S9

0.450

0.596

0.371

0.476

0.351

0.560

0.210

0.424

48.76

66.91

40.43

52.50

37.10

59.88

33.03

5L.64

Meøn A"872

s^E 0.038
48.78

Table 4? Tibia Epiphysås Results l-ower BMD
values for tibia epiphysis in SCI subjects.

Mean BMD in SCI was significantly lower than controls (p=Q.Q000017).

0.430

0.043
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Co¡lt'rols:
ID BMD
# G/crr'z)

SCI:
ID
#

BMD
(g/cmz) Vo Control

c1_

C2

C3

C4

C5

C6

C7

C8

C9

1.510

L.474

r-.356
'l.,.492

1..616

(1.456)

t_.382

1.385

L.2T3

S1

S2

S3

S4

S5

S6

S7

S8

S9

0.902

1.1-89

0.911-

0.767

0.646

0.643

0.527

0.715

59.70

80.67

67.18

5t.4r
39.96

46.50

38.02

58.93

Mea.w L.429

s,E' 0.038

55.30

Tahle 4"8 Tibía Metaphysis ResuJús Lower BMD

values for tibia metaphysis in SCI subjects.

Mean BMD in SCI was significantly lower than controls (p=Q.300045).

t"787
0.074
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Co¡efu'o3s: SCI:
ID BMD ID BMD
# (s/cmz) # (g/cmz) Vo Control

C1

C2

C3

C4

C5

C6

C7

CB

C9

Mea.w X..928

sE 0.061

1.232

0.094

r..832

r_.856

2.L49
1.930

2.236
(1.670)

1.862

1.828

r.736

sr.
S2

S3

S4

S5

S6

S7

SB

S9

1.349

1.688

L.329

T.L42

1.103

1.135

0.763

L.345

73.65

90.95

61.84

59.19

49.32

60.96

4t.71,
77.47

M.88

T'ahle 4-9 T'íbía Ðíaphysís Results Lower BMD

values for tibia diaphysis in SCI subjects.

Mean BMD in SCI was significantly lower than controls (p=0.0003).
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4.S Resa¡-åûs &'om CT'Scans

The transaxial slices of the femoral shaft showed relatively unifonn

shape and cortical thiclcress, allowing measurements of the periosteal and

endosteal diameters. Average cortical thickness of the femoral shaft was then

derived from the diameters. The tibia shaft is basically triangular, and the

substantial variation in orientation prevented similar analysis of the tibia.

TihiaÏ Shaft Contiaal ^Area

Controls:
ID Area
# (cm2)

SCT:

ID
#

Area
(cm2) Vo Control

C1

C2

C3

C4

C5

C6

C7

C8

C9

5.262
4.702
5.189

4.883

5.189

5.072
4.937

4.774

4.522

S1

S2

S3

S4

S5

S6

S7

S8

S9

5.262
5.108

4.0L6
3.718

4.052
3.908

3.628
3.r32
4.828

100.00

108.64

77.39

76.t6
78.09

77.05

73.49

65.60

106.79

Meøw

SE
4.948
0.084

84.80

Table 4-n0 Tibíatr Contical,Area Lower cross-

sectional area values in tibiae of SCI subjects.

Mean tibial cortical area in SCI was significantly lower than confuols

(p = 0.0091). The mean difference was 0.764 cm2, or L8.26Vo.

4.X.84

0.241
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F'em.oral Sh.aft ConfåcaÏ .&rea

Co¡aûrols:

ID Area
# (cm2¡

scr:
ID
#

Area
(cm2; Vo Control

C1

C2

C3

C4

C5

C6

C7

C8

C9

5.280

5.099

4.910

4.648
5.276
5.713
5.207

4.476
4.34t

4.765
5.072
4.079
3.863

4.260
3.998

3.682

2.879
3.926

90.26

99.47

83.09

83.11

81.66

69.98

70.7L

64.31

90.44

S1

S2

S3

S4

S5

S6

S7

S8

S9

Mea.n

SE
4.988
0.146

8X."45

T'able 4-tr 1 Femoral Cortical,4rea I¿wer cross-

sectional area values in femora of SCI subjects.

Mean femoral corbical area in SCI was significantly lower than controls

(p = 0.0007). The mean difference was 0.93 cmz, or 22.g2Vo.

4"058
0.210
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F"emoran ghaft Ðiameters

Femoral shaft periosteal and endosteal diameters were measured in two

planes, which roughly corresponded to the Anterior-Posterior (A-P) and Medial-

Lateral (M-L) planes. The results presented below are the averages of the data

from the two planes. Complete listings of the results from both planes are listed

in Appendix C. Since it was anticipated that periosteal diameters would be

roughly equal, and endosteal diameters would be larger in SCI, two-tailed tests

were used for periosteal measures and one-tailed tests for endosteal measures.

Controls:
ID Endo

# (cm)

sor:
ID Endo

# (cm) Vo Control
Peri
(cm) Vo Contuol

Peri
(cm)

cl 2.28

c2 1.95

c3 2.04

c4 2.33

c5 2.L4

c6 2.33

c7 1.81

c8 2.00

c9 2.09

3.42

3.28

3.28

3.37

3.47

3.61

3.18

3.14

3.18

s1 2.52

s2 2.33

s3 2.t4
s4 2.66

s5 2.76

S6 2,T9

s7 2.99

s8 2.33

s9 2.L9

Lr}.42
1_19.51

r04.65
IL4.29
128.89

93.88

L65.79

1_16.67

104.55

3.56

3.61

3.18

3.42

3.75

3.23

3.71

3.04

3.L4

704.1,7

110.14

97.10

101.41

t08.22
89.47

116.42

96.97

98.51

Mes.w Z.ln
s.E 0.06

L02.49

Table 4-3.2 Fe¡noral Shaft Ðia¡netens SCI subjects

showed similar periosteal diameters (Peri) but larger
endosteal diameters (Endo) than controls.

Endosteal diameters in SCI subjects were significantly larger than

controls (p = 0.0t26), while periosteal diameters \nere very similar (p = 0.4094).

It o.t
eJ. e, a,

0.05

2.45
0.10

n.17"63 3"40

0.90
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F"emoran Slraft torÉical TF¡.ickness

Femoral cortical thickness values were derived from measures of

periosteal and endosteal diameters. The inherent assumption of a circular

section appears reasonable in this context, as shown in Figure 3-3. Appendix C

contains all the raw data from the A-P and M-L planes, and Table 4-11below

lists the averages of the two planes.

scx:
ID
JJIt

Co¡etno&s:

ID
#

Thickness
(cm)

Thickness
(cm) Vo Control

C1

C2

C3

C4

C5

C6

C7

C8

C9

0.570

0.665

0.618

0.523

0.665

0.641

0.689

0.570

0.546

S1

S2

S3

S4

S5

S6

S7

S8

S9

0.523
0.641

0.523
0.380

0.499
0.523
0.356

0.356

0.475

9r.67
96.43

84.62

72.73

75.00

81.48

5L.72

62.50

86.96

Meøw

SE
4.61.0

0.020

0.475

0.032

78.L2

Table 4-3.3 Femonal Cortical Thickness SCI subjects

showed much lower cortical thickness values than controls.

Mean femoral cortical area in SCI was significantly lower than controls

(p = 0.001,4). The mean difference was l-.35 cm, or 28.42Vo.
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4.4 Reåationshíps w¡ith [qiury Ðu¡"aûio¡r

Though we did not recruit or block SCI subjects according to injury

duration, our subjects presented an even distribution of injury duration values

ranging from 4to 24 years. To investigate trends in bone variables associated

with injury duration, results from SCI subjects (expressed as percent control)

\¡¡ere linearly regressed with injury duration values (in post-hoc tests).

None of the variables showed a significant relationship with injury

duration. However, during inspection of the scatter diagrams, we noticed that

one data point presented atypical results (S9). Therefore, we performed an

outlier analysis to establish the status of subject S9 relative to the others in the

SCI g¡oup. Among the 8 BMD measurement sites, 59 could be considered an

outlier in only one (tibial diaphyseal BMD), while in all three architectural

measures (tibial cortical aÍea, femoral cortical area and femoral cortical

thickness), 59 was clearly an outlier (see Appendix E). In the relationships with

all three architectural variables, the results from SCI subjects S1-SB conformed

to the regression relation with remarkably little deviation, while Sg was more

than 4 standard errors above the predicted value, supporting the notion that Sg

was radically atypical. But in the relationship with tibial diaphyseal BMD (and

all other BMD variables), the deviations of all subjects were considerably

greater, and the exclusion of 59 was not as strongly supported. Therefore, we

left S9's results in the datasets of the BMD results, but excluded 59 from the

architectural results. In reviewing subject S9's patient profile and medical

history, we found no corroborating scientifrc reasons to justiff his exclusion. MIe

re-analyzed his DEXA and CT scans to ensure there were no errors in data

reduction or analysis, and identical results were found. Despite our inability to

identifr possible causes, we chose to exclude 59 from the datasets of the

architectural variables, based on the strength of the outlier analysis.
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Figure 4-1 below is reproduced from Appendix E, and serves to illustrate

the strong, uniform negative relationship between femoral cortical area and

injury duration.

o
V = -.139x + 100.101, t 2 = .864

o

o

o

o

% 50 Æ 1m p5 150 1Æ m 7)5 m 27.5 300

lnjury Duration (mo)

F'ígure 4-X Regressi@¡3 of femoraS cortica-ï area vs imjuay duratío¡a
The relationship is significant at p = 0.0008 (Subject Sg excluded).

Table 4-14 (on the following page) lists the relevant values for the linear
relationships between injury duration and all bone variables.
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T2

Lumbar spine I
Femoral Neck 7

Femoral Diaphysis t 7

Femoral Diaphysis 2 7

Femoral Epiphysis 7

Femoral Periosteal Diameter I
Femoral Endosteal Diameter I
Tibial Epiphysis 7

Tibial Metaphysis 7

Tibial Diaphysis 7

S9 excl¡¡.ded:
Femoral Cortical Area

Femoral Cortical Thickness

Tibial Cortical Area

8 0.864 0.0008

I 0.738 0.0063

8 0.702 0.0094

0.360

O.OBB

0.023

0.063

0.069

0.047

0.019

0.076

0.308

0.166

0.087

0.47

0.72

0.55

0.53

0.58

0.73

0.51

0.15

0.32

Table 4-L4 Statistical results of linear regtessions of bone

variables with injury duration.

Femoral cortical atea, femoral cortical thickness, and tibial cortical area

values are significantly lower in subjects with older injuries. Lumbar spine BMD

values are higher in subjects with older injuries, but this relationship did not

quite reach significance (p - 0.087).



4.5 Swæam'ary of ¡reswits

Control SCI
(s/cm2¡

I.370 1.375 ñffiffi"æ L2-L4

Site

1.O7

o.96
0,9ó

o.77
0.ó9
o.67

'l .39

r.00

o,67

0.43

o.79

1.23

Væ. ñ Neck

V&.ry Wqrd's

?Õ.9 Trochqnter

Femur Shoft ("r2
4.99 4.06 eä"5

Tibio Shoft t"#l
4.95 4.18 8Æ.8

2.57

1.ó9

1.42

0.89

1.43

r.93

56.8

6 g "6

4e. ã

48"8

ãËe

6&.&

mffiKe

Femur Diophysis I

Femur Diophysis 2

Femur Epiphysis

Tibio Epiphysis

Tibio Metophysis

Tibiq Diqphysis

7B

ffwwä

F'igure 42 S¡¡¡rrs¡raryr of results
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Cleapten Five - Þi.sau.ssi.o¡l

Table 5-1 below presents the results from this study and those of

previous studies of bone mineral after SCI. All entries express SCI subjects as a

percentage of control values.

SíteF¡r'esent"AWCDEFG
L2-L4 100.2 rL2.2 L00 107 101.8 LL2
Femoral neck 72.L 76.2 65 72 86.0
'Ward's triangle 72.7 68

Trochanter 70.5 66

Femur midshaft* 56.8 77 .8 7 5 66
Femur diaphysis 2 61.6

Distal femur 48.L 63.3
Proximal tibia 48.8 50.3 45 64.5

Tibia metaphysis 55.3

Tibia shaft 64.4 7 4

Distal tibial metaphysis 55

Tahle 5-n Oomparison of results ín gC[ (Vo control).

All differences were significant except spine results.

* The femur Diaphysis 1 site in our study is best compared to midshaft values

A: (Biering-Sorenson et al, f988);results from those injured during childhood
were excluded.

B: (Biering-Sorenson et al, 1990)

C: (Kiratli et al, 1989)

D: (Leslie & Nance, 1993)

E: (Pacy et al, f988); the result from the subject with injury duration of l-
year was excluded

F: (Garland et al, 1992)

G: (Finsen et al, t992); their tibial shaft site was slightly more distal than
ours
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5.f. ï,umhan spi:ee

The fact that at all studies of BMD in SCI have found lumbar spine

values the same as or slightly higher than normals establishes the maintenance

of bone mineral in the spine aft,er SCI. This is probably due to continued loading

of the spine during wheelchair use (Biering-Sorenson et al, 1988; Biering-

Sorenson et al, 1990; Kiratli & Agre, 1990). If any changes do take place in the

bone mineral of the spine after SCI, they are complete by four years afber

injury, as shown by the non-significant relationship between relative BMD and

injury duration in our data. Injury level also appears to have no significant

influence on spinal BMD: in our study, subjects with cervical lesions had slightly

higher relative BMD at the spine: cervical t07Vo vs thoracic96Vo, but this

difference was not significant (p = 0.20). Similar non-significant results were also

reported in both studies by Biering-Sorenson and associates (Biering-Sorenson

et al, 1988;Biering-Sorenson et al, 1990).

5.2 Froxiinal F emur

Results from the proximal femur are also simiiar among the studies.

Leslie & Nance found slightly higher values, but this may have been due to the

shorter mean injury durations: 6.4 years vs 13.2 years in the present study.

Leeds and associates (not listed in Table 5-1) found somewhat lower values in

SCI subjects, whose mean relative BMD in the proximal femur was 6wo of

normals (average of femoral neck, Ward's triangle and trochanter) (Leeds et al,

1990).
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5.S F'emonal shafû

The actuai BMD values obtained from the femoral shaft in control

subjects in this study are somewhat higher than those found by other

investigators. Combining the resuits from both diaphyseal sites, our mean value

was 2.14 glcmz. Slosman and associates reported a slightly lower mean femoral

shaft BMD of 1.937 g/cmz (Slosman et al, 1990). However, our results showed

that BMD varies sharply along the shaft, so even slight differences in location

could be responsible for this difference.

Our relative BMD results from the femoral shaft, fall between higher

values reported by some (Biering-Sorenson et al, 1988;Biering-Sorenson et al,

1990) and lower values reported by others (Pacy et al, 1988). Part of these

differences may be due to standardization: our results are BMD values (g/cm\,

while the others used BMC values (g/cm), which do not take bone size into

account (BMD values account for bone breadth). However, the fact that our

values fell between the others suggests that this size effect did not

systematically bias the results. In the 1988 study by Biering-Sorenson, 4 of the

23 injured adults \ryere only 2 years past injury at the time of measurement, and

this may have increased their mean value. However, the large variability seen

between individuals in our study (values ranged from367o to 79Vo of controls)

suggests that the means may not be significantly different.

CT results from the femoral shaft showed that SCI subjects had

significantly lower mean cortical area values, averaging BLVo of controls.

Cortical thickness was also significantly lower in SCI, averaging 78Vo of

controls. The significant negative relationships between injury duration and

femoral cortical area & femoral cortical thickness (excluding subject 59) suggest

that the cortical bone oithe iemoral shait requires many years to reach its new

equilibrium. This hypothesis is also supported by the results of Biering-Sorenson
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and associates: they reported that BMC values in the femoral shaft decreased

with injury duration, and had apparently not reached equilibrium up to 4 years

after injury (Biering-Sorenson eü al, 1-990). The absolute values of cortical area

in control subjects are higher than those found by some other researchers who

measured area values directly from autopsy specimens or archaeological

samples. In our control Broup, the average cross sectional area of cortical bone

was 4.99 cm2, similar to the findings of Piziali and associates (Piziali et al,

1980). Others have reported lower values, ranging from 3 cm2 to 4.33 cm2

(Lindahl & Lindgren, 1967; Martin & Atkinson,1977; Ruff& Hayes, 1983b;Van

Gerven, 1973). The higher values of the present study are probably due to the

relatively low cutoff value used to define cortical bone. The 500 HU cutoffwas

selected because it was used by other researchers (Alho & Hoiseth, 1991; Alho

et al,1989; Sumner et al, 1989). Unfortunately, it probably includes some tissue

which is not cortical bone, and is subject to error due to the volume averaging

effect: a voxel which shows a value of 500 HU may in fact have 50Vo of its

volume occupied by bone tissue of 1000 HU density while the remaining 50Vo of

the volume is void of bone tissue (Cann, 1988). Of course, this applies to the SCI

group as well, so the relative value of 8t.45%o remains a valid and useful

comparison. In fact, this definition probably over-estimates SCI area values, by

including more voxels which are not true cortical bone. Qualitatively, these lower

density regions appeared to be more abundant in SCI subjects than controls.

Mean endosteal diameter was significantly higher in SCI subjects, but

periosteal diameters were the same as controls (see Figure 5-1), suggesting that

endosteal resorption was responsibie for substantial losses of cortical bone.

There is also evidence that the femoral cortex of SCI subjects has lower density

than normals: the mean BMD vaiue was 417o iower than controls but the mean

cortical area value was only L9Vo lower. The greater relative loss of BMD
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suggests that osteopenia after SCI results from intracortical porosis as well as

endosteal resorption. This is similar to the findings of Meema and associates,

who assessed senile osteoporosis in the cortical bone of the proximal radius

using a radiographic method (Meema & lvfeema, ]-969). They too found evidence

of substantial endosteal resorption and intracorbical porosis. They also noted

rather complex interactions between these mechanisms, gender, and age.

Anterior

Medial Lateral

Posterior

@ Controls

Spinal Cord Injured

F'ig¡lre 5"n RÂean endosteal alad períosþan dia¡'meÊers

ofcontrol and SCI groups.
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Only one other study has measured femoral diameters after SCI, and it

reported a similar trend. Chantraine and associates used radiographs to assess

the femur (site unspecified), and found that SCI subjects had larger endosteal

and periosteal diameters (Chantraine, 1978). In absolute values, our average

periosteal diameter was 3.33 cm for controls, and 3.40 cm for SCI. These results

are similar to previous findings by other investigators, using direct physical

measurement of autopsy material. Lindahl & Lindgren reporbed an average

periosteal diameter in male femoral shafts of 3.29 cm (Lindahl & Lindgrên,

1967), while Martin & Atkinson reported an average of 3.036 cm (Martin &

Atkinson, t977). Their values of endosteal diameter in normals are also similar

to the present results. They reported an average endosteal diameter of 2.068 cm

in male femoral shafts (Martin & Atkinson, L977), while our control group

averaged 2.11 cm. Our cortical thickness values were also slightly larger than

reported values. The mean of the control group was 0.61 cm, while others have

reported values from 0.50 to 0.57 cm (Van Gerven, 1973). This difference may

be due to the low threshold level for determination of cortical bone in the present

study (500 HU), which may have included some trabecular bone. Taken

together, these results present strong evidence ofsubstantial endosteal

resorption after SCL

5.4 F'emonaÏ epåphysås

BMD results from the femoral epiphysis showed that it had the lowest

relative BMD of all sites in the femur:4B.L7o of controls, a value which is

considerably lower than the 63.3Vo established by Garland and associates

(Garland et al, 1992). The difference is probably due to differences in location

and method. Their study examined the distal femur by deñning a small

(unspecified) region above the patella from atntal body scan, while we used
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regional scans to achieve better resolution and positioning. (The limitations of

their approach were discussed in section 2.5). h may be that their region, while

attempting to exclude the patella, went beyond the region of primarily

trabecular bone: their region probably included subsüantial corüical bone, which

would explain much of the difference. Our data showed that above the patella,

the relative amounts of cortical and trabecular bone change rapidly. The very

low value found in our study is probably due to the fact that the distal femur is

almost purely trabecular bone (Nilsson, 1966), which has a higher turnover rate

than cortical bone (Parfitt, 1981a;Parfitt, 1987). Because of this higher

turnover, trabecular bone will respond to changes in its environment faster than

cortical bone. However, this does not mean that corbical bone will not remodel to

the same extent: it may just take longer. Note that there is evidence to support

this hypothesis in our results: the significant negative relationships between

injury duration and femoral cortical area & thickness (Vo control) show that

cortical bone is still adapting many years after SCI. The subjects with highest

injury durations also showed the lowest relative amount of bone area (and

therefore volume) in the femoral and tibial shafts, and there was no sign that

this trend was levelling offeven 23 years after injury (see Figure 4-I or Appendix

E). The general age-related loss of bone could possibly confound these fi.ndings,

but this effect was minimized by the use of percent control values.

5.5 T're¡rds in hone stahls of ûhe fem.ur

Table 5-1 demonstrates that the limited BMD data previously available

from the femurs of SCI subjects suggested that relative BMD decreased with

distance along the femur (Biering-Sorenson et al, 1988;Biering-Sorenson et al,

1990' Gnrlnnd pf. al 1992'Kirnfli pt el 1qR9'Pnnv pf nl lqRRl Orrr racrrlfc dn--.-,
not support this hypothesis. In particular, our results from the Diaphysis 1 site
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showed relative BMD was 56.BVo, but the slightly more distal Diaphysis 2 site

showed an average of 6L.6Vø almost SVohigher. To understand this difference

better, consider the absolute BMD values. While both controls and SCI subjects

showed significantly higher absolute BMD values at Diaphysis l- than at

Diaphysis 2,the difference was considerably greater for controls (íwo,

p=0.0007) than for SCI subjects (38Vo, p=0.0004). That is, the difference

between these sites was much more pronounced in controls than in SCI

subjects. This difference is probably due to different mechanical loading

patterns: the loading in the femur in SCI subjects is undoubtedly much lower

and more uniform than in controls.

5.6 Tibial Epiphysis

In the tibial epiphysis, the average BMD in the SCI group was 48.8Vo of

controls. This agrees with the resuits reported by Biering-Sorenson and

associates:50.3Vo in their 1988 study, and 40-50Vo in their 1990 studV (Biering-

Sorenson et al, 1988;Biering-Sorenson et al, 1990). As with the femoral

epiphysis, our proximal tibia value is considerably lower than that reported by

Garland and associates (Garland et al, L992). Again, differences in the location

of the region of interest and the inferior resolution of their method probably

explain the difference between the results. Of the three sites in the tibia, the

epiphysis had the lowest relative BMD, probably due to its primarily trabecular

content. In this respect, our tibial results are similar to our femoral results.

There is another set of results which, although not collected from the

proximal tibia, may best be compared to our results from the proximal tibia.

They involve measurements of the trabecular bone of the distal tibia. An SPA

sfirrlw hw S¡ltzsfoin ¡nrT nssnnirfos lnnt lisfp¡l in Tqhla Ã-11 rannrforl q ralqfi¡ra
\--vv --vvvB v Lt 

' 
vPv^ vvB

BMD value 60Vo of normal (Saltzstein et al, 1992). This result is slightly higher
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than ours, possibly reflecting a higher relative contribution of corbical bone at

their site (6 cm proximal to medial malleolus). CT studies by Rodgers and

associates (not listed in Table 5-1) and Pacy and associates revealed bone

density values of approximately 46Vo and IBVo, rcspectively (Pacy et al, 1988;

Rodgers et al, 1991). The latter study suggests far greater bone deficit than all

others, including our results. However, all of these studies used small sample

sizes and showed large variability.

fn terms of absolute values, the average BMD of 0.892 glcmz in our

controls agtees welt with the value of 0.86 g/" 2 previously reported for normal

men aged 17-69 years (Bohr & Schaadt, 1987). The much lower average of 0.43

d" 2 in our SCI subjects is, surprisingly, just above the lower end of the range

of BMD (0.39 to 1.04 g/cm2 ) for normal women aged 23-87 years reported by

others (Checovich et al, 1989). The high incidence of low trauma fractures in the

proximal tibia of SCI subjects (Ragnarsson & Sell, 1981) suggests that elderly

women who have similar BMD values are also at very high risk of fracture,

although reports of such fractures are not conìmon (unlike reports of fractures

at the hip or forearm).

5.7 Tíbia} Metaphysís

The tibial metaphysis region in SCI subjects had an average BMD of

55.3Vo of controls. This agrees with the 557o average reported by Finsen and

associates, even though they measured BMD in the distal tibial metaphysis, as

opposed to the proximal tibial metaphysis in our study (Finsen et al, 1992).

These values are both slightly higher than the relative BMD values from the

tibial epiphysis, consistent \Ãrith the higher prevalence of cortical bone in the

metaphysis.
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5.8 g'åhåaf Ðiaplaysís

The tibiat diaphysis in SCI subjects in our study showed average relative

BMD of 64.4Vo of controls. This was the highest relative BMD value recorded for

all6 sites in the distal femur and proximal tibia, suggesting that the tibial shaft,

has lost the least relative amount of bone mineral. Our value is somewhat lower

than the747o reported by Finsen and associates (Finsen et aL,1992), although

their measurements were taken more distally than ours, and there may be

differences in bone structure between the sites. However, they too reported that

the diaphysis had the highest relative BMD of all sites measured in the tibia.

CT results from the tibial shaft showed findings very similar to those

from the femur. Mean cortical area in the tibial shafts of SCI subjects was

84.8Vo of controls, slightly but not significantly higher than the 8I.5Vo for the

femur. Our absolute values of tibial cortical area are higher than other reported

values, again probably due to the low threshold used to define corbical bone in

this study. The average in our control group was 4.948 cm2, considerably higher

than values measured from autopsy or archaeological samples, in which

average area values ranged from 2.5 cm2 to 3.2 cmz (Mitler & Purkey, 1980;

Minns et al, 1975; Ruff & Hayes, L982; Ruff & Hayes, 1983b; Ruff & Hayes,

1988;Van Gerven, 1973). Piziali and associates reported somewhat higher

values: their areas were between 2.5 cm? and 4.0 cm2 (Piziali et al, 1980). The

significant negative relationship between tibial cortical area and injury duration

in our study suggests that adaptation in cortical bone volume continues for

many years after injury, even though the bone mineral status has apparently

stabilized.
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5.9 Tbre¡ads fus h@&e staÉus of the tibia

The results from the tibia sites showed a consistent relationship between

relative BMD and prevalence of cortical vs trabecular bone: as the cortical bone

contribution rose, so did the relative BMD value. Results from previous studies

(Table 5-1) seemed to indicate that relative BMD was lower for distal sites, but

only limited dat¿ were available. The addition of the results from the present

study clarifres the situation by demonstrating that the structure of the bone

(cortical vs trabecular) has far greater influence on relative BMD than location.

The fact that the tibial shaft showed the highest relative BMD value of ail 6

distal sites suggests it may be less sensitive to unloading than more proximal

sites.

5.X.0 Tre¡ads wíth [qiury Ðuration

Efforts to document the time course of skeletal adaptation following SCI

have taken many approaches. Studies measuring bone status in the early

weeks or months after SCI have shown consistent results: decreases in bone

mass, bone volume, bone formation, and mineralization rates, and increases in

remodeling and resorption rates (Chantraine et al, 1986; Garland et al, 1992;

Kiratli & Agre, 1990;Minaire et al, 1974). Studies of bone mineral content or

bone mineral density have shown that lower BMC or BMD values are

associated with higher injury duration values (Saltzstein et al, L992), but only

up to about 2-4 years after injury at most sites (Biering-Sorenson et al, L990;

Finsen et al, 1992). At that point, bone mineral stabilization seems to have been

established, as significant decreases do not appear beyond that time (Biering-

Sorenson et al, L990; Garland et al, 1992; Kiratli & Agre, 1990; Kiratli et al,

lqRq\ Tn nr:r strrdv f.hc lnr¡¡pst inirrrv drrrntinn wns 4 veârs- and nlrr RMDLúVV,t. ¡¡Mr ÈvBuJt valv ¡vtrvUu ¡¿¡Js¡

results from all sites indicate that higher injury durations were not significantly
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associated with lower relative BMD values. However, the significant negative

relationships found between injury duration and femoral cortical area, femoral

cortical thickness, and tibial cortical area suggest a different relationship

between injury duration and cortical bone volume. They suggest that in regions

of cortical bone, the rnineral content reaches its new equilibrium much faster

than the bone volume. But it must be emphasized once more that this study

was not designed to assess relationships with injury duration;these analyses

\ilere conducted on a post-hoc basis, as it was apparent that an even

distribution of injury duration values was present. Experiments designed to

rigorously assess relationships with injury duration should involve a much larger

sample, and may be able to conclusively answer some of the questions raised by

our results.

5.nn E¡nfllle¡nee of atreohotr a¡rd tobacco

Smoking was more prevalent among SCI subjects, and estimated alcohol

use \ilas higher. Mild alcohol use may actually be beneficial, but alcohol abuse

has been shown to have a negative influence on bone mass (Laitinen &

Valimaki, 1991; Peris et al, L992). However, it has been pointed out that most

studies of the effect of alcohol on bone reported that the difference was non-

significant (Chon et al, 1992). The only subject in this study who might be

considered an alcohol abuser is 52, but his results were consistently higher than

the SCI group average. The effect of tobacco use is considerably more subtle

than other influences. There may be a mild negative effect on bone mass, which

may be stronger in the peripheral skeleton than the axial, but these influences

are not well documented (Pocock et al, 1,989).
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5.Í.2 Sr¡mmary ared lrmplicaÉi.ons

This study used quantitative methods to assess bone status in the lower

limbs of chronic spinal cord injured subjects, and compared their results to those

of age and weight matched controls. The findings confirm previous BMD results

from the lumbar spine, proximal femur, femoral shaft, distal femur and proximal

tibia, and contribute new BMD results from the tibial metaphysis and diaphysis.

This study also provides the first architectural results from the lower limbs of

chronic SCI subjects. There is overwhelming evidence of substantial osteopenia

after SCI: averagrng the six distal sites in the lower limbs, SCI subjects have

56Vo of the BMD of controls. The differences between controls and SCI subjects

were highly significant at all sites in the lower limbs. In the distal sites of the

lower limbs, regions of trabecular bone had larger deficits than regions of cortical

bone: tibial and femoral epiphyses had mean BMD values 52Vo of controls, while

the diaphyseal sites averaged6l%o. Non-significant relationships between injury

duration and BMD at all sites suggest that bone mineral has reached

equilibration by 4 years after injury. Mean cortical bone area in the tibial and

femoral shafts of SCI subjects was 837o of controls. There were significant

negative relationships between injury duration and tibial cortical area, femoral

cortical area and femoral cortical thickness. The results are consistent with

bone loss via endosteal resorption and intracortical porosis.

Our understanding of the pathophysiolory of bone loss after SCI is

enhanced by two findings from this study. First, it seems clear that trabecular

bone loss is greater than cortical bone loss. Second, since the mean BMD deficit

in the shafts of the SCI group was 37Vo, while the mean cortical area deficit was

only I7Vo, it may be the case that in cortical bone regions, bone mineral is

affected faster or to a greaüer extent than is bone volume. The significant
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negative relationships between cortical area values and injury duration,

combined with the non-significant relationships between BMD and injury

duration suggest that'faster'is probably the more accurate description: given

adequate time, the corbical volume deficit may reach the same level as the BMD

deñcit.

Given the large bone mineral deficits throughout the lower limbs of

chronic SCI subjects, it follows that bone strength will also be compromised. A

50Vo decrease in bone mineral density may result in a decreases in compressive

and bending strength of 30Vo - 40Vo or more (Martin & Atkinson, 1977). This has

been reflected in the high incidence of low trauma fracture in the lower limbs of

SCI subjects. If advances in neural regeneration or electrical stimulation

become capable of restoring ambulatory ability in SCI subjects, fracture risk

may actually be increased unless the lower limb bones are rehabilitated to a

level adequate to support the large forces involved. Efforts to reverse bone loss

years afber SCI have been largely unsuccessful to date, although there is a clear

need to attempt studies involving exercise programs of greater intensity

sustained for longer periods. Nevertheless, the apparent inability to reverse

substantial bone loss after SCI emphasizes the imporbance of prevention.

Attempts at bone preservation have also shown mixed success to date, but

further study is needed, perhaps combining several of the modalities which have

shown limited success. Future efforbs should focus primarily on the preservation

of trabecular bone, as it clearly suffers more rapid and perhaps more extensive

losses than cortical bone. Restoration of corüical bone may depend primarily on

the ability to re-mineralíze the tissue, as it appears that the bone volume is not

affected as rapidly as the mineral content.
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6"L2 Ðøwe,3.usío¡as

Based on the findings of this study, we can answer the hypotheses:

"&ccepû Eaypotlaesis X.: DEXA BMD results from spinal cord injured subjects

\ilere the same as controls at the spine, and signifrcantly lower than controls at

all sites in the lower limb.

,A,ccept hy¡lothesis 2: CT results showed that spinal cord injured subjects had

significantly larger endosteal diameters than controls and similar periosteal

diameters, resulting in significantly lower cortical area in the Libial shaft, and

significantly lower cortical thickness and cortical area in the femoral shaft.

.&ceept hySrothesis 3: In SCI subjects, the regions of primarily trabecular bone

(femoral and tibial epiphyses) showed lower relative BMD than regions of

primarily cortical bone (femoral and tibial shafts).

Reject post"hoc hy¡rothesis (that relative BMD values would be lower in SCI

subjects with longer injury duration): The relationships between relative BMD

values and injury duration were not significant. However, femoral corbical

thickness, femoral cortical area and tibial cortical area values did show

significant negative relationships with injury duration (excluding subject Sg).
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APPENÐffi "&: Pilot SÉudy o¡s Soft ?'issue TÏ¡ick¡aess

l¡akoductio¡a
DEXA scanners were designed primarily for measurements in the axial

skeleton, where total body thickness is commonly 20 + 5 cm (Johnson &
Dawson-Hughes, 1991; Wahner et al, 1988). They have been shown to be

inaccurate and imprecise when the thickness of the region being scanned is

signifrcantly below or above normal values (Mazess et al, 1989;Wahner et al,

1988), although some studies have shown that these errors are reasonably

small for scan thicknesses between 10 and 24 cm (Slosman et al, 1990; Wahner

et al, 1988). The study by Wahner and associates indicated that greater

thickness was not as significant a problem as the reverse, so it is best to err on

the side of having greater thickness. Since in our study we performed scans of
the distal femur and proximal tibia, additional thickness was needed to simulate

normal soft tissues around the hip and spine. Plexiglass, water and rice have all

been used successfully as soft tissue equivalents in other experiments (Mazess

et al, 1991), including one DPA study of the proximal tibia (Checovich et al,

1989). This calibration experiment was done with water.

Farr¡lose
To determine the optimal thickness of soft tissue equivalent required to

make Lunar DPX readings stable, accurate, and valid, and to determine the

effects of femoral rotation on BMD measurements. The experiments also

provided results with which the custom software written for this research couid

be tested and compared to standard Lunar DPX software.

Equípment
- 1 bare dry human cadaver femur, transected just proximal to the midshaft(a
groove was notched into the femur shaft at the cut end, to accommodate

fixation of the goniometer)

- 1- finger goniometer (Jamar 0050 K)

- l- rubber utility bin, used as water bath
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E{ypot}eeses

1) That there is a range of water depth over which the DEXA measurements will
be accurate and precise.

Z)That BMD values are not significantly different when the femur is suspended

over water than when immersed in water.

3) That rotation of the femur will not significantly change the BMD values

recorded by the equipment.

Methods
The hypotheses were tested by three sets of scans. All scans were 200

mm X 160 mm regions acquired in Manual A-P spine mode on the Lunar DPX.

In the first set, the femur was suspended over the rubber bin and

repeatedly scanned (6 scans), with water depth increasing from 0 to 12.5 cm in
2.5 cm increments. In the second set, the femur was placed at the bottom of the

bin, and taped into position. It was then scanned six times, again with water
depth increasing from 0 to L2.5 cm in 2.5 cm increments.

In the third set of experiments, to test the effects of rotation, the
goniometer \¡/as placed into the groove in the open shaft end of the femur. This

apparatus was immersed in 10 cm of water, and the femurwas scanned five

times, from 0 to 20 degrees in five degree increments.

Resuï.ts
All scans were analyzed by two methods: using the Lunar software, in

Manual Analysis, and using Custom Software (IP) which incorporated an

estimate of the calibration equation. Two rectangular regions of interest were

created and analyzed in each scan. The first was at the free end of the shaft
(mostly cortical bone), and the second was across the femur near the condyles
(mostly trabecular bone). The following tables and graphs present the results.
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l,a¡.¡sa¡r ÐPX Custo¡m $oftware (Etr)

XMater Ðeptla Regíon X. Region 2 Region 3. Reglon 2
(cm) (g/cmz) (glcmz¡ (e/cmz) (e/cm2)
0.0
2.5
5.0
7.5
10.0
L2.5

0.363 0.288
0.000 0.008
0.L22 0.000
0.714 0.459
0.933 0.676

1.008 0.975
0.790 0.874
0.659 0.563
0.609 0.477
0.585 0.476

0.969 0.720 0.592 0.450

Table "&-X. Suspended Femnr BMD results of bare
femur suspended over varying depths of water.

Figure,&-X. a Suspended Fem.un - Regio¡l X. BMD results of
bare femur suspended over varying depths of water.

FÍgure ^A.n h Sr.lspended F'emur - Regio¡a 2 BMD results
of bare femur suspended over varying depths of water.
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WaÉer lleptla
(cm)

E u¡aar DPK
Regio¡a 3. Regåoxa 2

Glcmz¡ (elcmz¡

Custo¡m SofÉware (Ïtr)
Regíon f. ffiegioxa 2
(s,/cmz) Glcrr.z)

0.0
2.5
5.0
7.5
10.0
12.5

0.2L5 0.124
0.000 0.037
0.355 0.114
0.864 0.475
1.073 0.669
r_.098 0.696

0.951.

0.803
0.709
0.655
0.631
0.630

0.904
0.826
0.6r_3

0.493
0.439
0.430

T'able.4,.2 Tm'¡wrersed Femn1n BMD results of bare
femur immersed in varying depths of water.
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Ðiscwssiors
The graphs indicate several interesting findings. First and foremost, the

BMD values vary greatly with soft tissue thickness. Since the values seem to

stabilize between 7.5 and I2.5 cm of water, we can confirm hypothesis L. The

optimal depth seems to be approximately 10 cm, although gteater depth results-Heiveti

in a smaller change than lesser depth, so it is acceptable (or perhaps beneficial)

to have some extra soft tissue.

Comparing results of the immersion and suspension experiments reveals

a small but inexplicable difference: for the same regions, BMD values were

slightly higher in immersion than suspension (avg 4.39Vo higher).

The rotation experiment shows clearly that rotation of up to 20 degrees

has minimal effect on BMD results, and so elaborate methods of frxation are not

required.

Conal.usio¡ls
It was found that 10 cm of water was the minimal depth for stable

measurements from Lunar software. It was also shown that femoral rotation,
within reasonable limits, does not significantly influence BMD measurements.

This experiment was designed to determine the thickness of a soft tissue

equivalent to be placed over the knee region. It was demonstrated that 10 cm

total thickness provided optimal results, and slightly greater thicknesses were

acceptable. Therefore, a plexiglass block 10 cm thick was used for all
subsequent data collection.
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APPÐNÐÐ{ ts: SÉahi[iÉy of ÐffiA a¡ad OT'

Faexpose

The data for this study \Mere collected between October 1992 and June

1993, and included 6 evenings of CT scans and 5 evenings of DEXA scans.

Stability studies were conducted to ensure that the results from each scan date

could use the same BMD calibration relations.

Ðata Colleatío¡e
Long term stability was assessed for both CT and DEXA machines by

analyzing two sets of typical results from every scan date. Since the calibration

phantom was included in all scans of the lower limbs, it was possible to correlate

attenuation data with the known densities of the phantom tubes. Results from

DEXA studies are shown together in Figure B-1 and listed individually in Table

B-1, and results from CT studies are shown together in Figure B-2 and listed

individually in Table B-2.
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The following table lists the individual slopes and intercepts of the regression

equations for each DEXA scan date:

Flef,e: Slor¡o Tntenner¡f

Oct.6/92

Oct.7/92
Feb. 17193

Mar. 29/93

.frrne 29/93 2.155 6525

Mean 2.243 6516

Tahle E-f. Similar slopes and intercepts of
regression equations for DEXA scan sessions.

2.304

2.301

2.228
2.229

6504

6511

6519

6520
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The fotlowing table lists the individual slopes and intercepts of the regression

equations for each CT scan date:

lla tersc¡t
Oct. 13/92 0.100 64.75

Oct.14/92 0.100 65.00

Feb. 17193 0.100 65.00

Mar. I7lgg 0.100 64.86

June 22/93 0.100 65.00

June 29193 0.100 64.60

&[ean 0.3.00 M"87

Tah&e ts"* Slopes and similar intercepts of
regression equations for six CT scan sessions.

An attempt was also made to gain insight into the possibility of
systematic side differences in the present investigation. In CT scans of two

individuals (one SCI and one control), cortical area values were calculated for

both limbs, in the femoral and tibial shafts. The average difference between
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right and left limb was 2.37o, supporting the assumption that no major

systematic side differences affected the present results.

Co¡aclusio¡s

None of the slopes of the regression lines were significantly different from

any other, for either machine. Therefore, a single regression relationship,

calculated as the average of the data from each session, \Ã/as used for calibration

of results from each machine. Side differences appeared minimal, suggesting

that unilateral scans should be representative of both limbs.
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AE¡PENÐffi C: Fem.ur dia¡meúer data

The following tables present the raw data for femoral shaft diameters

measured from CT images. Measurements were made in four locations in two

planes, roughly coïTesponding to the Anterior-Posterior (A-P) plane and the

Medial-Lateral (M-L) plane. The results were combined to create the average

femoral diameters presented in the Results section, Table 4- 1L.

Table C-3 lists the femoral corbical thickness values, also calculated in

two planes. As with diameters, these data were averaged to derive the average

cortical thickness values listed in Table 4'I3.

Controls: SCI:
ID A-P M-L ID A-P Control M-L Control

VoVo

cl 3.04
c2 3.04
c3 3.42
c4 3.23
c5 3.33
c6 3.23
c7 2.95
o8 3.04

Meørø 3.L5
s.0 0.05

3.80 sl
3.52 s2
3.14 s3
3.52 s4
3.61 s5
3.99 s6
3.42 s7
s.23 S8

3.50
0.09

c9 3.04 3.33 s9 3.23 106.25 3.04 91.43

3.61
3.52
3.t4
3.23
3.80
3.23
3.42
2.95

3.35
0.09

118.75
115.63

91.67
r_00.00

Lr4.29
100.00
116.13
96.88

1.06.62

3.52
3.7L
3.23
3.61_

3.71
3.23
3.99
3.1,4

9.46
0.11

92.50
105.41
103.03
102.70
r_02.63

80.95
11"6.67

97.06

99.L5

T'able C"f. Fe¡noratr treríosteal [ÞianreÉers: ^4''F & M-L,

Outer diameters of the femoral shaft in two planes.

The daüa indicate that compared to controls, SCI subjects have slightly
larger periosteal diameters in the A-P plane, but this difference did not reach

statistical significance (p=0.0878). Diameters in the M-L plane were virtually
identical (p=0.7438). In both groups, the M-L diameters were larger than the A-

P diameters, reflecting that femoral shaft geometry was more oval than round.
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Ðo¡rûroïs:
ID A-P M-L ID A-P Control M-L Control
cl_ 2.00 2.57
c2 1,.62 2.28
c3 2.09 2.00
c4 2.L9 2.47
c5 1.90 2.38
c6 2.00 2.66
c7 '1.62 2.00
cB 1.90 2.09

Meø.w L"92 2.29
sE 0.07 0.08

s1 2.47 123.81
s2 2.r9 t35.29
s3 2.09 100.00
s4 2.66 L2L.74

s5 2.76 145.00
s6 2.09 L04.76
s7 2.66 r64.7L
sB 2.28 120.00

2.38 n24.98
0.09

2.57 100.00
2.47 108.33
2.19 ]0952
2.66 107.69
2.76 116.00
2.28 85.7L
3.33 L66.67
2.38 113.64

2.58 1.X.1.95

0.L2

c9 2.00 2.19 59 2.19 109.52 2.19 L00.00

Tahle C-2 Femoran Ð¡edosteal Ï)íametens:.{-F & M-f,
fnner diameters of the femoral shaft in two planes.

In SCI subjects, endosteal diameters in both planes were larger than

controls. The difference was significant in the A-P plane (p = 0.002), but not in
the M-L plane (p = 0.0773).
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Comtrols¡ SCI: Vo Vo

ID A-P M-L ID A-P Conbrol M-L Control
cl 0.52 0.62 s1 0.57 109.09 0.48 76.92

c2 0.7r 0.62 s2 0.67 93.33 0.62 100.00

c3 0.67 0.57 s3 0.52
c4 0.52 0.52 s4 0.29

c7 0.67 0.71 s7 0.38
c8 0.57 0.57 s8 0.33

78.57 0.52 9L.67
54.55 0.48 90.91

57.74 0.33 46.67
58.33 0.38 66.67

c5 0.7r 0.62 s5 0.52 73.33 0.48 76.92
c6 0.62 0.67 s6 0.57 92.31, 0.48 7L.43

c9 0.52 0.57 59 0.52 100.00 0.43 75.00

Meø.w t"6X. 0.6L
sE 0.03 0.02

&"49 39"68 t.46 77.85
0.04 0.03

Tahle C-3 F'emoral Cortical Thiclrness: A-P & &f-f.

Calculated values of femoral cortical thickness in A-P

and M-L planes in controls and SCI subjects.

SCI subjects have thinner corbices than controls, the difference being

significant in both planes: A-P, p = 0.0063; M-L plane, p = 0.0025.
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APPENÐffi Ð; Ålaolaol a¡ad tohace@ e@¡¡qrãmpûioxa

# Pk/Day OzlTVk # PklDay OzlWk

cr_ 00*

Ðo¡etrols;
ID Tobacco Alcohol

c200
C3 u2 3-5

c400

SCE SubjecÉs:

ID Tobacco Alcohol

S1

S2

s3y2 1

u2 1,-2

u2 40**

u2 10

L8
0 3-5

0 3-5

16
0 3-5

C5

C6

C7

C8

0 0-1

0 3-5

0 0-1

S4

S5

S6

S7

0 3-5 s8
ce 0 5-10 s9

* Subject Cl had a history of alcohol abuse 10 years previously, but reported

mild alcohol use for the seven subsequent years, and was abstinent for the last

three.

** The relatively high alcohol consumption reporbed by subject 52 might have

been expected to negatively influenced his bone mass, but his results were

consistently higher than the SCI group avetage.
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ÅPFENÐW E: 0uÉååer nmaÏYsis

In examining the linear regressions of bone variables with injury duration,

it was noted in three of the scatter diagrams (femoral corbical area, femoral

cortical thickness and tibial cortical area) that subject S9's results did not fit the

trend established by the other SCI subjects. A basic outlier analysis was

performed using the "t-residual" test to establish whether his results should be

excluded from those regressions (Hassard, 1994). A sample analysis is given

below, using femoral cortical area. TVo scatterplots are shown on the following

page: in Figure E-1, Sg is included;in Figure E-2, Sg is excluded.

First, a linear regression was performed with 59 excluded (Figure E-2,

following page). That analysis produced the relation:

Femoral cortical area(Vo control) = 100.1- - 0.139 * Injury duration (mo)

The relation is then used to calculate a predicted value for 59:

Femoral cortical area (Vo control, 59) = l-00.1 - 0.139 * 288 = 60.07Vo

The difference between S9's actual result and the predicted value is called the

residual: residual = actual - predicted =90.44Vo - 60.077o = 30.377o. The residual

is then divided by the square root of the residual variance (2L.33, provided by the

statistics program Staüview) to determine the t-residual value:

t-residual (S9) = 30.37 / 2L.331J2 = 6.58

A t-residual value of 1.96 would show that the data point is outside the 95Vo

limits of the distribution. The much larger value calculated here (6.58) clearly

established 59 as an outlier in the femoral cortical area dataset. Therefore, the

regression excluding 59 was taken as representative of the SCI group. Similar
analyses were done for the other two variables, and also concluded 59 should be

excluded. For femoral cortical thickness, the t-residual value was 4.11, and for

tibial cortical area, it was 5.54.
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F'igure E'n Scatterplot of femoral cortical area vs injury duration

with Sg included (upper right). The relation was weak (r2 = 9.329¡

and non-significant (p = 0.1064).

o
V = -.139x + 100.101, ¡ 2 ='64

o

o

o

o
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B.iE¡me E-2 Scatterplot of femoral cortical area vs injury duration

without 59. The relation is strong (r2 = 0.864) and significant
(p = 0.0008).

300

V = -.075x + 93.287, 12 = '329
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The decision to exclude 59 was subsequently confrrmed by NCSS

statistical computing sofbware (Hintze, 7994), which used influence analysis

and the "Cook's D" and "R-student" tests. It determined that S9's results were

exLraordinary and had disproportionate influence on the group.

The following figures demonstrate the relationships of injury duration with

femoral cortical thickness and tibial cortical area.
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Fig,ure Ð-B Scatterplot of femoral cortical thickness vs injury
duration (without S9). The relation is strong (vz = 0.738) and

significant (p = 0.0063).
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F'igtrre E-4 Scatterplot of tibial cortical area vs injury duration
(without S9). The relation is strong Gz = 0.702) and sigaificant

(p = o.oog¿).


